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Introduction

Worldwide, colorectal cancer (CRC) is the third most com-
mon cancer with more than 1.8 million new cases per year 
and the second most common cancer cause of death, with 
more than 800 000 deaths per year [1]. Randomized con-
trolled trials have shown that biennial screening with the 
guaiac-based faecal occult blood test reduces CRC mortality 
by 15% [2]. Since the conduct of these trials, new non-in-
vasive screening tests have been developed – such as the 
faecal immunochemical test (FIT) for haemoglobin or the 
stool DNA test – that are used or considered to be used in 
a similar manner [3,4]. This means that the test is repeated 
at regular intervals and positive test results are followed up 

by colonoscopy, yielding a certain rate of true-positive and 
false-positive test results at each screening round.

When considering not only one but a series of screen-
ing rounds, that is, taking the longitudinal rather than the 
cross-sectional perspective, it has been recognized that 
the true-positive rate increases over rounds given that a 
lesion missed at one round may be detected at a subse-
quent round [5]. Accordingly, it was suggested to distin-
guish between per-test sensitivity and program sensitivity 
(i.e. sensitivity of a series of tests). Similarly, the false-pos-
itive rate accumulates over the screening rounds, that is, a 
lesion-free person testing negative at one round may test 
positive at a subsequent round while still being lesion-free. 
The cumulative false-positive rate is an important feature 
of a screening program, for example, regarding the patient 
burden and the resources required for screening. Its consid-
eration is even more relevant for new screening tests that 
have a high per-test sensitivity, but a relatively low per-test 
specificity, as it was reported for the stool DNA test [4].

The cumulative false-positive rate depends on several 
factors: (1) the number of screening rounds which in turn 
is determined by the screening interval and the screening 
age range, (2) the per-test specificity, and (3) the condi-
tional (in-)dependence of sequential testing. Taking into 
account these factors, we aimed to systematically quantify 
and illustrate the cumulative false-positive rate for various 
scenarios of non-invasive CRC screening by means of a 
basic Markov model.

Methods

Model structure

We used a basic state-transition Markov model with 
annual cycles to estimate the cumulative number of 
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false-positive test results per 100 000 50-year-old persons. 
The model simulates a hypothetical cohort of people from 
age 20 to death in which the prevalence of colorectal neo-
plasia is increasing with age. Within a certain age range, 
the cohort was assumed to be exposed to a non-invasive 
CRC screening test applied at a regular screening interval. 
The structure of the Markov model is illustrated in Fig. 1. 
Given our research question, the states of the Markov 
model focussed on whether or not a person experienced 
any false-positive screening test result. ‘False-positive’ 
means that the screening test was positive although the 
person did not have colorectal neoplasia. At each screen-
ing round, neoplasia-free persons eligible for screening 
had a chance of receiving a false-positive test result, with 
the proportion depending on the specificity of the screen-
ing test. The model also included health states to consider 
initially neoplasia-free persons (with or without any prior 
false-positive screening test result) who developed colorec-
tal neoplasia afterwards.

Parameter estimates and assumptions

The cohort was assumed to develop colorectal neoplasia 
according to age-specific incidence rates estimated based 
on data of the colonoscopy arm (including 1420 partici-
pants) of the colonoscopy trial. The colonoscopy  trial is 
a randomized controlled trial comparing colonoscopy and 
CT colonography in a population-based CRC screening 
program [6]. To consider all-cause mortality in the cohort, 
we used age-specific probabilities of death derived from 
the Dutch Central Bureau for Statistics [7]. As regards 
screening, we varied the starting age of screening, the 
screening interval and the false-positive rate (i.e. one 
minus specificity) of a single screening test, resulting in 11 
different screening scenarios (Table 1). Given the concep-
tual focus of our analyses, we assumed perfect adherence 
among those eligible for screening.

In the base-case analysis, we assumed conditional inde-
pendence of sequential testing. This means that the same 
false-positive rate (e.g. 5%, corresponding to a specificity 
of 95%) was applied to all persons, irrespective of whether 
they performed the test for the first time or had already 
received a true-negative test result at a previous round. 
True-negative means that a neoplasia-free person receives 
a negative test result. However, persons with a series of 
consecutive true-negative tests may represent a fraction 
of the cohort that is less prone to testing false-positive. 
This hypothesis has been generated by studies showing a 

decline in the false-positive rate between the first and the 
second screening round [8,9]. To take this potential devia-
tion from the assumption of conditional independence into 
account, we performed sensitivity analyses for all scenarios 
where we decreased the false-positive rate by 1% among 
persons with one or more prior true-negative test results.

Model outcome

To calculate the cumulative number of persons with any 
false-positive test result (cumFP) by age, we took into 
account all persons who ever received a false-positive test 
result. The cumFP thus also includes persons with a prior 
false-positive test result who developed colorectal lesions 
afterwards. We determined the cumFP by age relative 
to 100 000 persons neoplasia-free at age 50 for various 
screening scenarios. In addition, we determined the cumFP 
by age per 100 000 persons neoplasia-free at age 50 for 
the various scenarios.

Results

Table 2 shows the cumFP per 100 000 50-year-old persons 
for all screening scenarios in the age range 50–74 years. 
Figure 2a illustrates these model results for a test with a spec-
ificity of 98% that is used from 50 to 74 years at an interval 
of 1, 2, or 3 years. At age 74, the cumFP was 26 260 (1-year 
interval), 15 102 (2-year interval), and 10 819 (3-year inter-
val), respectively. Compared to the 2-year interval, the cumFP 
at age 74 was thus 74% higher for the 1-year interval and 
28% lower for the 3-year interval.

Figure 2b illustrates the effect of varying specificity for 
a test that is used from 50 to 74 years at an interval of 2 
years. For a test with a specificity of 98%, the cumFP at 
age 74 was 15 102 and thus 54% lower as compared to a 
test with a specificity of 95%. For a test with a specificity 
of 92%, the cumFP at age 74 was 45 208 and thus 39% 
higher as compared to a test with a specificity of 95%. For 
a test with a specificity of 92% used at a 1-year interval, 
the cumFP reached levels above 60 000 from the age of 
70, for example, 62 451 at age 74, the maximum cumFP 
of all scenarios (Table 1).

Figure 2c shows the effect of shifting the starting age of 
screening from 50 years to 54 or 58 years for a test with a 

Fig. 1 . Structure of the Markov model.

Table 1. Description of the various screening scenarios: input parame-
ter values used for the starting age of screening, the screening interval 
and the specificity of the screening test

Age range of  
screening

Screening  
interval

Number of  
screening roundsa Specificity (%)

50–74 years 1 year 25 98
50–74 years 2 years 13 98
50–74 years 3 years 9 98

50–74 years 1 year 25 95
50–74 years 2 years 13 95
50–74 years 3 years 9 95

50–74 years 1 year 25 92
50–74 years 2 years 13 92
50–74 years 3 years 9 92

54–74 years 2 years 11 98
58–74 years 2 years 9 98

aThe number of screening rounds resulted from the age range and the screen-
ing interval, i.e., this was not a direct input parameter.
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specificity of 98% used at a 2-year interval. At age 74, the 
cumFP was 12 312 for the scenario where screening starts 
at age 54 and thus 18% lower as compared to the scenario 
where screening starts at age 50. When screening starts at 
age 58 the cumFP at age 74 was 9661 and thus 22% lower 
compared to starting at age 54.

Figure 2d depicts the results of the sensitivity analysis 
where we decreased the false-positive rate among persons 
with a prior true-negative test result. This represented a 
deviation from the assumption of conditional independ-
ence of sequential testing underlying the base-case analy-
sis. The figure shows the difference between the base-case 
and the sensitivity analysis exemplified for a test with a 
specificity of 98% that is used from 50 to 74 years at an 
interval of 1 or 2 years. The absolute values of the cumFP 
were about 40% lower from age 56 onwards (1-year inter-
val) and from age 62 onwards (2-year interval) as com-
pared to the base-case analysis. For the 1-year interval, 
the cumFP at age 74 was 15 463 in the sensitivity analysis 
as compared to 26 260 in the base-case analysis. For the 
2-year interval, the cumFP at age 74 was 8853 as com-
pared to 15 102 in the base-case analysis. A similar pat-
tern was observed for a 3-year interval (see Supplementary 
Table 1, Supplemental digital content 1, http://links.lww.
com/EJGH/A506 showing the results of this sensitivity 
analysis for all scenarios).

Supplementary Table 2, Supplemental digital content 
2, http://links.lww.com/EJGH/A507 shows the cumFP per 
100  000 persons lesion-free at age 50 (instead of using 
all 50-year-old persons as denominator) for all screening 
scenarios in the age range 50–74 years.

Discussion

Our analysis quantitatively illustrates the importance of 
considering the false-positive rate in CRC screening not 

only for one single test but cumulatively over the screen-
ing program consisting of several rounds of testing. We 
found a large variation in the cumulative false-positive 
rate between screening strategies. For a commonly used 
strategy based on FIT (biennial screening from age 50 at 
a specificity of 98% corresponding to a cut-off level of 
~20 µg haemoglobin/g faeces), our findings suggest that 
about 18% of persons neoplasia-free at age 50 will face a 
false-positive test result by age 74 if they regularly attended 
screening from age 50. This proportion increased to about 
30% for a strategy using the test annually instead of bien-
nially and was about 40% and above 50% for strategies 
using a test with a specificity of 95 and 92%, respectively, 
biennially.

While there are some studies reporting on false-positive 
findings over 2–4 rounds of FIT screening [10–13], empir-
ical long-term evidence on the cumulative false-positive 
rate over several rounds of CRC screening is scarce. Zorzi 
et al. reported 12-year follow-up data on 123 347 persons 
to whom FIT (OC-Hemodia, cut-off level 20 µg/g faeces) 
was offered biennially within a population-based screen-
ing programme in north-eastern Italy [14]. They estimated 
that for every 1000 persons aged 50–54 years who regu-
larly attended screening over 10 years (five rounds), about 
91–98 persons without colorectal neoplasia (i.e. without 
CRC and adenomas) received a positive test result. Our 
model yielded for a scenario similar to the study by Zorzi 
et al., that is, biennial screening from age 50–54 over five 
rounds, cumulative false-positive rates of 89 per 1000 
assuming a specificity of 97.5% for FIT. The latter value 
of specificity regarding the detection of advanced and 
non-advanced neoplasia seems plausible for a cut-off 
level of 20 µg/g faeces in view of available evidence [15]. 
Overall, our model thus yields cumulative false-positive 
rates that agree well with these empirical data.

Table 2. Cumulative number of false-positive test results by age per 100 000 50-year-old persons for various screening scenarios in the age 
range 50–74 years

Specificity 98% 95% 92%

Screening interval 1 year 2 years 3 years 1 year 2 years 3 years 1 year 2 years 3 years

Age (years)  
 50 1685 1685 1685 4213 4213 4213 6741 6741 6741
 51 3307   8144   12 831   
 52 4868 3278  11 810 8073  18 333 12 721  
 53 6370  3249 15 230  8003 23 303  12 613
 54 7815 4783  18 421 11 608  27 793 18 026  
 55 9199   21 383   31 829   
 56 10 524 6191 4686 24 132 14 815 11 379 35 458 22 686 17 679
 57 11 793   26 685   38 721   
 58 13 009 7509  29 054 17 724  41 654 26 780  
 59 14 173  6000 31 254  14 371 44 290  22 027
 60 15 285 8738  33 291 20 356  46 654 30 367  
 61 16 346   35 176   48 774   
 62 17 360 9883 7192 36 922 22 731 17 002 50 674 33 501 25 730
 63 18 329   38 538   52 378   
 64 19 254 10 948  40 034 24 873  53 906 36 240  
 65 20 133  8268 41 413  19 305 55 269  28 868
 66 20 968 11 931  42 683 26 788  56 485 38 610  
 67 21 763   43 853   57 571   
 68 22 518 12 836 9230 44 932 28 499 21 301 58 539 40 661 31 502
 69 23 235   45 926   59 403   
 70 23 912 13 665  46 835 30 017  60 169 42 423  
 71 24 551  10 078 47 666  23 006 60 847  33 681
 72 25 154 14 418  48 427 31 355  61 448 43 926  
 73 25 723   49 122   61 980   
 74 26 260 15 102 10 819 49 759 32 532 24 452 62 451 45 208 35 471

http://links.lww.com/EJGH/A506
http://links.lww.com/EJGH/A506
http://links.lww.com/EJGH/A507
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Fig. 2. (a) Cumulative number of false-positive test results (cumFP) per 100 000 50-year-old persons for screening in the age range 50–74 years based 
on a test with a specificity of 98%: variation of the screening interval. (b) Cumulative number of false-positive test results (cumFP) per 100 000 50-year-old 
persons for screening in the age range 50–74 years with a test used at a 2-year screening interval: variation of the test specificity. (c) Cumulative number 
of false-positive test results (cumFP) per 100 000 50-year-old persons for screening based on a test with a specificity of 98% used at a 2-year interval: 
variation of the starting age of screening. (d) Cumulative number of false-positive test results (cumFP) per 100 000 50-year-old persons for screening in the 
age range 50–74 years based on a test with a specificity of 98% used at a 1- or 2-year interval: sensitivity analysis regarding potential deviation from the 
assumption of conditional independence of sequential testing.
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Apart from the study by Zorzi et al., we found one fur-
ther study that reported on the cumulative false-positive 
rate over five or more rounds of CRC screening. For per-
sons starting screening at age 50, Hubbard et al. estimated 
a cumulative false-positive rate of 9% when the test was 
applied biennially over 10 years [16]. However, unlike in 
the study by Zorzi et al. the majority of individuals con-
tributed only a single faecal occult blood test to the analy-
ses, whereas more than five faecal occult blood tests were 
observed for only 2.7% of individuals. The estimates, 
which were derived by a censoring bias-adjusted discrete 
survival model, are thus more extrapolation rather than 
empirical evidence. Apart from that, comparison with 
the study by Zorzi et al. and our findings is hampered 
because only two ‘fair quality’ studies on the diagnostic 
accuracy showing divergent results regarding specificity of 
Hemoccult SENSA (87% vs. 96%) are available [17], so 
it is not clear to which level of specificity the estimates by 
Hubbard et al. refer [16,17].

While the empirical evidence regarding the cumulative 
FP rate is restricted to a screening period of about 10 
years, screening typically spans over more than 10 years 
and there is variation between strategies, for example, 
regarding the screening interval and the cut-off level used 
for FIT, which determines sensitivity and specificity. Our 
findings are thus useful for extrapolation to longer time 
horizons and to scenarios for which no empirical data 
are available including potentially new tests. Providing 
the target population with information on the cumula-
tive false-positive rate is an important component of 
informed decision making about screening participation. 
Otherwise, persons may tend to underestimate the high 
likelihood that participation in an initially non-invasive 
screening program ultimately leads to colonoscopy and, 
for example, not be aware of the relevance of the screen-
ing interval in this regard. Actually, the scenarios for 
which our model showed cumulative false-positive rates 
of 40% and more represent strategies that are currently 
recommended in some countries such as in Germany [18]. 
In view of the high impact of specificity on the cumula-
tive false-positive rate, our findings underline the impor-
tance of monitoring the cut-off level of FIT in ongoing 
screening programs given that colonoscopy resources are 
typically limited. Our findings are also relevant to public 
health decision-makers in the process of planning CRC 
screening programs. Intuitively, one may assume that 
FIT screening leads to fewer unnecessary colonoscopies 
compared to colonoscopy screening. However, out of 
100 000 persons lesion-free at age 50, about 54% are still 
lesion-free at age 74, that is, if all 100 000 persons under-
went once-only colonoscopy, about 54% are equally 
unnecessary as those colonoscopies done in lesion-free 
persons with (false) positive FIT result. This proportion 
is rather close to the cumFP of certain scenarios of FIT 
screening, especially those using a 1-year interval or a low 
specificity. Still, the colonoscopy load would be higher if 
screening colonoscopy was offered more than once and 
both for FIT and screening colonoscopy, the additional 
burden of (partly unnecessary) surveillance colonoscopies 
needs to be taken into account which may differ between 
strategies.

We recognize both strengths and limitations to our 
study. We restricted the design of our analysis to compo-
nents relevant to our research question, resulting in a basic 
Markov model. We consider this a strength because this 
increased clarity and transparency and reduced the num-
ber of assumptions. For example, detailing the adenoma 
state and modelling the progression between states which 
goes along with several uncertainties was not required in 
our context, but is required by models that aim to assess 
the effectiveness of CRC screening [19]. Unlike most other 
modelling studies on non-invasive CRC screening, we 
conducted sensitivity analyses regarding deviation from 
the assumption of conditional independence of sequen-
tial testing. Even though these sensitivity analyses did not 
question our conclusion regarding the relative impact of 
the various parameters on the cumulative false-positive 
rate, they demonstrate that deviation from this assump-
tion has a non-negligible effect on absolute estimates of 
the cumulative false-positive rate. More empirical research 
is therefore needed to get further insights into patterns of 
conditional (in-)dependence of sequential testing that can 
be integrated into modelling.

In our study, we defined ‘false-positive’ as a positive test 
result in persons free of CRC and any adenoma because 
this definition provides a conservative estimate of the 
cumulative false-positive rate. We did not stratify our 
analyses by sex although there may be differences in the 
cumulative false-positive rate between men and women. 
To conduct sex-specific analyses, both differences in ade-
noma prevalence and potential differences in test specific-
ity between men and women are important to consider. 
Regarding the latter, some studies suggested a lower spec-
ificity of FIT in men than in women, particularly at lower 
cut-off levels, but evidence is limited [20,21]. Given that 
the higher adenoma prevalence and lower test specificity 
in men may compensate each other, resulting in false-pos-
itive rates similar to women, we feel that sex-specific anal-
yses should only be conducted when more evidence on 
sex-specific test performance is available.

In conclusion, our findings demonstrate the magnitude 
of the cumulative false-positive rate in CRC screening 
and show its large variation between screening strategies, 
which is relevant to both informed decision making and 
for adequate resource planning. While we provide mod-
el-based estimates on the cumulative false-positive rate, 
future screening studies should also consider longitudinal 
analyses on the false-positive rate to extend empirical evi-
dence in this field.
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