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A B S T R A C T   

Background: As the impact of unmanaged bias (i.e. systematic source of inaccuracy) in fecal immunochemical test 
(FIT) analytical performance on long-term colorectal cancer (CRC) outcomes is unknown, we assessed the impact 
bias in FIT performance in an ongoing FIT-based CRC screening program. 
Methods: This study consisted of two parts: cross-sectional observational data analysis to estimate change in 
short-term outcomes and microsimulation modelling to estimate change in long-term outcomes assuming 
different levels of bias by assuming 15 % lower up to 15 % higher Hemoglobin detected in the stool compared to 
observed. Two scenarios were considered: bias occurring 1) one-time only, due to the occasional bias associated 
with the FIT kits used in 2020 and 2) consistently due to a constant bias associated with the FIT kits used from 
2020 onwards. 
Results: With a hypothetical bias of − 15 % to +15 %, we observed a positivity rate ranging from 6.7 % to 7.8 %, 
and a detection rate for CRC between 0.65 % and 0.68 %. Single biases in FIT performance resulted in less than 
0.1 % change in long-term CRC screening outcomes, while consistent biases resulted in a much larger change (up 
to 1.4 % in CRC cases and CRC-related deaths and up to 2.07 % in total costs). Detecting lower Hemoglobin 
concentrations resulted in a relatively larger change on long-term CRC outcomes in comparison to positive bias. 
Conclusions: Because of the substantial impact of consistent FIT bias, it is important to set evidence-based 
acceptance criteria of bias on long-term CRC screening outcomes and in particular, the introduction of an 
asymmetrical or upward shifted tolerance interval for FIT bias.   

1. Introduction 

Many countries have implemented population-based colorectal 
cancer (CRC) screening programs using fecal immunochemical testing 
(FIT), to reduce CRC incidence and mortality [1]. FIT is a stool-based 
test that allows participants to collect their stool at home using a 
collection device that preserves a standardized amount of stool in sta-
bilizing buffer and return it by post or through their GP. These kits are 
then analyzed in laboratories dedicated in CRC screening. A predefined 
positivity cut-off level determines whether the FIT result is positive (i.e. 

the hemoglobin (Hb) level is equal to or greater than the cut-off) or 
negative (i.e. the Hb level is less than the cut-off). 

Like all methods in laboratory medicine, FIT testing is subject to 
laboratory error which consists of random imprecision components and 
systematic bias components. Both imprecision and bias are recognized 
as individual analytical performance specifications (APS). However, if 
the source of bias is accepted, the resulting acceptable bias becomes part 
of the long-term imprecision, which can be used as measurement un-
certainty [2]. An important potential source of unacceptable bias is 
difference in measurement result caused by changes in reagent/ 
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calibrator lot [3]. To determine the level of APS, an internationally 
widely used guideline has formulated different models, known as the 
EFLM Milan models [4]. The most preferable rationale to determine an 
APS is medical outcome, with biological variation and state-of-the-art 
achievability as alternatives. Currently, the APS for between reagent/ 
calibrator lot variation in the Dutch organized CRC screening program 
are set at ±7.5 %. These specifications are formulated by experts and 
based on state-of-the-art achievability [4]. However, systematic varia-
tion due to a lot change can be monitored and managed (i.e. by rejecting 
lots that do not pass acceptance criteria). 

A previous study showed variability of the FIT over time on short- 
term outcomes such as positivity rate and CRC yield, but considered 
clinically irrelevant [5]. As information on long-term outcomes is 
lacking [2], we assessed the long-term impact of bias in FIT testing in an 
ongoing FIT-based CRC screening program to create input that allows 
formulating APS for allowable between lot variation of FIT testing. Only 
knowledge of the resulting misclassification rate can determine whether 
an ambition to reduce the bias is worth the effort. 

2. Methods 

This study consisted of two parts: cross-sectional observational 
analysis to estimate the change in short-term outcomes and micro-
simulation to estimate change in long-term outcomes. 

2.1. Data 

2.1.1. Dutch population-based CRC screening program 
The Dutch national CRC screening program was implemented from 

2014 to 2019 with a gradual roll-out by birth cohort. The program uses 
the Sentinel FOB-Gold method with the Sentinel FOB-Gold-W-calibrator 
set on Biomajesty analysers from BioSys. The program is supervised by 
the National Institute of Public Health and Environment and is carried 
out in four laboratories. These laboratories use identical protocols, in-
struments, and reagents. National coordination ensures that changes in 
reagent and calibrator lots are synchronized after verifying their impact 
on the FIT results within pre-defined tolerances. 

Individuals aged between 55 and 75 years were invited biennially to 
perform FIT using a positivity cut-off of 15 µg Hb per gram (µg Hb/g) 
feces. After the first half of 2014, the positivity cut-off was increased to 
47 µg Hb/g feces because of a higher-than-expected participation rate, 
positivity rate and lower-than-expected positive predictive values [6]. 
The initial cut-off was chosen based on a pilot study using a different 
method, and the lack of standardization between individual FIT methods 
can explain the need for such large changes in cut-off [7]. In case of a 
positive FIT, individuals are referred for follow-up colonoscopy. Par-
ticipants with advanced adenoma (AA) or CRC during colonoscopy, 
received further treatment and surveillance according to the Dutch 
surveillance guidelines [8]. 

2.1.2. Levels of FIT bias and short-term outcomes 
Ten different levels of biases ranging between negative and positive 

bias of 15 % (which is the current APS of plus minus 7.5 %, which would 
theoretically allow for an occasional or persistent change of 15 % (from 
plus to minus 7.5 %)) were evaluated: 

Measuring fHb concentrations  

• − 2.5 %, − 5.0 %, − 7.5 %, − 10.0 % and − 15.0 %, and  
• +2.5 %, +5.0 %, +7.5 %, +10.0 % and +15.0 % 

compared to a theoretical situation without any hypothetical level of 
bias in FIT measurements, i.e. 0 % (comparator). Biases were relative to 
a standard and unbiased FIT using a positivity cut-off of 47 µg Hb/g 
feces. A negative/positive FIT bias would mean that the FIT detects x% 
less/more Hb concentration in an individual’s feces. 

To assess the impact of FIT biases on short-term CRC screening 

outcomes, we used data of participants in 2014 in the Dutch CRC 
screening program obtained from the national screening database 
(ScreenIT). Participants who opted out for scientific research were not 
included in this analysis. In our main analysis, we used data from the 
first half of 2014 in which the lower FIT positivity cut-off (15 µg Hb/g) 
was used. That allowed us to also evaluate the colonoscopy findings of 
participants with FIT values below the current cut-off of 47 µg Hb/g 
feces. We calculated FIT positivity rate and detection rates for non- 
advanced adenomas (NAA), AA and CRC at every level of bias. 

2.2. Microsimulation modelling 

2.2.1. MISCAN-Colon model description 
The MISCAN-Colon model is a well-established microsimulation 

model for CRC developed at the Department of Public Health, Erasmus 
MC University Medical Center and has been extensively described pre-
viously [9,10]. In brief, the model simulates the life-histories of a large 
population of individuals from birth to death. In addition, the model 
simulates the development of CRC through the adenoma-carcinoma 
sequence. As each simulated individual ages, one or more adenomas 
may develop and these adenomas can progress in size from small (≤5 
mm) to medium (6–9 mm) to large (≥10 mm). Some adenomas can 
develop into preclinical cancer, which may progress through cancer 
stages I to IV. Cancer stages correspond to the American Joint Com-
mittee on Cancer/International Union Against Cancer staging system for 
CRC. At any time during the development of the disease, symptoms may 
present and CRC may be diagnosed. By introducing screening, the 
simulated life-histories may be altered through detection and removal of 
adenomas or CRC at an earlier stage with a more favorable prognosis. By 
comparing the life-histories of a simulated population undergoing 
screening to the corresponding life-histories without screening, 
MISCAN-Colon is able to quantify the effectiveness and costs of 
screening. 

2.2.2. Modelling scenarios 
First, we simulated a scenario in which we modelled the Dutch na-

tional CRC screening program including the gradual rollout without any 
hypothetical bias (comparator). 

Next, we simulated CRC screening at each level of FIT bias. These 
biases were applied in two ways:  

• One-time occurrence in 2020 (single), for example a single lot-to-lot 
variation in 2020,  

• Consistently at every invitation from 2020 onwards (consistent), for 
example the vendor of the FIT kits has decided to recalibrate its re-
agents lots and therefore there exists a bias from 2020 onwards 
compared to before. 

For all scenarios, we simulated a population of 100 individuals born 
between 1934 and 2013 from birth to death to allow for robust estimates 
in outcomes. In the ‘single’ scenario, we only simulated those birth co-
horts eligible for screening in 2020. In the ‘consistent’ scenario, we 
simulated all birth cohorts eligible for screening from 2020 onwards. 

2.2.3. Estimating FIT test characteristics per level of bias 
Variability in FIT performance due to bias was translated into lower 

and higher FIT sensitivities and specificities. Test characteristics for 
different bias were estimated such that the model predicted positivity 
and detection rates for NAA, AA and CRC were similar to those observed 
in the Dutch CRC screening program. 

2.2.4. Costs of screening, surveillance and CRC care 
The costs of FIT were provided by Dutch National Institute for Public 

Health and Environment (Table S1). These costs include the test kits, 
their distribution, return, analysis, and marketing expenses. Costs for 
colonoscopy, polypectomy and its complications as well as costs for 
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cancer care were based on retrospective chart reviews (Table S1). We 
estimated average utilization of CRC patient of specific healthcare 
products within the Diagnosis and Treatment Combinations system in 
the Netherlands [11]. This was then multiplied by the average price of 
all hospitals in the Netherlands for these services based on reimburse-
ment. Estimated future costs were discounted using a 3 % annual rate 
[12]. 

2.2.5. Modelling analysis of bias and long-term outcomes 
The MISCAN-Colon model for the Dutch population was calibrated to 

data on age-, stage- and location-specific CRC incidence obtained from 
the Netherlands Cancer Registry and age-specific prevalence and mul-
tiplicity distribution of adenomas from autopsy and colonoscopy studies 
[13–23]. Age-, and invitation-round-specific FIT and colonoscopy 
participation rates were based on data from the Dutch CRC screening 
program [24]. Test characteristics for follow-up and surveillance colo-
noscopy were based on systemic review of polyp miss rates in tandem 
colonoscopy studies [25]. 

Long-term screening outcomes were number of CRC-related deaths 
and CRC cases compared to no screening and total costs in euros. All 
outcomes were reported per 100,000 simulated individuals eligible for 
CRC screening. Additionally, in case of a consistent bias in FIT perfor-
mance, we showed the annual change between 2030, and 2060. 

2.3. Sensitivity analysis 

We conducted a sensitivity analysis to validate our results. We 
assessed the impact of FIT bias using data from individuals who were 
screened using the current cut-off of 47 µg Hb/g feces. Since we do not 
have information about the colonoscopy findings below the cut-off of 47 
µg Hb/g feces, we only evaluated the impact of a negative bias in the FIT 
performance. 

2.4. Probabilistic sensitivity analysis 

In the probabilistic sensitivity analysis, we assessed the uncertainty 
of the estimated test characteristics at each level of bias. We used the 
confidence intervals (CI) around the positivity and detection rates to 
determine relative sensitivities and specificities to compute CIs around 
the estimated test characteristics. For every level of bias, we performed 
1000 simulation runs of 100 million individuals in which we sampled 
parameter values for the test characteristics from the beta distribution 
with shape parameters α and β. The means (m) and standard deviations 
(s) from the 95 %CI of the estimated test characteristics were used to 

compute and . 

3. Results 

3.1. Short-term screening outcomes 

Without hypothetical bias in FIT performance, the positivity rate was 
7.3 %, the detection rate for NAA 1.10 %, the detection rate for AA 2.78 
% and the detection rate for CRC 0.67 % (Table 1). In case the FIT would 
measure, for example, 2.5 % less hemoglobin in the feces, the positivity 
rate was 7.2 % resulting in a detection rate for NAA, AA and CRC of 1.08 
%, 2.76 % and 0.66 %, respectively. With a bias of − 15 % to + 15 %, we 
observed a positivity rate ranging from 6.7 % to 7.8 %, a detection rate 
for NAA and AA of 0.97 % to 1.22 % and 2.60 % to 2.93 %, respectively. 
The detection rate for CRC was between 0.650 % and 0.68 % with biases 
between − 15 % and +15 %. 

3.2. Estimated FIT test characteristics per level of bias 

We estimated the test characteristics of the FIT at different levels of 

bias in FIT performance such that the simulated positivity rate and 
detection rates by MISCAN-Colon match those observed within 0.1 %. 
The estimated test characteristics showed that, the sensitivity for all 
types of lesions increased with a positive bias and decreased with a 
negative bias (Table 2). Conversely, the specificity decreased with a 
positive bias and increased with a negative bias. 

3.3. Long-term impact 

Without hypothetical bias in FIT performance, MISCAN-Colon esti-
mated 23,350 CRC cases and 9,160 CRC-related deaths per 100,000 
simulated individuals eligible for CRC screening during their lifetime 
(Table 3). For the screening-eligible cohort in 2020, MISCAN-Colon 
estimated 22,230 CRC cases and 8,910 CRC-related deaths per 
100,000 simulated individuals eligible for CRC screening during their 
life time. The number of CRC cases was estimated to increase up to 0.10 
% with a single bias of 15 % lower Hb levels. A single bias of 15 % higher 
Hb levels showed a smaller decrease in CRC cases of up to 0.08 % 
(Table 3). If the FIT had a consistent bias, the number of CRC cases was 
estimated to decrease up to 0.97 % at 15.0 % higher Hb levels and in-
crease up to 1.23 % with 15 % lower Hb levels. The pattern for estimated 
change in CRC-related deaths was similar compared to CRC cases. 
However, the relative change compared to no FIT bias is slightly larger 
for CRC-related deaths, up to ±1.4 % vs 1.2 % in CRC cases (Fig. 1, 
Table 3). Without hypothetical bias in FIT performance, MISCAN-Colon 
estimated that the Dutch population-based CRC screening program 
would cost €18,280,730,- per 100,000 simulated individuals eligible for 
CRC screening. A single negative or positive FIT bias would result in an 
estimated costs increase or decrease of less than 0.01 %. The change in 
total costs with consistent negative bias (increase up to 2.07 %) was 
much higher compared to consistent positive bias (increase up to 0.05 
%) (Fig. 2). Additionally, the annual change in number of CRC cases and 
CRC-related deaths was relatively higher for negative bias compared to 
positive bias (Fig. 3). 

Table 1 
FIT biases with positivity rate and detection rate for (non-)advanced adenomas 
and CRC observed in the first half year of 2014 in the Dutch population-based 
CRC screening program.  

FIT bias (%) Positivity 
rate (%; 95 
% CI) 

Detection 
rate NAA (%; 
95 % CI) 

Detection rate 
AA (%; 95 % 
CI) 

Detection 
rate CRC (%; 
95 % CI)  

− 15.0 6.7 
(6.6–6.8) 

0.97 
(0.91–1.02) 

2.60 
(2.51–2.69) 

0.65 
(0.61–0.69)  

− 10.0 6.9 
(6.7–7.0) 

1.01 
(0.95–1.06) 

2.65 
(2.57–2.74) 

0.65 
(0.61–0.70)  

− 7.5 7.0 
(6.8–7.1) 

1.03 
(0.97–1.09) 

2.69 
(2.60–2.78) 

0.66 
(0.61–0.70)  

− 5.0 7.1 
(6.9–7.2) 

1.06 
(1.01–1.12) 

2.73 
(2.64–2.82) 

0.66 
(0.62–0.71)  

− 2.5 7.2 
(7.0–7.3) 

1.08 
(1.03–1.14) 

2.76 
(2.67–2.85) 

0.66 
(0.62–0.71)  

0.0 
(comparator) 

7.3 
(7.1–7.4) 

1.10 
(1.05–1.16) 

2.78 
(2.69–2.87) 

0.67 
(0.62–0.71)  

+2.5 7.4 
(7.2–7.5) 

1.13 
(1.07–1.19) 

2.81 
(2.72––2.90) 

0.67 
(0.63–0.72)  

+5.0 7.5 
(7.3–7.6) 

1.14 
(1.09–1.20) 

2.84 
(2.75–2.93) 

0.67 
(0.63–0.72)  

+7.5 7.5 
(7.4–7.7) 

1.16 
(1.10–1.22) 

2.86 
(2.77–2.95) 

0.67 
(0.63–0.72)  

+10.0 7.6 
(7.5–7.8) 

1.19 
(1.13–1.25) 

2.88 
(2.79–2.97) 

0.68 
(0.63–0.72)  

+15.0 7.8 
(7.6–7.9) 

1.22 
(1.16–1.28) 

2.93 
(2.84–3.02) 

0.68 
(0.64–0.73) 

Abbreviations: FIT, fecal immunochemical test; CRC, colorectal cancer; µg Hb/g, 
microgram Hemoglobin per gram; NAA, non-advanced adenoma; AA, advanced 
adenoma; CI, confidence interval. 
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3.4. Sensitivity analysis 

Our results were valid when using data from participants with the 
higher FIT positivity cut-off of 47 µg Hb/g feces (Table S2). Using the 
test characteristics from our validation (Table S3), the estimated change 
in long-term CRC screening outcomes was comparable to the change in 
the base case analysis (Table S4). 

3.5. Probabilistic sensitivity analysis 

Probabilistic sensitivity analysis demonstrated that the prediction 
intervals around the base case estimates for CRC cases, CRC-related 
deaths and total costs were small at different bias in FIT performance 
(Fig. S1). The pattern of prediction intervals over different FIT biases 
was similar to that of the base case estimates. This indicates that with 

Table 2 
Test characteristics of the FIT at different levels of biases in FIT performance after calibration in MISCAN-Colon.  

Bias (%) Specificity (%; 95 % CI) Sensitivitya (%; 95 % CI) 

Medium adenomas (6–9 mm) Large adenoma (≥10 mm) CRC late preclinicalb CRC early preclinicalb 

− 15.0 97.81 (97.77–97.85) 4.22 (3.91–4.22) 25.39 (24.06–26.80) 28.11 (25.73–30.70) 64.52 (59.06–70.47) 
− 10.0 97.75 (97.71–97.79) 4.50 (4.18–4.85) 25.95 (24.61–27.37) 28.24 (25.87–30.83) 64.66 (59.23–70.59) 
− 7.5 97.71 (97.67–97.75) 4.68 (4.33–5.02) 26.30 24.92–27.70) 28.35 (25.99–30.96) 64.80 (59.37–70.72) 
− 5.0 97.70 (97.66–97.74) 4.97 (4.62–5.34) 26.68 (25.59–28.40) 28.58 (26.20–31.18) 65.04 (59.62–70-97) 
− 2.5 97.66 (97.62–97.70) 5.11 (4.75–5.49) 26.96 (25.59–28.40) 28.67 (26.28–31.27) 65.14 (59.71–71.05) 
0.0 (comparator) 97.60 (97.56–97.64) 5.18 (4.82–5.56) 27.21 (25.83–28.65) 28.75 (26.36–31.35) 65.23 (59.82–71.13) 
+2.5 97.55 (97.51–97.59) 5.35 (4.98–5.74) 27.45 (26.07–28.90) 28.91 (26.52–31.51) 65.41 (60.00–71.30) 
+5.0 97.50 (97.46–97.55) 5.38 (5.01–5.77) 27.75 (26.37–29.21) 29.03 (26.64–31.64) 65.54 (60.14–71.42) 
+7.5 97.46 (97.42–97.50) 5.47 (5.10–5.86) 27.96 (26.57–29.42) 29.18 (26.78–31.79) 65.70 (60.30–71.58) 
+10.0 97.42 (97.38–97.46) 5.65 (5.27–6.05) 28.15 (26.75–29.61) 29.31 (26.91–31.92) 65.85 (60.45–71.72) 
+15.0 97.34 (97.29–97.38) 5.85 (5.46–6.26) 28.64 (27.24–30.12) 29.46 (27.06–32.07) 66.01 (60.62–71.87) 

Abbreviations: FIT, fecal immunochemical test; CRC, colorectal cancer; CI, confidence interval. 
a Sensitivity for small adenomas was assumed to be zero. 
b It was assumed that the probability a CRC bleeds and thus the sensitivity of a FIT for CRC depends on the time until clinical diagnosis [29]. 

Table 3 
Change in long-term CRC screening outcomes per 100,000 simulated individuals eligible for CRC screening at different bias in FIT performance consistently from 2020 
onwards and one-time (single) in 2020 in the Dutch CRC screening program.  

FIT bias (%) Consistent Single 

CRC cases CRC-related deaths Costsa (€) CRC cases CRC-related deaths Costsa (€)  

− 15.0 290 (1.23 %) 130 (1.42 %) 378,150 (2.07 %) 20 (0.1 %) 10 (0.11 %) 48,650 (0.01 %)  
− 10.0 200 (0.85 %) 90 (0.99 %) 252,820 (1.38 %) 20 (0.07 %) 10 (0.08 %) 29,300 (0.01 %)  
− 7.5 150 (0.62 %) 70 (0.73 %) 156,840 (0.86 %) 10 (0.05 %) 10 (0.06 %) 17,200 (<0.001 %)  
− 5.0 80 (0.35 %) 40 (0.41 %) − 27,030 (− 0.15 %) 10 (0.03 %) 3 (0.03 %) − 5,780 (<0.001 %)  
− 2.5 40 (0.17 %) 20 (0.2 %) − 61,250 (− 0.34 %) 3 (0.01 %) 1 (0.01 %) − 7,200 (<0.001 %)  
0.0 (comparator) 23,350 9,160 18,280,730 22,230 8,910 521,816,980  
+2.5 − 50 (− 0.2 %) − 20 (− 0.25 %) − 8,310 (− 0.05 %) − 4 (− 0.02 %) − 2 (− 0.02 %) 50 (<0.001 %)  
+5.0 − 80 (− 0.35 %) − 40 (− 0.42 %) − 470 (0 %) − 10 (− 0.03 %) − 3 (− 0.03 %) − 940 (<0.001 %)  
+7.5 − 120 (− 0.49 %) − 60 (− 0.61 %) 10,330 (0.06 %) − 10 (− 0.04 %) − 4 (− 0.05 %) 1,980 (<0.001 %)  
+10.0 − 160 (− 0.67 %) − 80 (− 0.83 %) 2,690 (0.01 %) − 10 (− 0.06 %) − 10 (− 0.06 %) 800 (<0.001 %)  
+15.0 − 230 (− 0.97 %) − 110 (− 1.17 %) 9,770 (0.05 %) − 20 (− 0.08 %) − 10 (− 0.09 %) − 820 (<0.001 %) 

Abbreviations: FIT, fecal immunochemical test; CRC, colorectal cancer. 
a Future costs were discounted using a standard annual rate of 3% [12]. 

Fig. 1. Change in CRC cases and CRC-related deaths per 100,000 simulated 
individuals eligible for CRC screening at different bias in FIT performance 
consistently from 2020 onwards and one-time (single) in 2020 in the Dutch CRC 
screening program (color). 

Fig. 2. Change in costs (discounted at 3 %) per 100,000 simulated individuals 
eligible for CRC screening of the CRC screening program at different levels of 
bias in FIT performance consistently from 2020 onwards and one-time (single) 
in 2020 in the Netherlands (color). 
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1,000 different sets of parameter values for FIT bias, its impact was quite 
robust. 

4. Discussion 

This study demonstrates that a consistent bias in the FIT performance 
can have an undeniable impact on long-term CRC incidence and CRC- 
related death. If there is a consistent bias of − 15 % from 2020 on-
wards, the number of CRC cases is estimated to increase with 290 cases 
per 100,000 simulated individuals eligible for CRC screening. 
Conversely, with a consistent bias of +15 %, the number CRC cases was 
estimated to decrease by 230 cases per 100,000 simulated individuals 
eligible for CRC screening. The impact of a single bias in 2020 is smaller, 
with an increase of 20 cases and decrease of 20 cases per 100,000 
simulated individuals eligible for CRC screening. This study highlights 
that negative FIT bias has a more significant impact on long-term CRC 
screening outcomes compared to positive bias, especially in terms of the 
overall program costs. Although there is a net positive change in 
outcome and cost – driven by a larger positive change with positive bias 
compared to the negative change with negative bias – it is preferable to 
achieve this change by lowering the cut-off, rather than by allowing 
randomly distributed bias. Alternatively, an asymmetrical or upward- 
shifted distribution of allowable bias could be considered, with greater 
tolerance for positive bias (which aids in case finding), than for negative 
bias (which increases disease prevalence and costs). 

Negative FIT biases, which measure a lower Hb-concentration in the 
stool sample, can be translated into lower test sensitivity and higher test 
specificity. By definition, lower sensitivity results in an increase in the 
number of false-negatives, meaning that more cases of CRCs and/or 
(advanced) adenomas may be missed. As a result, this decreases the 
chance of preventing a CRC case and potentially a CRC-related death. 
Higher specificity leads to fewer false-positives, by definition, reducing 
the number of unnecessary colonoscopies. Conversely, positive FIT 
biases, which measures a higher Hb-concentration in the stool sample, 
increase sensitivity but decrease specificity resulting in more unnec-
essary colonoscopies and higher total costs in the program. This can be 
explained by the fact that preventing more (advanced) CRCs by colo-
noscopy is less expensive than treating them. Overall, in this study, 
negative FIT biases have an estimated greater change on CRC screening 
outcomes, as we are more likely to miss more relevant findings for 

higher Hb-concentrations in this case. It is important to minimize FIT 
biases as much as possible, as this could imply that the detection rate is 
not affected linearly. Non-symmetrical acceptance criteria should be 
emphasized. 

Two prior studies showed that the positivity rate and detection rate 
of FIT varied between device and reagent lot and were influenced by the 
ambient temperature, but clinically irrelevant, which is consistent with 
our findings in the case of a single bias in the FIT performance [5,26]. In 
contrast, consistent FIT biases could have a substantial impact as shown 
in this study, but it is estimated that it would take 10–15 years to be 
visible in the screening outcomes. The big difference between a single 
and consistent bias emphasizes the importance of preventing a ‘drifting’ 
average bias and this has been addressed before [3]. To prevent these 
kinds of failures in FIT performance, it is important to closely monitor 
the outcomes and the quality assurance within CRC screening. However, 
when setting new acceptance criteria, it is important to consider their 
feasibility. 

A key strength of this study is that we used data from an ongoing 
national population-based CRC screening program to determine the test 
characteristics for each bias using the well-established MISCAN-Colon 
model to identify the long-term impact of FIT biases [9,10]. A limitation 
is that the biases are modelled constant over time, while it is likely that it 
is not a fixed value and in practice is accompanied by random impre-
cision which is bidirectional by nature. However, the combination of a 
single and consistent bias together with a probabilistic sensitivity 
analysis shows the minimum and maximum change in long-term out-
comes in an on-going national population-based CRC screening pro-
gram. Although detectable bias, once accepted as less than 
unacceptable, becomes part of the long-term imprecision, these bias 
components behave differently than true random sources (of short-term 
imprecision) and may have a non-symmetrical distribution over time. 
However, the APS for the Dutch CRC screening program were set such 
that accepting a positive FIT bias meant accepting a negative FIT bias 
assuming to result in a symmetric tolerance range. We observe a larger 
absolute change for negative bias than positive biases. Thus, even with 
fluctuating bias, there would be a net change and therefore not negli-
gible, but probably to be much smaller than estimated in this study. 
Another limitation is that we assumed that there is no bias in our data, 
while this is likely to be incorrect. However, we do not expect the 
conclusions to change as we compare the impact of bias to a scenario 

Fig. 3. Annual relative difference in (a) CRC cases and (b) CRC-related deaths in the Dutch CRC screening program at different levels of bias in FIT performance 
consistently from 2020 onwards (color). 
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without hypothetical bias and in this way, we assume equal levels of bias 
in all scenarios in the data. Moreover, the four laboratories are coordi-
nated using identical protocols instruments, and synchronized reagent 
and calibrator lot changes. They are also supervised for their within- 
laboratory and between-laboratory quality control results by a con-
tracted EQA organization. So, we have assumed noise from other sources 
analytical variation to be acceptable in size. Last, in this study, we only 
considered AA and CRC and assumed that all cancers develop from the 
adenoma-carcinoma pathway, while it is known that 15–30 % of the 
cancers develop from the serrated pathway [27,28]. However, we do not 
believe this would affect the results of our study, because FIT has very 
low sensitivity for sessile serrated polyps. 

The variability in FIT performance depends not only on bias but also 
on imprecision (i.e. random source of inaccuracy). Bias primarily occurs 
at the population level, affecting all FIT kits, whereas imprecision occurs 
randomly at the individual level. In evaluating the variability in FIT 
performance within the program, we have focused solely on bias. While 
imprecision always occurs due to unexpected circumstances, we do not 
expect it to significantly alter long-term CRC screening outcomes. 
However, given its random nature, imprecision will likely have a 
random effect on the direction of the error. 

Although the impact of single bias is small, it is important to continue 
monitoring of screening programs to maintain quality assurance, 
because in case of consistent bias, the change in CRC cases and CRC- 
related deaths can be high. In the Dutch CRC screening program, one 
of the quality control requirements ensures that all reagents should be 
within acceptance criteria of ±7.5 % of the overall-lot mean. We show 
that consistent bias of − 7.5 % would mean that approximately 150 
(0.62 %) more CRC cases per 100,000 individuals will occur in the long 
term, while consistent bias of +7.5 % would result in approximately 120 
(0.49 %) fewer CRC cases per 100,000 individuals. This information can 
be used by program organizers to set evidence-based acceptance criteria 
for reagents lots so with acceptable impact on long-term outcomes of the 
screening programs. 

5. Conclusion 

Consistent FIT biases could result in substantial change in long-term 
CRC incidence and CRC-related mortality. Although it is tempting to 
reason that it is an easy choice to allow less bias because it results in both 
more survival and less cost, the selected allowable bias also needs to be 
feasible in practice. An unusual, but feasible modification in the 
screening program could involve the implementation of an asymmet-
rical or upward-shifted tolerance interval for FIT bias. Allowing more 
positive than negative bias could improve healthcare outcome while 
reducing costs, even without increasing the analytical rejection rate. 
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