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Simple Summary: Presently, constraints on colonoscopy capacity appear to be associated with
inclusion of screening by direct colonoscopy or follow-up colonoscopy subsequent to a positive
result of a feces-based screening concept. It is well known, however, that only a minority of the
subjects with a positive feces test are diagnosed with bowel neoplasia at the subsequent follow-up
colonoscopy. Therefore, a proposed Triage test concept, which includes (1) age of the subject;
(2) concentration of occult blood in a feces test; (3) combinations of blood-based, cancer-associated
biomarkers, may improve selection to follow-up colonoscopy in screening for bowel cancer. Thereby,
the number of unnecessary colonoscopies may be reduced significantly, which may improve the
national healthcare budgets, and indeed spare many subjects for the colonic examination, which
is not free from adverse effects. Current research may identify and validate the optimal Triage
screening concept.

Abstract: Implementation of population screening for colorectal cancer by direct colonoscopy or
follow-up colonoscopy after a positive fecal blood test has challenged the overall capacity of bowel
examinations. Certain countries are facing serious colonoscopy capacity constraints, which have led
to waiting lists and long time latency of follow-up examinations. Various options for improvement
are considered, including increased cut-off values of the fecal blood tests. Results from major clinical
studies of blood-based, cancer-associated biomarkers have, however, led to focus on a Triage concept
for improved selection to colonoscopy. The Triage test may include subject age, concentration of
hemoglobin in a feces test and a combination of certain blood-based cancer-associated biomarkers.
Recent results have indicated that Triage may reduce the requirements for colonoscopy by around
30%. Such results may be advantageous for the capacity, the healthcare budgets and in particular,
the subjects, who do not need an unnecessary, unpleasant and risk-associated bowel examination.

Keywords: early detection; screening; triage; biomarkers; feces testing; colonoscopy; colorectal cancer

The aims of population-based screening for colorectal cancer (CRC) include improvement of
cancer-specific survival [1] and reduction of the incidence of the disease [2], which ultimately may
reduce the prevalence. Globally, a variety of screening concepts are either used or are under evaluation
and subsequent validation [3]. The accepted current concepts include direct colonoscopy [3] and
screening using fecal immunochemical tests (FIT) for occult hemoglobin in feces [3,4]; a positive
FIT result leads to recommendation of subsequent follow-up colonoscopy [4,5]. The sensitivity for
detecting CRC lesions by direct colonoscopy appears to be 95%, and FIT has a sensitivity around
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76% [6]. While CRC detection by direct colonoscopy is largely independent of the stage and location,
detection by FIT screening is highly T-stage- and location-dependent [6–8]. Specifically, the sensitivity
for detection of T1 lesions is limited in comparison with higher T-stages, and in addition, detection of
T1 lesions appears to be highly dependent on location, even with application of various FIT cut-off

values [8]. FIT detection of advanced adenomas may be even more dependent on the location, ranging
from 0% of caecal lesions, to 26% of ascending colon and right flexure, 14% of transverse colon and left
flexure, to 58% of descending colon and 51% of sigmoid lesions, while 36% of rectal lesions appear to
be detected [9].

The outcome of screening for bowel neoplasia is dependent of the test concept and the test
sensitivity, but the major challenge appears; however, to be the limited compliance rates [10–12].
In addition to subject compliance the various specific healthcare systems have influence on population
screening, ranging from insurance- or self-paid screening in some countries, mostly in the USA,
to community-paid screening in other countries, mostly in Europe. Thereby, the compliance rates in
colonoscopy screening are income-dependent in the USA, where economy also plays a significant
role in FIT screening and may limit the follow-up colonoscopy rate of those with a positive FIT result.
Many American citizens, specifically uninsured with a positive FIT result, are far from instantly
undergoing the recommended follow-up colonoscopy [13,14], and the lead-time has been shown to
be associated with increased risk of CRC and higher stages at final diagnosis [15,16]. Even among
subjects with access to screening free of charge, the colonoscopy compliance rates are far from close to
100% [17,18]. In Denmark, where current legislation dictates that the lead-time from a positive FIT test
to a subsequent follow-up colonoscopy has to be less than 14 days, the colonoscopy compliance rates
are still suboptimal, at around 90% [19]. Such results underline that lack of follow-up colonoscopy is
not only based on economy, but certainly, other issues including subject decline, social barriers and
comorbidity may play an additional, significant role [12,13].

Subsequent considerations include the efficacy of the screening test to detect subjects with CRC
in the various populations. While the efficacy of direct colonoscopy screening is close to optimal,
the FIT screening is less effective, because of the determinant compliance limitations. In Denmark, FIT
screening roughly detects 62% (compliance) × 76% (test sensitivity at cut-off 100 ng/mL, Table 1) =

47% of the subjects, who in the screening-relevant age (50–74 years) may have CRC [20]. Therefore,
both sensitivity and compliance of the test are specific areas that need utmost combined attention to
improve the overall outcome of colorectal cancer screening of the average risk population. Although
limited compliance to feces-based testing programs appears to include feces aversion, personal and
social issues, it may also be a matter of serious considerations in the event that the test is positive and
thereby leads to recommendation of a possibly unpleasant follow-up colonoscopy that includes specific
discomfort during bowel preparation [21]. The latter argument may be supported by the previous
extremely limited annual compliance to screening colonoscopy of only 2.6% in Germany, where the
regional healthcare authorities paid for the procedure [22]. Future screening concepts may focus on
acceptability by the screening-relevant population. One such option may be screening based on various
cancer-associated biomarkers in blood samples; emerging results have indicated that blood-based
screening may improve the screening test sensitivity [23–28], in particular by combining various
biomarker entities [29]. Blood-based screening appears to be preferred in comparison with feces-based
testing [30,31], although the feces test performance is still the single most important attribute of a
screening test [31].

Hitherto, the majority of emerging results on blood-based, cancer-associated biomarkers for
early detection of malignant diseases, including CRC, have been based on studies of symptomatic
patients at risk of having the disease or on patients with a diagnosis of the disease or even a mix
of symptomatic and diagnosed patients [23–26,29,32]. It has been widely discussed whether such
results might be interpreted to be used directly in screening settings. Although recent achievements
have shown that results generated on blood samples collected from minor studies of screening for
CRC by direct colonoscopy may have a certain value [33,34], there may be significant discrepancies
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between results generated in blood-samples from symptomatic patients and subjects undergoing
colonoscopy screening [35]. Emerging achievements underline that there are major and significant
discrepancies between results generated from symptomatic patients and from subjects undergoing
current established screening [36,37]. The results from one study highlight that the discrepancy is huge
and cannot be neglected, because 2 × > 4000 subjects with clinical results confirmed by colonoscopy
were included in the comparison. The discrepancy may be well explained based on the current
achievements, which show significantly higher levels of cancer-associated protein biomarkers among
symptomatic subjects compared to screened subjects [37]. Although future research on biomarker
discovery, which may have focus on symptomatic subjects or even patients with a final malignant
diagnosis is still acceptable, subsequent training and validation need to concentrate on sufficiently
sized and well-performed screening studies [38].

Focus on FIT screening results and emerging results from blood-based biomarker studies indicate
that FIT screening has some location- and T stage-associated limitation in detecting neoplastic
lesions [20], while blood-based biomarkers may have location-independent limitations with the T1
lesions of CRC and some adenomas [37]. Future achievements for improving CRC screening may
therefore consider combinations of FIT and blood-based biomarkers [39]. Specifically, it may be
considered that the combination identifies additional subjects with neoplastic lesions in comparison
with the separate FIT or blood-based screening test, respectively. Recently, the combination of
feces-based DNA and FIT showed that combinations of FIT with other entities may improve detection
sensitivity [40]. Combined attitudes may be the basis for improved selection to colonoscopy and
may thereby play a significant role in harmonizing the hugely different cut-off levels and screening
age intervals between different national programs. Specifically, The Netherlands, which initiated FIT
screening with a cut-off level of 17 µg Hb/g feces, which corresponds to 85 ng Hb/mL buffer, has
realized that the colonoscopy demand was too large and therefore had to increase the cut-off level to
235 ng/mL [41,42]. Many European countries, which are performing screening in parts of their country
or are still considering initiating universal population screening using the FIT test, have preliminary
chosen a high cut-off level to reduce the well-known high requests on colonoscopy (Table 1).

Table 1. Cut-off levels for FIT CRC screening in various European countries.

Country Cut-off Level Screening Age Interval [Reference]

Denmark 100 ng/mL screening age interval: 50–74 years [19]
France (Paris) 150 ng/mL (30 µg Hb/g) screening age interval: 50–74 years [43]

The Netherlands 235 ng/mL (47 µg Hb/g) screening age interval: 55–75 years [41]
Sweden (females) 200 ng/mL screening age interval: 60–69 years [44]
Sweden (males) 400 ng/mL screening age interval: 60–69 years [44]

Scotland 400 ng/mL (80 µg Hb/g) screening age interval: 50–74 years [45]
England 600 ng/mL (120 µg Hb/g) screening age interval: 60–74 years [46]

Wales 750 ng/mL (150 µg Hb/g) screening age interval: 60–74 years [47]

Despite establishing such high cut-off levels, in some countries the wait-time for colonoscopy
still appears to be significant [48]. Recent calculations showed that increase of the cut-off level from
100 ng/mL to 200 ng/mL would reduce the colonoscopy requirements with some 32% [49,50]. Therefore,
the high cut-off levels chosen by some countries may alleviate some of the colonoscopy burden,
but unfortunately, the costs for increased cut-off levels are that high numbers of significant neoplastic
lesions, including CRC, will be missed [8,49,50].

Definitely, every single country that initiates population screening may face significant increased
requirements for colonoscopy, not only for follow-up procedures, but certainly also for adenoma
control; in some countries, the amount of adenoma control colonoscopies accounts for up to 25% of the
total numbers [51]. Ultimately, the numbers of screening associated colonoscopies were expected to
reduce the numbers of diagnostic colonoscopies of subjects with symptoms attributable to CRC, but due
to changed legislation in some countries, symptomatic subjects are to be offered examination, including
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colonoscopy, within a few weeks. Therefore, the numbers of diagnostic colonoscopy do not seem to be
reduced. It is well-known that far from all colonoscopy procedures are needed; only some 35–40% of
the subjects with a positive FIT result have bowel lesions (CRC, high-risk adenoma, or medium-risk
adenoma) [52], less than 20% of the subjects undergoing adenoma control colonoscopy have new
lesions [51] and only 25–30% of subjects undergoing colonoscopy due to symptoms have neoplastic
lesions [23,53]. Combination of these figures show that the amount of unnecessary colonoscopies
performed appears to be between 60% and 80%, and the current arguments that increased cut-off levels
may restrict the procedure to those with the highest risk of having a significant neoplastic lesion is
somehow contradicted by the fact that around 50% of the subjects with 1000 ng/mL (upper detection
limit, OC-Sensor) in the FIT test do still not have CRC (Figure 1, solid red line).
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Figure 1. Illustration of the Triage concept, which includes age of the subject, the FIT hemoglobin
concentration and various blood-based, cancer-associated biomarkers. ROC curves for: age of the
subjects (green), FIT hemoglobin concentration (red), combined age and FIT hemoglobin concentration
(magenta), addition of blood-based protein biomarkers (blue) and addition of ctDNA methylations
(black). The curves are based on results from a current, major study ([38], age and FIT results)
and a simulation model based on independent protein and ctDNA methylation biomarkers. The FIT
hemoglobin level is cut at 1000 ng/mL, which is the highest level of detection (OC-Sensor). Extrapolation
into the y-axis shows that only 52% of the subjects with 1000 ng/mL have CRC.

Due to present constraints with colonoscopy capacity specifically in relation to FIT-based screening,
which has already been implemented or is under consideration for implementation, we need to focus
on improving the selection criteria for colonoscopy. One such opportunity is further validation of the
Triage test suggested previously [49,50]. That specific test includes (1) the age of the subject; (2) the
level of hemoglobin in the FIT test; and (3) combined biomarkers, which may be a mix of proteins and
ctDNA methylations, mutations and/or fragmentations (Figure 1) [23–29]. Particularly, the various
possibilities for biomarker combinations require a high level of research attention to develop, test
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and validate the combinations with the highest and most reproducible impact. This may also include
miRNA, nucleosomes, histone modifications, glycoproteins, autoantibodies, etc. [38], but it must be
stressed that the combined blood-based tests need to be simple, reliable, cost-effective and suited
to be determined using automated analysis platforms to get results at a high quality level within
shortly. Preliminary results indicate that the Triage concept may reduce the numbers of unnecessary
colonoscopies with some 32% [49,50]. Thereby, a significant proportion of the subjects, who would be
offered an unnecessary bowel examination, will be spared the unpleasant and far from effective bowel
preparation, which may even hinder adequate intra-luminal examination [54,55]. In addition, it has
to be emphasized that colonoscopy is associated with subjects being out of work or daily routines
for 1–1 1

2 days [20]; the screening age intervals cover a significant part of subjects in the active work
force. Finally, a plethora of recorded, under-recorded and non-recorded adverse events associated
with colonoscopy and ranging from post-procedure cognitive impairment through cardiopulmonary
incidents and bleeding episodes to perforation, septic complications and ultimately death [56–59]
would be reduced.

It has been argued, however, that the costs of the Triage test may exclude any attempt at further
validation and even implementation. Against such arguments stands the costs for unnecessary
colonoscopies, which by reduction of > 30% would more than support Triage being an option to
improve selection to colonoscopy. Indeed, the pressure on the various healthcare budgets may be
improved with subsequent room for considerations of extension of the screening age intervals and
even lowering the cut-off levels significantly (Table 1). In addition, improved selection may underline
the necessity for every single subject to accept the follow-up colonoscopy procedure in the event of a
positive Triage test.

Recently, it was shown that the number of patients with young-onset colorectal cancer appears
to increase [60–62]. Those uniform, globally-based results underlining an ongoing increase of the
incidence led to suggestions of lowering the onset screening age to 45 years of age [63–65]. Presently,
the American Cancer Society (ACS) has adopted the evidence and recommended screening age to
start at the age of 45 years [66]. The United States Preventive Services Task Force (USPSTF) is still
recommending screening age to start at 50 years but is presently working on new recommendations to
be released shortly [67]. Both ACS and USPSTF also recommend screening of subjects in the age range
of 76–85 years; the decision to screen for colorectal cancer in adults of that age should be individual
and need to take the subject’s preferences, life expectancy, overall health and prior screening history
into account. Subjects in such high age ranges need to have the ability to undergo treatment, including
surgery in the event of neoplastic findings at screening.

Taking the well-known constraints of colonoscopy procedures into account it is needed to state
that direct colonoscopy screening for entire populations will not be a possibility in most countries;
such procedures are reserved for subjects with insurances or those that are paying privately. In Europe
we need to consider population screening of entire populations based on the FIT testing concepts;
it was recently shown that the cost-utility is better for FIT screening compared with colonoscopy
screening [68]. As suggested above, addition of a blood-based, cancer-associated biomarker test to
improve selection to colonoscopy may indeed improve the entire selection to colonoscopy, both for
screening follow-up, adenoma control and diagnosis of subjects with symptoms. With focus only on
follow-up colonoscopies, we need to consider the consequences if screening within Europe has to be
recommended for subjects between 45–85 years of age. It may be added to the current considerations
that screening is recommended to start at the age of 40 years for subjects, who are first-degree relatives
to a patient with CRC or with advanced adenoma in the age < 60 years [69]. In addition, recent research
results even recommend screening age to start at 40 years for the average-risk population [70].

In conclusion, recent achievements and current research results underline that the Triage concept
may lead to improved selection to colonoscopy. Definitely, an improved selection will be a significant
achievement not only for the present colonoscopy constraints with long wait times for the procedure
and for the healthcare budgets, but specifically for those subjects, who do not need to undergo an
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unnecessary and unpleasant bowel preparation and subsequent examination, which is not even free
from side effects. Ultimately, such improved selection criteria may also increase the number of those,
who will agree to the subsequent follow-up colonoscopy when screened positive. At present, results
from two major clinical Triage-based studies with focus on subjects undergoing population screening
and subjects offered colonoscopy due to symptoms attributable to colorectal neoplasia, respectively,
are awaited with interest.

Author Contributions: Conceptualization, M.M.P., J.K., T.B.P., I.J.C., H.J.N.; writing—original draft preparation,
H.J.N.; writing—review and editing, M.M.P., J.K., L.F., E.R., T.B.P., I.J.C., H.J.N.; project administration, H.J.N.
All authors have read and agree to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gini, A.; Jansen, E.E.L.; Zielonke, N.; Meester, R.G.S.; Senore, C.; Anttila, A.; Segnan, N.; Mlakar, D.N.;
De Koning, H.J.; Lansdorp-Vogelaar, I.; et al. Impact of colorectal cancer screening on cancer-specific
mortality in Europe: A systematic review. Eur. J. Cancer 2020, 127, 224–235. [CrossRef]

2. Levin, T.R.; Corley, D.A.; Jensen, C.D.; Schottinger, J.E.; Quinn, V.P.; Zauber, A.G.; Lee, J.K.; Zhao, W.K.;
Udaltsova, N.; Ghai, N.R.; et al. Effects of Organized Colorectal Cancer Screening on Cancer Incidence and
Mortality in a Large Community-Based Population. Gastroenterology 2018, 155, 1383–1391.e5. [CrossRef]
[PubMed]

3. Ladabaum, U.; Dominitz, J.A.; Kahi, C.; E Schoen, R. Strategies for Colorectal Cancer Screening.
Gastroenterology 2020, 158, 418–432. [CrossRef] [PubMed]

4. Cusumano, V.T.; May, F.P. Making FIT Count: Maximizing Appropriate Use of the Fecal Immunochemical
Test for Colorectal Cancer Screening Programs. J. Gen. Intern. Med. 2020, 35, 1870–1874. [CrossRef] [PubMed]

5. von Karsa, L.; Patnick, J.; Segnan, N.; Atkin, W.; Halloran, S.; Lansdorp-Vogelaar, I.; Malila, N.; Minozzi, S.;
Moss, S.; Quirke, P.; et al. European guidelines for quality assurance in colorectal cancer screening and
diagnosis. Endoscopy 2013, 45, 51–59. [PubMed]

6. Niedermaier, T.; Balavarca, Y.; Brenner, H. Stage-specific sensitivity for fecal immunochemical tests for
detecting colorectal cancer: Systemic review and metaanalysis. Am. J. Gastroenterol. 2020, 115, 56–69.
[CrossRef] [PubMed]

7. Brenner, H.; Gies, A.; Selby, K. Overestimated sensitivity for fecal immunochemical tests in screening cohorts
with registry-based follow-up. Am. J. Gastroenterol. 2019, 114, 1795–1801. [CrossRef]

8. Niedermaier, T.; Tikk, K.; Gies, A.; Bieck, S.; Brenner, H. Sensitivity of Fecal Immunochemical Test for
Colorectal Cancer Detection Differs According to Stage and Location. Clin. Gastroenterol. Hepatol. 2020.
[CrossRef]

9. Brenner, H.; Niedermaier, T.; Chen, H. Strong subsite-specific variation in detecting advanced adenomas by
fecal immunochemical testing for hemoglobin. Int. J. Cancer 2017, 140, 2015–2022. [CrossRef]

10. Pox, C.P.; Altenhofen, L.; Brenner, H.; Theilmeier, A.; Von Stillfried, S.; Schmiegel, W. Efficacy of a Nationwide
Screening Colonoscopy Program for Colorectal Cancer. Gastroenterology 2012, 142, 1460–1467. [CrossRef]

11. Toes-Zoutendijk, E.; Portillo, I.; Hoeck, S.; De Brabander, I.; Perrin, P.; Dubois, C.; Van Leerdam, M.;
Lansdorp-Vogelaar, I.; Bardou, M. Participation in faecal immunochemical testing-based colorectal cancer
screening programmes in the northwest of Europe. J. Med Screen. 2019, 27, 68–76. [CrossRef] [PubMed]

12. D’Andrea, E.; Ahnen, D.J.; Sussman, D.A.; Najafzadeh, M. Quantifying the impact of adherence to screening
startegies on colorectal cancer incidence and mortality. Cancer Med. 2020, 9, 824–836. [CrossRef] [PubMed]

13. May, F.P.; Yano, E.M.; Provenzale, D.; Brunner, J.; Yu, C.; Phan, J.; Bharath, P.; Aby, E.; Dinh, D.; Ehrlich, D.S.;
et al. Barriers to follow-up colonoscopies for patients with positive results from fecal immunochemical tests
during colorectal cancer screening. Clin. Gastroenterol. Hepatol. 2019, 17, 469–476. [CrossRef] [PubMed]

14. Jetelina, K.K.; Yudkin, J.S.; Miller, S.; Berry, E.; Lieberman, A.; Gupta, S.; Balasubramanian, B.A.
Patient-reported barriers to completing a diagnostic colonoscopy following abnormal fecal immunochemical
test among uninsured patients. J. Gen. Intern. Med. 2019, 34, 1730–1736. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ejca.2019.12.014
http://dx.doi.org/10.1053/j.gastro.2018.07.017
http://www.ncbi.nlm.nih.gov/pubmed/30031768
http://dx.doi.org/10.1053/j.gastro.2019.06.043
http://www.ncbi.nlm.nih.gov/pubmed/31394083
http://dx.doi.org/10.1007/s11606-020-05728-y
http://www.ncbi.nlm.nih.gov/pubmed/32128688
http://www.ncbi.nlm.nih.gov/pubmed/23212726
http://dx.doi.org/10.14309/ajg.0000000000000465
http://www.ncbi.nlm.nih.gov/pubmed/31850933
http://dx.doi.org/10.14309/ajg.0000000000000412
http://dx.doi.org/10.1016/j.cgh.2020.01.025
http://dx.doi.org/10.1002/ijc.30629
http://dx.doi.org/10.1053/j.gastro.2012.03.022
http://dx.doi.org/10.1177/0969141319879712
http://www.ncbi.nlm.nih.gov/pubmed/31645173
http://dx.doi.org/10.1002/cam4.2735
http://www.ncbi.nlm.nih.gov/pubmed/31777197
http://dx.doi.org/10.1016/j.cgh.2018.05.022
http://www.ncbi.nlm.nih.gov/pubmed/29857147
http://dx.doi.org/10.1007/s11606-019-05117-0
http://www.ncbi.nlm.nih.gov/pubmed/31228053


Cancers 2020, 12, 2610 7 of 9

15. Corley, D.A.; Jensen, C.D.; Quinn, V.P.; Doubeni, C.A.; Zauber, A.G.; Lee, J.K.; Schottinger, J.E.; Marks, A.R.;
Zhao, W.K.; Ghai, N.R.; et al. Association between Time to Colonoscopy after a Positive Fecal Test Result and
Risk of Colorectal Cancer and Cancer Stage at Diagnosis. JAMA 2017, 317, 1631–1641. [CrossRef] [PubMed]

16. Beshara, A.; Ahoroni, M.; Comanester, D.; Dotan, I.; Niv, Y.; Vilkin, A.; Gingold-Belfer, R.; Cohen, A.D.;
Levi, Z. Mo1621—Association Between Time to Colonoscopy after a Positive Guaiac Fecal Test Result and
Risk of Colorectal Cancer and Advanced Stage Disease at Diagnosis. Gastroenterology 2018, 154, 1532–1540.
[CrossRef]

17. Dalton, A.R.H. Incomplete diagnostic follow-up after a positive colorectal cancer screening test: A systematic
review. J. Public Health 2017, 40, e46–e58. [CrossRef]

18. Lee, Y.-C.; Fann, J.C.; Chiang, T.-H.; Chuang, S.-L.; Chen, S.L.-S.; Chiu, H.-M.; Yen, A.M.; Chiu, S.Y.; Hsu, C.-Y.;
Hsu, W.-F.; et al. Time to Colonoscopy and Risk of Colorectal Cancer in Patients with Positive Results from
Fecal Immunochemical Tests. Clin. Gastroenterol. Hepatol. 2018, 17, 1332–1340.e3. [CrossRef]

19. Larsen, M.B.; Njor, S.; Ingeholm, P.; Andersen, B. Effectiveness of Colorectal Cancer Screening in Detecting
Earlier-Stage Disease-A Nationwide Cohort Study in Denmark. Gastroenterology 2018, 155, 99–106. [CrossRef]

20. Nielsen, H.J.; Jakobsen, K.V.; Christensen, I.J.; Brünner, N. Screening for colorectal cancer: Possible
improvements by risk assessment evaluation? Scand. J. Gastroenterol. 2011, 46, 1283–1294. [CrossRef]

21. Sharara, A.I.; El Reda, Z.D.; Harb, A.H.; Fadel, G.G.A.; Sarkis, F.S.; Chalhoub, J.M.; Mrad, R.A. The burden of
bowel preparations in patients undergoing elective colonoscopy. United Eur. Gastroenterol. J. 2016, 4, 314–318.
[CrossRef] [PubMed]

22. Brenner, H.; Altenhofen, L.; Hoffmeister, M. Eight Years of Colonoscopic Bowel Cancer Screening in Germany.
Dtsch. Aerztebl. Int. 2010, 107, 753–759. [CrossRef]

23. Wilhelmsen, M.; Christensen, I.J.; Rasmussen, L.; Jørgensen, L.N.; Madsen, M.R.; Vilandt, J.; Hillig, T.;
Klaerke, M.; Nielsen, K.T.; Laurberg, S.; et al. Detection of colorectal neoplasia: Combination of eight
blood-based, cancer-associated protein biomarkers. Int. J. Cancer 2017, 140, 1436–1446. [CrossRef]

24. Phallen, J.; Sausen, M.; Adleff, V.; Leal, A.I.C.; Hruban, C.; White, J.; Anagnostou, V.; Fiksel, J.; Cristiano, S.;
Papp, E.; et al. Direct detection of early-stage cancers using circulating tumor DNA. Sci. Transl. Med. 2017, 9,
eaan2415. [CrossRef] [PubMed]

25. Cristiano, S.; Leal, A.; Phallen, J.; Fiksel, J.; Adleff, V.; Bruhm, D.C.; Jensen, S.Ø.; Medina, J.E.; Hruban, C.;
White, J.R.; et al. Genome-wide cell-free DNA fragmentation in patients with cancer. Nature 2019, 570,
385–389. [CrossRef] [PubMed]

26. Jensen, S.Ø.; Øgaard, N.; Ørntoft, M.W.; Rasmussen, M.H.; Bramsen, J.B.; Kristensen, H.; Mouritsen, P.;
Madsen, M.R.; Madsen, A.H.; Sunesen, K.G.; et al. Novel DNA methylation biomarkers show high sensitivity
and specificity for blood-based detection of colorectal cancer—A clinical biomarker discovery and validation
study. Clin. Epigenet. 2019, 11, 158. [CrossRef]

27. Raut, J.R.; Guan, Z.; Schrotz-King, P.; Brenner, H. Whole-blood DNA Methylation Markers for Risk
Stratification in Colorectal Cancer Screening: A Systematic Review. Cancers 2019, 11, 912. [CrossRef]

28. Hariharan, R.; Jenkins, M.A. Utility of the methylated SEPT9 test for the early detection of colorectal cancer:
A systematic review and meta-analysis of diagnostic test accuracy. BMJ Open Gastroenterol. 2020, 7, e000355.
[CrossRef]

29. Cohen, J.D.; Li, L.; Wang, Y.; Thoburn, C.; Afsari, B.; Danilova, L.V.; Douville, C.B.; Javed, A.A.; Wong, F.;
Mattox, A.; et al. Detection and localization of surgically resectable cancers with a multi-analyte blood test.
Science 2018, 359, 926–930. [CrossRef]

30. Taber, J.M.; Aspinwall, L.G.; Heichman, K.A.; Kinney, A.Y. Preferences for Blood-Based Colon Cancer
Screening Differ by Race/Ethnicity. Am. J. Health Behav. 2014, 38, 351–361. [CrossRef]

31. Osborne, J.M.; Flight, I.; Wilson, C.; Chen, G.; Ratcliffe, J.; Young, G.P. The impact of sample type and
procedural attributes on relative acceptability of different colorectal cancer screening regimens. Patient Prefer.
Adherence 2018, 12, 1825–1836. [CrossRef] [PubMed]

32. Shen, S.Y.; Singhania, R.; Fehringer, G.; Chakravarthy, A.; Roehrl, M.H.A.; Chadwick, D.; Zuzarte, P.C.;
Borgida, A.; Wang, T.T.; Li, T.; et al. Sensitive tumour detection and classification using plasma cell-free
DNA methylomes. Nature 2018, 563, 579–583. [CrossRef] [PubMed]

33. Werner, S.; Krause, F.; Rolny, V.; Strobl, M.; Morgenstern, D.; Datz, C.; Chen, H.; Brenner, H. Evaluation
of a 5-Marker Blood Test for Colorectal Cancer Early Detection in a Colorectal Cancer Screening Setting.
Clin. Cancer Res. 2015, 22, 1725–1733. [CrossRef] [PubMed]

http://dx.doi.org/10.1001/jama.2017.3634
http://www.ncbi.nlm.nih.gov/pubmed/28444278
http://dx.doi.org/10.1016/S0016-5085(18)32672-6
http://dx.doi.org/10.1093/pubmed/fdw147
http://dx.doi.org/10.1016/j.cgh.2018.10.041
http://dx.doi.org/10.1053/j.gastro.2018.03.062
http://dx.doi.org/10.3109/00365521.2011.610002
http://dx.doi.org/10.1177/2050640615594550
http://www.ncbi.nlm.nih.gov/pubmed/27087962
http://dx.doi.org/10.3238/arztebl.2010.0753
http://dx.doi.org/10.1002/ijc.30558
http://dx.doi.org/10.1126/scitranslmed.aan2415
http://www.ncbi.nlm.nih.gov/pubmed/28814544
http://dx.doi.org/10.1038/s41586-019-1272-6
http://www.ncbi.nlm.nih.gov/pubmed/31142840
http://dx.doi.org/10.1186/s13148-019-0757-3
http://dx.doi.org/10.3390/cancers11070912
http://dx.doi.org/10.1136/bmjgast-2019-000355
http://dx.doi.org/10.1126/science.aar3247
http://dx.doi.org/10.5993/AJHB.38.3.4
http://dx.doi.org/10.2147/PPA.S172143
http://www.ncbi.nlm.nih.gov/pubmed/30271126
http://dx.doi.org/10.1038/s41586-018-0703-0
http://www.ncbi.nlm.nih.gov/pubmed/30429608
http://dx.doi.org/10.1158/1078-0432.CCR-15-1268
http://www.ncbi.nlm.nih.gov/pubmed/26561557


Cancers 2020, 12, 2610 8 of 9

34. Qian, J.; Tikk, K.; Werner, S.; Balavarca, Y.; Saadati, M.; Hechtner, M.; Brenner, H. Biomarker discovery study
of inflammatory proteins for colorectal cancer early detection demonstrated importance of screening setting
validation. J. Clin. Epidemiol. 2018, 104, 24–34. [CrossRef]

35. Bhardwaj, M.; Weigl, K.; Tikk, K.; Holland-Letz, T.; Schrotz-King, P.; Borchers, C.H.; Brenner, H. Multiplex
quantitation of 270 plasma protein markers to identify a signature for early detection of colorectal cancer.
Eur. J. Cancer 2020, 127, 30–40. [CrossRef]

36. Fiala, C.; Diamandis, E.P. New approaches for detecting cancer with circulating cell-free DNA. BMC Med.
2019, 17, 159. [CrossRef]

37. Kleif, J.; Ferm, L.; Davis, G.J.; Christensen, I.J.; Nielsen, H.J. Development of blood-based, cancer-associated
biomarkers for early detection of colorectal cancer: Significant differences between results from symptomatic
and screening subjects. Gastroenterology 2020, 158. [CrossRef]

38. Rasmussen, L.; Wilhelmsen, M.; Christensen, I.J.; Andersen, J.; Jørgensen, L.N.; Rasmussen, M.S.; Hendel, J.W.;
Madsen, M.R.; Vilandt, J.; Hillig, T.; et al. Protocol Outlines for Parts 1 and 2 of the Prospective Endoscopy III
Study for the Early Detection of Colorectal Cancer: Validation of a Concept Based on Blood Biomarkers.
JMIR Res. Protoc. 2016, 5, e182. [CrossRef]

39. Niedermaier, T.; Weigl, K.; Hoffmeister, M.; Brenner, H. Fecal immunochemical tests in combination
with blood tests for colorectal cancer and advanced adenoma detection—Systematic review. United Eur.
Gastroenterol. J. 2018, 6, 13–21. [CrossRef]

40. Imperiale, T.F.; Ransohoff, D.F.; Itzkowitz, S.H.; Levin, T.R.; Lavin, P.; Lidgaard, G.P.; Ahlquist, D.A.;
Berger, B.M. Multitarget stool DNA testing for colorectal cancer screening. N. Engl. J. Med. 2014, 370,
1287–1297. [CrossRef]

41. Toes-Zoutendijk, E.; Van Leerdam, M.E.; Dekker, E.; Van Hees, F.; Penning, C.; Nagtegaal, I.; Van Der
Meulen, M.P.; Van Vuuren, A.J.; Kuipers, E.J.; Bonfrer, J.M.; et al. Real-Time Monitoring of Results
During First Year of Dutch Colorectal Cancer Screening Program and Optimization by Altering Fecal
Immunochemical Test Cut-Off Levels. Gastroenterology 2016, 152, 767–775.e2. [CrossRef] [PubMed]

42. Toes-Zoutendijk, E.; Bonfrer, J.M.; Ramakers, C.; Thelen, M.; Spaander, M.; Dekker, E.; Van Der Meulen, M.P.;
Buskermolen, M.; Van Vuuren, A.J.; Kuipers, E.J.; et al. Quality Monitoring of a FIT-Based Colorectal Cancer
Screening Program. Clin. Chem. 2019, 65, 419–426. [CrossRef] [PubMed]

43. Pellat, A.; Deyra, J.; Coriat, R.; Chaussade, S. Results of the national organized colorectal cancer screening
program with FIT in Paris. Sci. Rep. 2018, 8, 4162. [CrossRef] [PubMed]

44. Blom, J.; Löwbeer, C.; Elfström, K.M.; Sventelius, M.; Öhman, D.; Saraste, D.; Törnberg, S. Gender-specific
cut-offs in colorectal cancer screening with FIT: Increased compliance and equal positivity rate. J. Med. Screen.
2018, 26, 92–97. [CrossRef]

45. Public Health Scotland. Available online: www.healthscotland.scot (accessed on 13 September 2020).
46. NHS. Available online: www.nhs.uk/conditions/bowel-cancer (accessed on 13 September 2020).
47. Bowel Screening Wales. Available online: www.bowelscreening.wales.nhs.uk (accessed on 13 September 2020).
48. NHS Waiting Times Trends Shows Drastic Increase in Delays to Bowel Cancer Diagnostic Testing. Available

online: www.bowelcanceruk.org.uk/shop2019 (accessed on 11 September 2020).
49. Nielsen, H.J.; Christensen, I.J.; Andersen, B.; Rasmussen, M.; Friis-Hansen, L.; Bygott, T.; Micallef, J.

Serological biomarkers in triage of FIT-positive subjects? Scand. J. Gastroenterol. 2017, 52, 742–744. [CrossRef]
50. Mertz-Petersen, M.; Piper, T.B.; Kleif, J.; Ferm, L.; Christensen, I.J.; Nielsen, H.J.; Jørgensen, L.N.;

Rasmussen, M.S.; Hendel, J.; Madsen, M.R.; et al. Triage for selection to colonoscopy? Eur. J. Surg. Oncol.
2018, 44, 1539–1541. [CrossRef]

51. Lieberman, D.A.; Gupta, S. Does Colon Polyp Surveillance Improve Patient Outcomes? Gastroenterology
2020, 158, 436–440. [CrossRef]

52. Kleif, J.; Jørgensen, L.N.; Vilandt, J.; Hillig, T.; Madsen, M.R.; Nielsen, K.T.; Hendel, J.W.; Khalid, A.;
Brandsborg, S.; Christensen, I.J.; et al. Early detection of colorectal neoplasia: Application of a blood-based
serological protein test on subjects undergoing population-based screening. Gastroenterology 2020, in press.
[CrossRef]

53. Nielsen, H.J.; Brünner, N.; Jørgensen, L.N.; Olsen, J.; Rahr, H.B.; Thygesen, K.; Hoyer, U.; Laurberg, S.;
Stieber, P.; Blankenstein, M.A.; et al. Plasma TIMP-1 and CEA in detection of primary colorectal cancer:
A prospective, population based study of 4509 high-risk individuals. Scand. J. Gastroenterol. 2011, 46, 60–69.
[CrossRef]

http://dx.doi.org/10.1016/j.jclinepi.2018.07.016
http://dx.doi.org/10.1016/j.ejca.2019.11.021
http://dx.doi.org/10.1186/s12916-019-1400-z
http://dx.doi.org/10.1016/S0016-5085(20)34523-6
http://dx.doi.org/10.2196/resprot.6346
http://dx.doi.org/10.1177/2050640617737004
http://dx.doi.org/10.1056/NEJMoa1311194
http://dx.doi.org/10.1053/j.gastro.2016.11.022
http://www.ncbi.nlm.nih.gov/pubmed/27890769
http://dx.doi.org/10.1373/clinchem.2018.294041
http://www.ncbi.nlm.nih.gov/pubmed/30651228
http://dx.doi.org/10.1038/s41598-018-22481-9
http://www.ncbi.nlm.nih.gov/pubmed/29515157
http://dx.doi.org/10.1177/0969141318804843
www.healthscotland.scot
www.nhs.uk/conditions/bowel-cancer
www.bowelscreening.wales.nhs.uk
www.bowelcanceruk.org.uk/shop 2019
http://dx.doi.org/10.1080/00365521.2017.1299212
http://dx.doi.org/10.1016/j.ejso.2018.06.013
http://dx.doi.org/10.1053/j.gastro.2019.10.008
http://dx.doi.org/10.1016/S0016-5085(20)34524-8
http://dx.doi.org/10.3109/00365521.2010.513060


Cancers 2020, 12, 2610 9 of 9

54. Harrison, N.M.; Hjelkrem, M.C. Bowel cleansing before colonoscopy: Balancing efficacy, safety, cost and
patient tolerance. World J. Gastrointest. Endosc. 2016, 8, 4–12. [CrossRef]

55. Rutherford, C.C.; Calderwood, A.H. Update on Bowel Preparation for Colonoscopy. Curr. Treat. Options
Gastroenterol. 2018, 16, 165–181. [CrossRef] [PubMed]

56. Allen, M.L.; Leslie, K.; Hebbard, G.; Jones, I.; Mettho, T.; Maruff, A. A randomized controlled trial of light
versus deep propofol sedation for elective outpatient colonoscopy: Recall, procedural conditions, and
recovery. Can. J. Anesth. 2015, 62, 1169–1178. [CrossRef] [PubMed]

57. Hoff, G.; De Lange, T.; Bretthauer, M.; Buset, M.; Dahler, S.; Halvorsen, F.-A.; Halwe, J.M.; Heibert, M.;
Høie, O.; Kjellevold, Ø.; et al. Patient-reported adverse events after colonoscopy in Norway. Endoscopy 2017,
49, 745–753. [CrossRef] [PubMed]

58. Forsberg, A.; Hammar, U.; Ekbom, A.; Hultcrantz, R. A register-based study: Adverse events in colonoscopies
performed in Sweden 2001–2013. Scand. J. Gastroenterol. 2017, 52, 1042–1047. [CrossRef]

59. Mikkelsen, E.M.; Thomsen, M.K.; Tybjerg, J.; Friis-Hansen, L.J.; Andersen, B.; Jørgensen, J.C.R.; Baatrup, G.;
Njor, S.H.; Mehnert, F.; Rasmussen, M.S. Colonoscopy-related complications in a nationwide immunochemical
fecal occult blood test-based colorectal cancer screening program. Clin. Epidemiol. 2018, 10, 1649–1655.
[CrossRef]

60. Kasi, P.M.; Shahjehan, F.; Cochuyt, J.J.; Li, Z.; Colibaseanu, D.T.; Merchea, A. Rising proportion of young
individuals with rectal and colon cancer. Clin. Colorectal. Cancer 2019, 18, e87–e95. [CrossRef]

61. Siegel, R.L.; Torre, L.A.; Soerjomataram, I.; Hayes, R.B.; Bray, F.; Weber, T.K.; Jemal, A. Global patterns and
trends in colorectal cancer incidence in young adults. Gut 2019, 68, 2179–2185. [CrossRef]

62. Lui, R.N.; Tsoi, K.K.; Ho, M.-W.; Lo, C.; Chan, F.C.; Kyaw, M.H.; Sung, J.J. Global Increasing Incidence of
Young-Onset Colorectal Cancer Across 5 Continents: A Joinpoint Regression Analysis of 1,922,167 Cases.
Cancer Epidemiol. Biomark. Prev. 2019, 28, 1275–1282. [CrossRef]

63. Peterse, E.F.; Meester, R.G.; Siegel, R.L.; Chen, J.C.; Dwyer, A.; Ahnen, D.J.; Smith, R.A.; Zauber, A.G.;
Lansdorp-Vogelaar, I. The impact of the rising colorectal cancer incidence in young adults on the optimal
age to start screening: Microsimulation analysis I to inform the American Cancer Society colorectal cancer
screening guideline. Cancer 2018, 124, 2964–2973. [CrossRef]

64. Mannucci, A.; Zuoardo, R.A.; Rosati, R.; Leo, M.D.; Perea, J.; Cavestro, G.M. Colorectral cancer screening
from 45 years of age: Thesis, antithesis and synthesis. World J. Gastroenterol. 2019, 25, 2565–2580. [CrossRef]

65. Abualkhair, W.H.; Zhou, M.; Ahnen, D.; Yu, Q.; Wu, X.-C.; Karlitz, J.J. Trends in Incidence of Early-Onset
Colorectal Cancer in the United States among those Approaching Screening Age. JAMA Netw. Open 2020, 3,
e1920407. [CrossRef] [PubMed]

66. Wolf, A.M.D.; Fontham, E.T.H.; Church, T.R.; Flowers, C.R.; Guerra, C.E.; LaMonte, S.J.; Etzioni, R.;
McKenna, M.T.; Oeffinger, K.C.; Shih, Y.-C.T.; et al. Colorectal cancer screening for average-risk adults:
2018 guideline update from the American Cancer Society. CA Cancer J. Clin. 2018, 68, 250–281. [CrossRef]
[PubMed]

67. Colorectal Cancer Screening. Available online: www.uspreventiveservicestaskforce.org/aspstf/
recommendation (accessed on 12 August 2020).

68. Areia, M.; Fuccio, L.; Hassan, C.; Dekker, E.; Dias-Pereira, A.; Dinis-Ribeiro, M. Cost-utility analysis of
colonoscopy or fecal immunochemical test for population-based organized colorectal cancer screening.
United Eur. Gastroenterol. J. 2019, 7, 105–113. [CrossRef] [PubMed]

69. Rex, D.K.; Boland, C.R.; Dominitz, J.A.; Giardiello, F.M.; Johnson, D.A.; Kaltenbach, T.; Levin, T.R.;
Lieberman, D.; Robertson, D.J. Colorectal cancer screening: Recommendations for physicians and patients
from the U.S. Multi-Scociety Task Force on colorectal cancer. Gastrointest. Endosc. 2017, 86, 18–29. [CrossRef]

70. Azad, N.S.; Leeds, I.L.; Wanjau, W.; Shin, E.J.; Padula, W.V. Cost-utility of colorectal cancer screening at
40 years old for average-risk patients. Prev. Med. 2020, 133, 106003. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4253/wjge.v8.i1.4
http://dx.doi.org/10.1007/s11938-018-0165-3
http://www.ncbi.nlm.nih.gov/pubmed/29404921
http://dx.doi.org/10.1007/s12630-015-0463-3
http://www.ncbi.nlm.nih.gov/pubmed/26335904
http://dx.doi.org/10.1055/s-0043-105265
http://www.ncbi.nlm.nih.gov/pubmed/28445903
http://dx.doi.org/10.1080/00365521.2017.1334812
http://dx.doi.org/10.2147/CLEP.S181204
http://dx.doi.org/10.1016/j.clcc.2018.10.002
http://dx.doi.org/10.1136/gutjnl-2019-319511
http://dx.doi.org/10.1158/1055-9965.EPI-18-1111
http://dx.doi.org/10.1002/cncr.31543
http://dx.doi.org/10.3748/wjg.v25.i21.2565
http://dx.doi.org/10.1001/jamanetworkopen.2019.20407
http://www.ncbi.nlm.nih.gov/pubmed/32003823
http://dx.doi.org/10.3322/caac.21457
http://www.ncbi.nlm.nih.gov/pubmed/29846947
www.uspreventiveservicestaskforce.org/aspstf/recommendation
www.uspreventiveservicestaskforce.org/aspstf/recommendation
http://dx.doi.org/10.1177/2050640618803196
http://www.ncbi.nlm.nih.gov/pubmed/30788122
http://dx.doi.org/10.1016/j.gie.2017.04.003
http://dx.doi.org/10.1016/j.ypmed.2020.106003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	References

