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Aim: To assess the potential of biomarker triage testing (BM-TT) in the Dutch colorectal cancer (CRC)
screening program. Materials & methods: Using the Adenoma and Serrated pathway to Colorectal CAn-
cer model, we simulated fecal immunochemical test (FIT)47-screening and various FIT plus BM-TT screening
scenarios in which only individuals with both a positive FIT and BM-TT are referred to colonoscopy. Re-
sults: Adding a low polyp sensitivity BM-TT to FIT-screening reduced colonoscopy burden (89–100%) while
increasing CRC mortality (27–41%) compared with FIT47-screening only. The FIT plus high polyp sensitivity
BM-TT scenarios also decreased colonoscopy burden (71–89%) while hardly affecting CRC mortality (FIT47

0–4% increase, FIT15 2–7% decrease). Conclusion: Adding a BM-TT to FIT-screening considerably reduces
colonoscopy burden, but could also decrease screening effectiveness. Combining FIT15 with a high polyp
sensitivity BM-TT seems most promising.
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Although the Dutch fecal immunochemical test (FIT) based colorectal cancer (CRC) screening program is expected
to be highly effective in reducing CRC burden [1], a pressing problem remains the high number of false-positive
FIT results. In 2018, over 55% of FIT-positive colonoscopies, that is 79,325 procedures, yielded no lesions or
only nonadvanced lesions [2]. These colonoscopies can be considered as an unnecessary burden, putting healthy
individuals at risk of complications [3,4] as well as putting a strain on limited healthcare resources. This raises the
question whether the selection for colonoscopy can be improved to reduce the number of unnecessary colonoscopies.

FIT is considered positive when hemoglobin levels are above a predefined cutoff. Besides hemoglobin, also other
markers for precursor lesions and CRC can be detected in stool. Presently, only the Cologuard test focuses on
multiple markers, that is DNA markers and haemoglobin, in stool [5]. This test requires the collection of a whole
bowel movement whereas a small stool sample is sufficient for the FIT. As the Cologuard is considerably more
expensive than the FIT and the logistics of such a whole stool test in a national screening program are difficult, it
is not yet considered feasible to implement Cologuard in the Dutch national screening program.

Recent efforts have been focusing on identifying biomarkers within the same stool sample as taken for FIT [6,7].
These biomarkers could be used as a primary test alternative to FIT, but also as a triage test. In such a FIT plus
triage test strategy, stool samples from FIT-positive individuals will be tested for additional biomarkers. Only
individuals with a positive result on both the FIT and the biomarker triage test (BM-TT) are referred for diagnostic
colonoscopy. Individuals with a positive FIT but negative BM-TT result return to the screening program. Such
a FIT plus triage testing screening strategy could further optimize the Dutch screening program by reducing the
number of unnecessary diagnostic colonoscopies. On the other hand, adding a triage test with imperfect sensitivity
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to FIT-screening could potentially decrease screening effectiveness as individuals with advanced neoplasia who
have a positive FIT result could have a false-negative result on a BM-TT. We therefore assessed the potential of
a hypothetical BM-TT to optimize a FIT-based screening program in terms of reducing colonoscopy demand
without considerably decreasing screening effectiveness.

Materials & Methods
Adenoma & Serrated pathway to Colorectal CAncer model
For all analyses, we used the Adenoma and Serrated pathway to Colorectal CAncer model which is extensively
described elsewhere [8]. In short, the model simulates individuals from age 20 to age 90 or death, whichever comes
first. During their life, individuals have the probability of developing up to ten adenomas and/or ten serrated polyps
which have certain characteristics such as location, dysplasia and histology. Progression in terms of growth in size
(diminutive <6 mm, small 6–9 mm and large ≥10 mm) and development of malignant characteristics is modeled
independently for each lesion. When a lesion has progressed to advanced adenoma or arises as a sessile-serrated
polyp, it can progress to CRC. We assumed that 85% of CRCs arises via the adenoma-carcinoma pathway and 15%
via the serrated pathway [9]. Each year, a tumor may progress to a more advanced stage or may become detected. The
natural history model satisfactorily reproduces Dutch colorectal lesion prevalence rates and Dutch CRC incidence
and mortality rates in the absence of screening [10,11]. The model is externally validated by replicating several
long-term CRC screening trials [12].

Reference strategy
As a reference, we simulated the Dutch national CRC screening program. In this strategy, individuals aged 55–75
are biennially invited for FIT-based screening. FIT-positive individuals (≥47μg hemoglobin per g feces) are referred
for diagnostic colonoscopy, that is colonoscopy after a positive screening test, during which all detected lesions
are removed with the exception of hyperplastic polyps in the rectosigmoid. Dependent on colonoscopy findings,
individuals may be referred to surveillance colonoscopy according to the Dutch surveillance guideline or return to
the screening program after 10 years [13].

Adherence to FIT-based screening and colonoscopy was set at 73 and 92% respectively, based on achieved
participation rates in the Dutch CRC screening program in 2018 [2]. Test characteristics of the FIT with a cutoff
of 47 μg/g (FIT47) were calibrated against the positivity rate and detection rate as reported by two Dutch trials
evaluating FIT-based screening [8]. Colonoscopy detection rates for adenomas were based on a systematic review [14].
As the pale color, proximal location and flat appearance hamper visual detection of serrated polyps [15] we assumed a
10% lower colonoscopy detection rate for serrated polyps than for adenomas. Table 1 shows the test characteristics
used in the model.

FIT plus biomarker triage test strategies
Besides a FIT-based screening strategy, we simulated a FIT plus BM-TT screening strategy in which we assumed
that the BM-TT will only be performed in FIT-positive individuals. Thus, the BM-TT can only detect lesions in
individuals with fecal hemoglobin levels that are above the cutoff. Furthermore, we assumed that the test can be
applied on the same sample as the FIT. This ensures that screening participation is not affected as individuals do not
have to undergo additional testing. For the FIT plus BM-TT screening strategy, we first evaluated 24 FIT47 plus
BM-TT scenarios differing in sensitivity and specificity of the BM-TT (Table 1). Specificity was set either at 90,
95, 97% or 100%. Sensitivity for late stage CRC varied between 80 and 100%, with 4% increments. Subsequently,
we calculated the ratio with which the sensitivity for late stage CRC was changed compared with that of FIT47.
For example, when the sensitivity of late stage CRC was set at 92%, the relative increase in sensitivity compared
with FIT47 is 8% (92 divided by 85%). Using FIT47 test characteristics as a reference point, sensitivity for early
stage CRC, large adenomas and small adenomas was assumed to change with the same ratio as the sensitivity for
late stage CRC. Sensitivity for diminutive adenomas and small and large serrated polyps was set at 1 minus the
specificity. These 24 scenarios are considered the FIT47 plus low polyp sensitivity BM-TT scenarios.

Furthermore, we simulated 28 FIT47 plus high polyp sensitivity BM-TT scenarios in which the sensitivity for
diminutive, small and large polyps of the BM-TT was substantially increased compared with the BM-TT with
low polyp sensitivity. In these scenarios, we assumed the sensitivity of the BM-TT for diminutive, small and large
polyps and early stage cancer to be respectively 20, 15, 10 and 5% lower (absolute difference) than that for late stage
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Table 1. Test characteristics per lesion used in the Adenoma and Serrated pathway to Colorectal CAncer model.
Test Specificity (per

individual, %)
Sensitivity (per lesion, %)

CRC Adenoma Serrated polyp

Late Early Large Small Diminutive Large Small

FIT15

FIT47

96
97

87
85

53
50

36
29

18
11

‡

‡

‡

‡

‡

‡

Low polyp sensitivity BM-TT†

– Sensitivity late CRC 80%
– Sensitivity late CRC 84%
– Sensitivity late CRC 88%
– Sensitivity late CRC 92%
– Sensitivity late CRC 96%
– Sensitivity late CRC 100%

90–100§

90–100§

90–100§

90–100§

90–100§

90–100§

80
84
88
92
96
100

47
49
52
54
56
59

27
29
30
31
33
39

10
11
11
12
12
13

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

‡

High polyp sensitivity BM-TT
– Sensitivity late CRC 80%
– Sensitivity late CRC 84%
– Sensitivity late CRC 88%
– Sensitivity late CRC 92%
– Sensitivity late CRC 96%
– Sensitivity late CRC 100%
– Sensitivity late CRC 100%

90–100§

90–100§

90–100§

90–100§

90–100§

90–100§

90–100§

80
84
88
92
96
100
100

75
79
83
87
91
95
100

70
74
78
82
86
90
100

65
69
73
77
81
85
100

60¶

64¶

68¶

72¶

76¶

80¶

100

60
64
68
72
76
80

100

60¶

64¶

68¶

72¶

76¶

80¶

100

Colonoscopy 100 100 100 98 87 74 88 70

†Test characteristics for the low polyp sensitivity BM-TT were determined as follows: specificity was set at either 90, 95, 97 and 100%. Sensitivity for late stage CRC varied between
80 and 100%, with 4% increments. Subsequently, we calculated the ratio with which the sensitivity for late stage CRC was changed compared with that of FIT. For example, when
the sensitivity of late stage CRC was set at 92%, the relative increase in sensitivity compared with FIT is 8% (92 divided by 85%). Using the test characteristics of FIT as a reference
point, sensitivity for early stage CRC, large adenomas and small adenomas was assumed to change with the same ratio as the sensitivity for late stage CRC. Sensitivity for diminutive
and serrated polyps was set at 1 minus the specificity.
‡Sensitivity is equal to 1 minus the specificity.
§Specificity was set at 90, 95, 97 and 100%.
¶We conducted a sensitivity analysis in which we assumed that the high polyp sensitivity BM-TT only has high sensitivity for large and small adenomas and large serrated polyps.
That is, we assumed the sensitivity of the BM-TT for diminutive adenomas and small serrated polyps to be equal to 1 minus the specificity.
BM-TT: Biomarker triage test; CRC: Colorectal cancer; FIT: Faecal immunochemical test.

CRC. We also included FIT47 plus BM-TT scenarios in which we assumed that the BM-TT has perfect sensitivity
for all polyps and CRC.

We repeated these 52 scenarios assuming a lower FIT cutoff, that is 15 μg/g. Lowering the FIT cutoff leads
to a less stringent initial selection of individuals. This may increase the added value of a BM-TT if sensitivity is
sufficiently high because less advanced neoplasia is missed by the primary screening instrument.

Utilities & costs
To account for the burden of screening and CRC treatment, we calculated quality-adjusted lifeyears (QALYs). For
healthy individuals, we assumed a utility of 0.84 [16]. As stool-based testing is considered as noninvasive, we assumed
that this test does not lead to utility losses. Furthermore, the study of Niv et al. [17] showed that colonoscopy did
not affect quality of life. Therefore, we assumed no utility loss due to colonoscopy in the base-case analysis. For
complications due to colonoscopy, we assumed a disutility of 0.34 during 2 weeks [18]. Table 2 shows disutilities
related to screening, surveillance and CRC treatment.

Costs were determined from a healthcare payer perspective and included costs related to screening, surveillance
and CRC treatment (Table 2). Costs were converted to 2019 Euros using the consumer price index for that year [24].
As costs of the BM-TT are unknown, we varied the costs using the costs of colonoscopy as a reference since the
purpose of the BM-TT is to reduce the number of unnecessary colonoscopies. That is, we set the costs of the
BM-TT to 10, 25, 50, 100, 150 and 200% of the costs of colonoscopy.

Analyses
For each scenario, we simulated a cohort of 20,000,000 individuals and calculated the number of CRC cases and
deaths, colonoscopy burden, lifeyears, QALYs, costs and net monetary benefit. Colonoscopy burden was indicated
by the number of colonoscopies (both diagnostic and surveillance) as well as the number of negative diagnostic
colonoscopies for each scenario. Net monetary benefit (NMB) was calculated as (total QALYs x threshold) – total
cost, using the Dutch gross domestic product per capita (€35,916) as threshold [24]. We applied a 3% discount rate
to the effects and costs from age 50 onwards [25].
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Table 2. Overview of disutilities and costs related to screening, surveillance and treatment.
Health state Disutility

base-case analysis
Disutility sensitivity analysis Ref.

CRC
– Stage I
– Stage II
– Stage III
– Stage IV

0.10
0.15
0.20
0.59

[16]

Colonoscopy 0 0.34† [17,18]

Colonoscopy-related complications‡ 0.34§ [18]

Cost item Costs (2019 Euros) Ref.

FIT
– Test kit
– Organization
– Analysis

1.46
15.98
5.12

[19]

BM-TT ¶

Colonoscopy
– Without polypectomy
– With polypectomy
– Complications after colonoscopy

771.71
998.15
1467.22‡

[4,20–22]
Bergman Clinics

(unpublished data)

CRC treatment
– Stage I
– Stage II
– Stage III
– Stage IV

28,135
44,165
58,005
43,365

[23]

For healthy individuals, we assumed a utility of 0.84 [16].
†This disutility applies for 2 days.
‡Complications occur in 2.8 per 1000 colonoscopies. Fatal complications occur in 1 per 10,000 colonoscopies [4,20].
§This disutility applies for 2 weeks.
¶As the costs of the BM-TT are unknown, we set the costs to 10, 25, 50, 100, 150 and 200% of the costs of colonoscopy.
BM-TT: Biomarker triage test; CRC: Colorectal cancer; FIT: Fecal immunochemical test.

All FIT plus BM-TT scenarios were compared with the reference strategy consisting of FIT47-based screening
with respect to CRC incidence and mortality rates, colonoscopy burden, lifeyears and QALYs. Furthermore, we
calculated incremental QALYs per averted colonoscopy to simultaneously consider both screening effectiveness and
colonoscopy burden as well as the incremental NMB to gain insight in the cost–effectiveness of FIT plus BM-TT
scenarios compared with FIT-screening only.

Sensitivity analyses
In one-way sensitivity analyses, we set the utility loss due to colonoscopy at 0.34 during 2 days, based on previous
cost–effectiveness analyses [18]. Furthermore, we evaluated scenarios in which we assumed that the high polyp
sensitivity BM-TT only has high sensitivity for large and small adenomas and large serrated polyps (Table 1). Thus,
sensitivity for diminutive adenomas and small serrated polyps was not increased.

Results
Colonoscopy burden
Table 3 shows the summary results for the base-case analysis whereas a more detailed overview is provided in the
Supplementary Material. When a BM-TT with low polyp sensitivity was added to FIT47-screening, the number
of required colonoscopies decreased to 150–228 in the lifetime of a cohort of 1000 individuals (58–72% decrease
compared with FIT47-screening only). The number of diagnostic colonoscopies in which no polyps were detected
ranged between 0 and 11 (89–100% decrease). This decrease in colonoscopy burden was slightly lower for the
FIT15 plus low polyp sensitivity BM-TT scenarios.

For the FIT47 plus high polyp sensitivity BM-TT scenarios, the number of lifetime colonoscopies per 1000 indi-
viduals varied between 416 and 467 (14–23% decrease) whereas the number of negative diagnostic colonoscopies
ranged between 11 and 25 (75–89% decrease). The FIT15 plus high polyp sensitivity BM-TT scenarios led to
slightly smaller decreases in colonoscopy burden.
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Table 3. Summary table of the base-case results.
Strategy Number of

colonoscopies
Number of negative
diagnostic
colonoscopies

CRC deaths Discounted QALYs Incremental QALYs per
averted colonoscopy

FIT47 542 101 13.5 16,330 Reference

FIT47 plus low polyp sensitivity BM-TT† 150–228 0–11 17.1–19.1 16,304–16,313 -0.066 to -0.055

FIT47 plus high polyp sensitivity BM-TT‡ 416–467 11–25 13.5–14.1 16,327–16,330 -0.024 to 0.002

FIT15 plus low polyp sensitivity BM-TT† 177–269 1–13 16.2–18.4 16,307–16,317 -0.062 to -0.048

FIT15 plus high polyp sensitivity BM-TT‡ 475–535 13–29 12.6–13.2 16,331–16,335 0.023–0.644

Outcomes are reported for the lifetime of a cohort of 1000 individuals.
†Test characteristics for the low polyp sensitivity BM-TT were determined as follows: specificity was set at either 90, 95, 97 and 100%. Sensitivity for late stage CRC varied between
80 and 100%, with 4% increments. Subsequently, we calculated the ratio with which the sensitivity for late stage CRC was changed compared with that of FIT. For example, when
the sensitivity of late stage CRC was set at 92%, the relative increase in sensitivity compared with FIT is 8% (92 divided by 85%). Using the test characteristics of FIT as a reference
point, sensitivity for early stage CRC, large adenomas and small adenomas was assumed to change with the same ratio as the sensitivity for late stage CRC. Sensitivity for diminutive
and serrated polyps was set at 1 minus the specificity.
‡These scenarios assumed high polyp sensitivity for the BM-TT. Specificity was set at either 90, 95, 97 and 100%.
BM-TT: Biomarker triage test; CRC: Colorectal cancer; FIT: Faecal immunochemical test; QALY: Quality-adjusted lifeyear.

Screening effectiveness
The decrease in colonoscopy burden came at the cost of a decrease in screening effectiveness for all FIT47 plus low
polyp sensitivity BM-TT scenarios and the majority of the FIT47 plus high polyp sensitivity BM-TT scenarios
(Table 3 & Supplementary Material). Depending on the test characteristics of the low polyp sensitivity BM-TT
that was added to FIT47-screening, the number of lifetime CRC deaths ranged between 17.1 and 19.1 in a cohort
of 1000 individuals. This equals to a 27–41% increase in CRC deaths compared with FIT47-screening only. FIT47-
screening led to 16,330 QALYs in a cohort of 1000 individuals. This decreased to 16,304–16,313 QALYs when a
BM-TT with low polyp sensitivity was added to FIT47-screening.

For the FIT47 plus high polyp sensitivity BM-TT scenarios, the increase in lifetime CRC deaths was 0–4.4%
whereas QALYs decreased with 0–3 per 1000 individuals. Thus, adding a BM-TT with high polyp sensitivity to
FIT47-screening led to a smaller reduction in colonoscopy burden than adding a BM-TT with low polyp sensitivity.
On the other hand, screening effectiveness only slightly decreased. In fact, when the BM-TT had perfect sensitivity
for polyps and CRC, screening effectiveness did not decrease.

Also for the FIT15 plus low sensitivity BM-TT scenarios, screening effectiveness decreased compared with FIT47-
screening only. In contrast, the FIT15 plus high polyp sensitivity BM-TT scenarios led to a reduction in colonoscopy
burden as well as an increase in screening effectiveness compared with FIT47-screening only. Depending on BM-
TT test characteristics, CRC mortality decreased with 2.2–6.6% whereas QALYs increased with 1–5 per 1000
individuals.

To simultaneously consider colonoscopy burden and screening effectiveness, we calculated incremental QALYs
per averted colonoscopy. For the FIT47 plus low polyp sensitivity BM-TT scenarios, each averted colonoscopy
led to a 0.055–0.066 QALY decrease in screening effectiveness. For the FIT47 plus high polyp sensitivity BM-
TT scenarios, incremental QALYs per averted colonoscopy ranged between -0.024 and 0.002 QALYs compared
with FIT47-screening only. For the FIT15 plus low polyp sensitivity BM-TT, incremental QALYs per averted
colonoscopy were comparable to the FIT47 plus low polyp sensitivity BM-TT. In contrast, incremental QALYs per
averted colonoscopy were 0.023–0.644 QALYs for the FIT15 plus high polyp sensitivity BM-TT. Note that this
reflects an increase in screening effectiveness per averted colonoscopy.

Cost–effectiveness
Figure 1 shows the incremental NMB for the FIT plus triage test scenarios compared with FIT47-screening only
for different costs of the BM-TT. When the costs for the BM-TT are varied between 77 and 1543 Euros, that
is between 10 and 200% the costs of colonoscopy, all FIT15 plus high polyp sensitivity BM-TT scenarios and
some of the FIT47 plus high polyp sensitivity BM-TT scenarios led to a positive incremental NMB, indicating that
these scenarios are considered cost effective at a willingness-to-pay threshold of €35,916. All scenarios in which a
low-polyp sensitivity BM-TT is added to FIT-screening led to a negative incremental NMB, indicating that these
scenarios are not cost effective compared with FIT47-screening only.
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77 Euro 192 Euro 385 Euro

Costs BM-TT

772 Euro 1157 Euro 1543 Euro
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Figure 1. Incremental NMB for FIT plus BM-TT screening compared with FIT47 screening only, for different costs of
the BM-TT. As the costs of the BM-TT are unknown, we set the costs to 10, 25, 50, 100, 150 and 200% of the costs of
colonoscopy. An incremental NMB >0 indicates that FIT plus BM-TT screening is considered cost effective compared
with FIT47 screening only at a threshold of €35,916.
BM-TT: Biomarker triage test; FIT: Fecal immunochemical test; NMB: Net monetary benefit.

Sensitivity analyses
The Supplementary Material shows the results of the sensitivity analyses. Repeating the base-case analysis assuming
that colonoscopy led to a utility loss did not impact the discounted QALYs per 1000 individuals. The FIT plus high
polyp sensitivity BM-TT scenarios in which the BM-TT only had high sensitivity for small and large adenomas
and large serrated polyps led to a greater reduction in colonoscopy burden compared with the FIT plus high polyp
sensitivity BM-TT scenarios in which the BM-TT has high sensitivity for polyps of all sizes. On the other hand,
screening effectiveness was more decreased. When comparing these scenarios in terms of incremental QALYs per
averted colonoscopy, figures were more favourable for the FIT plus high polyp sensitivity scenarios in which the
BM-TT had high sensitivity for polyps of all sizes.

Discussion
This study evaluated the potential of a hypothetical BM-TT to optimize the Dutch FIT-based CRC screening
program by reducing the number of unnecessary colonoscopies without affecting screening effectiveness. According
to model predictions, the number of unnecessary colonoscopies decreased considerably when a BM-TT with low
polyp sensitivity was added to FIT-based screening. However, this came at the cost of lower screening program
effectiveness. To fully evaluate the potential of a BM-TT in FIT-based screening, we also considered scenarios
in which the polyp sensitivity of the BM-TT was substantially increased, in other words, ≥60, ≥65 and ≥70%
sensitivity for diminutive, small polyps and large polyps, respectively. For these FIT plus high polyp sensitivity
BM-TT scenarios, the number of unnecessary colonoscopies was markedly reduced while screening effectiveness
was hardly affected (FIT47 plus high polyp sensitivity BM-TT) or even increased (FIT15 plus high polyp sensitivity
BM-TT) compared with current FIT47 screening.
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As per definition, adding a triage test with imperfect sensitivity will decrease screening program effectiveness
in terms of mortality reduction [26], which is also shown in this study. This is due to the fact that individuals
with adenomas or CRC can have a positive FIT result but a false-negative result on the BM-TT and thus, are not
referred to colonoscopy. Adding a BM-TT to FIT-based screening could only be an acceptable approach to reduce
the number of unnecessary colonoscopies when polyp sensitivity of the BM-TT is substantially improved compared
with FIT. Adding such a high polyp sensitivity BM-TT to FIT with a low cut-off (FIT15) has the potential to reduce
colonoscopy burden as well as increase screening effectiveness. However, a test with such high polyp sensitivity
would have the most impact on CRC burden when used as a primary screening test.

To our knowledge, the stool test with the highest polyp sensitivities is currently the Cologuard with sensitivities
varying from 20% for diminutive advanced polyps to 45% for large advanced polyps [5]. Due to the high costs of
Cologuard, primary Cologuard screening is not cost effective compared with FIT-based screening [27]. The potential
of Cologuard as a triage test in terms of cost–effectiveness has not been studied so far. Nevertheless, our study
indicates that Cologuard will not be cost effective as a triage test as the sensitivities are considerably lower than
the ≥60% polyp sensitivity we considered for the high polyp sensitivity BM-TT. To determine the optimal, most
cost-effective position of new biomarker tests in a screening program, in other words, as primary test or as triage test
in FIT-positive individuals, costs and effects should be carefully balanced in extensive cost–effectiveness analyses.

It could be questioned whether a biomarker test with high polyp sensitivity is desirable as it will detect numerous
nonadvanced lesions, which are generally considered at low risk to progress to CRC [28]. CRC screening models,
including the the Adenoma and Serrated pathway to Colorectal CAncer model, currently assume that each
diminutive polyp has a probability to progress to CRC. Based on the recent studies, it is hypothesized that only a
small group of polyps with specific molecular aberrations will progress to CRC [28]. If a biomarker test could only
identify those polyps, this would considerably decrease overdiagnosis and overtreatment. To evaluate such tests
would require detailed modeling which is beyond the scope of this study.

The BM-TT can only detect lesions in individuals with fecal hemoglobin levels that are above the cutoff, as only
FIT-positive individuals will undergo triage testing. In addition, we assumed that FIT and the stool-based BM-TT
are independent tests. Biomarkers can originate from exfoliated tumor cells and therefore may be tumor-specific.
However, it may be hypothesized that bleeding polyps will, besides hemoglobin, also secrete other biomarkers such
as blood-derived proteins. If the result of the biomarker triage test is dependent on the result of the FIT, we may
have overestimated the effectiveness of a FIT plus BM-TT strategy.

It is also possible to subject FIT-positive individuals to a triage test that is not stool-based, for example, a blood-
based test or computed tomography (CT) colonography. The current study shows that also for these tests, polyp
sensitivity should be >60%. Preliminary findings indicate that the blood-based test developed by (CellMax Life,
CA, USA) which focuses on the detection of ctDNA in blood, may reach >75% sensitivity for polyps at a 97.3%
specificity [29]. High polyp sensitivities (>90%) were also reported by a study evaluating CT colonography as a triage
test in FIT-positive individuals [30]. It should be kept in mind that triage testing by means of a blood-based test or
CT colonography requires FIT-positive individuals to perform a separate test. It is expected that not all FIT-positive
individuals will participate in additional triage testing as this means that they have to make a (substantial) effort to
perform the triage test, thereby lowering screening effectiveness.

Instead of considering the FIT result as a dichotomous outcome, it is also possible to handle the FIT result as
a continuous outcome. Nielsen et al. [31] propose to subject individuals with a negative FIT result who score just
below the cutoff point to a triage test. This would decrease the number of individuals with advanced neoplasia
missed by screening. A similar approach could be applied to individuals who score just above the FIT cutoff point
to decrease the number of unnecessary colonoscopies. This should be a topic of further research.

Conclusion
To conclude, the development of stool-based biomarker tests is of broad and current interest. Adding a biomarker
triage test with low polyp sensitivity to FIT-based screening can be a means to decrease the number of unnecessary
colonoscopies but comes at the cost of decreased screening effectiveness. In order to maintain current screening
effectiveness at a reduced colonoscopy burden, the combination of a lower FIT cutoff with a biomarker triage test
that has high polyp sensitivity (≥60% polyp sensitivity) seems most promising. Nevertheless, such a biomarker test
may also hold promise as a primary screening test. A full cost–effectiveness comparison is required to determine
the optimal position of new biomarker tests in the screening program.
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Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at:
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Summary points

• Biomarker triage testing on the stool samples of fecal immunochemical test (FIT)-positive individuals and
referring only those individuals with a double positive test result to colonoscopy, has the potential to
substantially reduce the number of unnecessary colonoscopies.

• However, unless the sensitivity of such a biomarker triage test is ≥60% for colorectal polyps, such a strategy leads
to a decreased screening effectiveness, in other words, higher CRC incidence and mortality rates, compared with
FIT-based screening only.

• To achieve both a lower colonoscopy referral rate as well as increased screening effectiveness, a highly sensitivity
biomarker triage test (≥60% polyp sensitivity) together with a lowered FIT cutoff is required.
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