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Abstract
Colorectal cancer (CRC) is one of the most prevalent malignancies worldwide, 
being the third most commonly diagnosed malignancy and the second leading 
cause of cancer-related deaths globally. Despite the progress in screening, early 
diagnosis, and treatment, approximately 20%-25% of CRC patients still present 
with metastatic disease at the time of their initial diagnosis. Furthermore, the 
burden of disease is still expected to increase, especially in individuals younger 
than 50 years old, among whom early-onset CRC incidence has been increasing. 
Screening and early detection are pivotal to improve CRC-related outcomes. It is 
well established that CRC screening not only reduces incidence, but also 
decreases deaths from CRC. Diverse screening strategies have proven effective in 
decreasing both CRC incidence and mortality, though variations in efficacy have 
been reported across the literature. However, uncertainties persist regarding the 
optimal screening method, age intervals and periodicity. Moreover, adherence to 
CRC screening remains globally low. In recent years, emerging technologies, 
notably artificial intelligence, and non-invasive biomarkers, have been developed 
to overcome these barriers. However, controversy exists over the actual impact of 
some of the new discoveries on CRC-related outcomes and how to effectively 
integrate them into daily practice. In this review, we aim to cover the current 
evidence surrounding CRC screening. We will further critically assess novel 
approaches under investigation, in an effort to differentiate promising inno-
vations from mere novelties.
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Core Tip: Despite progress in screening and early diagnosis, a significant proportion (approximately 20%-25%) of patients 
diagnosed with colorectal cancer still exhibit metastatic disease at the time of their initial diagnosis. Various screening tests 
are available, differing in invasiveness and preparation requirements. Nevertheless, adherence rates remain suboptimal. 
While new and promising methods are emerging to address these challenges, further research is needed before its integration 
in clinical practice.
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INTRODUCTION
Colorectal cancer (CRC) is one of the most prevalent malignancies worldwide, being the third most commonly diagnosed 
malignancy, accounting for 10.0% of total cases, and the second leading cause of cancer-related deaths globally, 
contributing to 9.4% of the total cancer deaths[1,2]. The lifetime risk of developing CRC is approximately 1 in 23 (4.4%) 
for men and 1 in 25 (4.1%) for women[3]. CRC represents a global health concern, prompting the implementation of 
various public health policies, with screening programs emerging as one of the most impactful measures.

In this comprehensive review, the authors evaluate the extant knowledge regarding CRC screening, encompassing the 
currently endorsed tests, as well as promising technologies alongside their respective evidential bases. An extensive 
electronic was conducted across PubMed, Cochrane, and ISI Web of Science to identify relevant studies published 
between January 2000 and December 2023. Preference was given to peer-reviewed articles from highly ranked journals 
written in English, employing the search terms: “Colorectal cancer”, “screening”, “marker” or “biomarker” and “artificial 
intelligence”. Unpublished data from abstracts, contained in volumes from various congresses or conferences, were 
excluded from the analysis.

EPIDEMIOLOGY
Amongst gastrointestinal cancers, CRC stands out with the highest incidence and mortality rates[4]. In the year 2020 
alone, more than 1.9 million new cases of CRC and 935000 associated deaths were estimated to occur[1]. Incidence and 
mortality rates are increasing worldwide. There is however considerable geographical variation both between regions, 
according to the aggregated geographic regions defined by the UN Population Division, and within the same nation 
among different population groups[5]. Notably, when comparing age-standardized incidence rates, CRC incidence is 4-
fold higher in developed countries than in developing nations. Regions such as Europe, Australia/New Zealand and 
North America rank among the highest incidence rates for colon cancer, while Africa and South Central Asia generally 
report lower incidence rates. Rectal cancer incidence rates display a similar regional distribution, although Eastern Asia 
also exhibits one the highest rates[1]. As countries undergo socio-economic development, there is a concurrent increase in 
CRC incidence, likely linked to lifestyle and dietary shifts more aligned with Western patterns, which led to CRC being 
considered by some as a marker of socioeconomic development. These changes involve an increase in sedentarism and 
excess body weight, both independently associated with CRC risk. Additional risk factors include excessive alcohol 
consumption, increased intake of red and processed meat, smoking and a low fiber intake[3-8]. As for mortality, this 
difference is mitigated by the higher fatality in transitioning countries[1]. These findings likely reflect disparities in 
healthcare access and the influence of existing national health policies, encompassing population-based interventions 
targeting risk factors and screening programs. In fact, in many low human development index (HDI) countries, screening 
remains largely opportunistic. Nevertheless, caution is warranted in interpreting these data due to deficiencies in 
registries related to incidence and mortality in certain regions, notably in low HDI countries in Africa and various parts of 
Asia[4].

Despite global trends and the expected increase on disease burden, some countries do have reported declines in CRC 
incidence. This decrease in incidence is due not only to population interventions related to lifestyle changes, but also to 
screening. However, it is noteworthy that even in high HDI countries with improved CRC incidence outcomes, rates of 
early-onset CRC are increasing by 1% to 4% annually[1,9,10]. The rising incidence in younger age cohorts is not only but 
mainly attributable to dietary patterns, excess body weight and lifestyle factors. Currently, these ages are not included in 
screening protocols.

SCREENING
Notably, screening seems to the main responsible for the accelerated progress since the early 2000s[11-14]. CRC screening 
not only reduces incidence, but also decreases deaths from CRC in adults older than 50 years of age who were at average 
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risk for CRC. Various screening strategies have effectively decreased CRC incidence and mortality, with efficacy varying 
across the literature. Reductions in cancer incidence range from 39% to 60%, and reduction in CRC mortality from 55% to 
80%, compared to no screening[15-17].

In alignment with the principles defined by Wilson and Junger in their landmark publication nearly 60 years ago, 
principles that persist as relevant and foundational to contemporary policy tools, CRC is deemed amenable to screening 
for several reasons[18,19]. Firstly, it constitutes a significant health concern, as evidenced by the aforementioned 
incidence and mortality rates. Furthermore, despite its heterogeneity and complex pathophysiology, CRC predominantly 
develops from a preclinical precursor, the adenoma. The progression from early adenoma to invasive cancer takes years 
to occur[20,21], providing a window for early detection and intervention. Additionally, there are screening tests available 
that seem to be suitable and acceptable to the population, which is of utmost importance as adherence and compliance are 
pivotal for screening effectiveness. Lastly, numerous studies have demonstrated that CRC screening is cost-effective[22-
27].

However, uncertainties persist regarding the optimal screening methods, age intervals and periodicity. Moreover, 
adherence to CRC screening remains globally low, even in most developed countries, ranging from 19% in Croatia and 
the Czech Republic, 60% in the United States of America to 69% in the Basque region of Spain[28-30]. Concerns also arise 
regarding limited human and physical resources, particularly with new evidence suggesting the need to reconsider 
screening age, and how to improve adherence to screening programs. In response to these challenges, new methods are 
being designed to overcome barriers and improve CRC screening.

SCREENING OPTIONS
An in-depth understanding of CRC pathophysiology has proven essential for the implementation of screening and serves 
as the rationale for the development of tests. For example, the initial stool-based tests, which continue to be employed, are 
based in the identification of blood in stool, originating from vessels disrupted on the surface of tumors or adenomas. 
Subsequent advances in research and evolving insights into carcinogenesis have facilitated the refinement of existing tests 
and the development of novel and more effective screening modalities. Notably, the recognition that molecular 
alterations found in tumors and pre-cancerous lesions can also be detected in stool due to the natural exfoliation of 
colonocytes into the lumen has allowed for the development of tests targeting stool DNA. Additionally, other molecular 
markers, including messenger RNA, methylation of gene promoters, non-coding RNA molecules, as well as specific 
proteins, have been investigated and may constitute potential targets for testing. Furthermore, recent discoveries 
regarding the role of the intestinal microbiota lay the foundation for the development of microbial biomarkers[31].

The screening tests currently recommended can be categorized into stool-based tests, blood-based tests, and imaging-
tests, encompassing both indirect and direct visualization methods (Figure 1).

Stool-based tests
Stool-based tests represent the predominant approach globally for CRC screening, including high-sensitivity guaiac fecal 
occult blood testing (gFOBT), the fecal immunochemical test (FIT), stool DNA-FIT (sDNA-FIT).

gFOBT: gFOBT is a qualitative test that assesses the oxidative conversion of a colorless compound (guaiac) to a colored 
one in the presence of the pseudoperoxidase activity of hemoglobin[32]. Large adenomas and tumors exhibit a higher 
frequency of bleeding than smaller lesions[33], and in an intermittent fashion. Moreover, symptomatic tumors bleed more 
frequently than asymptomatic tumors, which are the intended target of screening[34]. Only high-sensitivity gFOBT is 
recommended for CRC screening. Reported sensitivity for advanced colorectal neoplasia and CRC ranges from 7% to 
21%, and 50% to 75%, respectively, while specificity for advanced neoplasia ranges from 96% to 99%[35]. A systematic 
review including five randomized controlled trials (RCT) demonstrated reductions in CRC incidence and mortality with 
gFOBT, whether performed annual or biannual[35-40]. The Minnesota Study has provided robust evidence for the 
efficacy of screening with FOBT. Results of 18 years of follow-up reported a cumulative 18-year CRC mortality 33% lower 
in the annually screened group than in the control group. The group subjected to biennial screening demonstrated a 21% 
lower CRC mortality than did the control group. CRC incidence was reduced by 20% with annual screening vs 17% with 
biennial screening over 18 years of follow-up[41,42]. gFOBT is convenient for home use, enabling the collection of 
samples by mail and is cost-effective compared to no screening[26]. However, several factors may impact the result, as 
the degree of fecal hydration and the storage or fecal flora may impact hemoglobin degradation. It also requires more 
than one bowel movement, diet alterations and avoidance of some drugs to minimize false positives. Due to these consid-
erations, gFOBT has been replaced by FIT. gFOBT were not sensitive to detect advanced adenoma[35].

FIT: FIT uses an antibody against the human globin moiety of heme to evaluate for the presence of occult blood. It has 
largely replaced gFOBT, since it requires only one stool sample, with no need for diet alterations or medication, thereby 
enhancing adherence. Observational studies have reported superior sensitivity in detecting CRC and advanced adenomas 
to both standard and high sensitivity gFOBT with comparable specificity. A meta-analysis of nineteen cohort studies 
revealed a sensitivity of 79% and specificity of 94% with a one-time FIT, utilizing a cutoff of 20 mg of hemoglobin per 
gram of stool[43], the FDA-approved threshold for a positive FIT. Another systematic review and meta-analysis including 
nineteen studies and utilizing the quantitative cutoff of 10 mg/g, demonstrated higher sensitivity (91%) and lower 
specificity (90%) for FIT in detecting CRC, as expected at lower cutoffs. No RCT has assessed the impact of FIT screening 
on CRC incidence and mortality. Observational cohort studies have reported a reduction in CRC mortality ranging from 
22 to 62%, and a decrease in CRC incidence from 10% to 21% in the context of biannual FIT screening[44-47]. These 
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Figure 1 Currently approved screening options. FIT: Fecal immunochemical test; gFOBT: Guaiac fecal occult blood test.

findings are based on one-time application compared with colonoscopy. However, it is important to note that an annual 
or biennial FIT test exhibits a higher cumulative rate of detecting CRC and precursor neoplasia than a single FIT. In fact, 
aside from being cost-effective compared to no screening[23], a cost-effectiveness modeling study revealed that the 
number of gained life-years with a screening strategy involving annual FIT is comparable to that achieved with a 
colonoscopy every 10 years[47]. Annual screening is optimally cost-effective when using FIT[48]. Regarding detection of 
advanced adenomas, a systematic review and meta-analysis including thirty-one cross-sectional studies that utilized 
screening colonoscopy as the reference standard reported a sensitivity of 25%[49].

Multitarget stool DNA (mts DNA): The mtsDNA test combines a FIT with assays for several molecular marker, namely 
mutant KRAS and β-actin, and also abnormally methylated regions of DNA from advanced adenomas or CRC associated 
with colorectal carcinogenesis, including methylated bone morphogenetic protein 3 (BMP3) and methylated N-Myc 
downstream-regulated gene 4 protein (NDRG4). It is the first approved stool DNA test for CRC screening. As for FIT, 
there are no RCT on the impact of mtsDNA test on CRC incidence and mortality. In a prospective study comparing 
mtsDNA to FIT in individuals at average-risk undergoing colonoscopy, mtsDNA exhibited higher sensitivity for 
detection of CRC (92% vs 74%) and advanced adenoma (42% vs 24%), but lower specificity for detection of CRC or 
advanced lesions (87% vs 95%)[50]. However, cost effectiveness studies concluded that both FIT and colonoscopy were 
more cost-effective[51,52]. Doubts persist regarding the management of patients with positive test results and a negative 
colonoscopy, given its lower specificity. Currently recommendations suggest not submitting patients to further 
procedures and maintain the recommended screening intervals[53]. Another disadvantage of mtsDNA testing lies in the 
complexity of stool collection[54]. The recommended interval for repeating is 3 years, based on simulations models, due 
to the absence of studies on the performance of mtsDNA testing with repeat testing.

Direct visualization tests
Colonoscopy: Colonoscopy detects not only early-stage cancers, but also identifies and allows for the excision of precan-
cerous lesions within the same procedure. It is most commonly indicated following positive results from other less-
invasive tests. However, it can also be used as a first-line test in some countries, like the United States of America, where 
colonoscopy is recommended every 10 years as a screening modality in average-risk individuals. There are no RCT 
assessing the effectiveness of colonoscopy in reducing CRC incidence and mortality in average-risk patients, but several 
cohort studies have demonstrated an impact on CRC incidence and mortality for both proximal and distal cancers[38,55-
62]. In a prospective cohort study including 89000 health care professionals with over 24 years of follow-up found, a 68% 
reduction in CRC mortality and 43% reduction in CRC were reported for those who underwent colonoscopy compared to 
those who did not[60]. Similarly, a study including 24820 United State veterans reported a reduction in CRC mortality of 
61% with screening colonoscopy[55]. The National Polyp Study, which included 1.418 average-risk patients, reported a 
53% reduction in CRC mortality with colonoscopy screening[63]. Systematic reviews indicate that a colonoscopy 
performed every 10 years is cost-effective compared to no screening[23,25]. In fact, in the United States, a colonoscopy 
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performed every ten years was deemed optimal in terms of cost-effectiveness. However, making further generalizations 
regarding the cost-effectiveness of colonoscopy compared to other methods is challenging due to differences in cost 
assumptions found across the literature. Factors such as the inclusion of anesthesiologist assistance and non-medical costs 
contribute to variations in the results of different models[25]. It is also noteworthy that colonoscopies can miss lesions. A 
systematic review of tandem colonoscopy studies reported miss rates of 26% for adenomas, 9% for advanced adenomas 
and 27% for serrated polyps[64]. Furthermore, being an invasive procedure, it carries risks of complications and 
necessitates bowel preparations, potentially compromising adherence. RCTs have demonstrated that adherence to 
colonoscopy is lower than for FIT[65]. Additionally, uncertainties persist regarding which polyps have the potential to 
develop into cancer, leading to surveillance colonoscopies at shorter intervals, with the associated burden and costs and 
an uncertain benefit[66].

Flexible sigmoidoscopy: Flexible sigmoidoscopy (FS) enables direct visualization of left colon, allowing for the detection 
of CRC and its precursor lesions and their removal. However, if adenomas are identified, a subsequent colonoscopy is 
required. Several studies have demonstrated the efficacy of FS in reducing CRC mortality and incidence. Two large RCTs 
conducted in United Kingdom and Italy including 170,432 and 34,292 individuals aged 55-64 years, respectively, 
compared a one-time FS with no screening. The results revealing a reduction in CRC incidence by 23% and 18%, and in 
CRC mortality by 31% and 22%, respectively[67,68]. A systematic review, based on four RCTs involving 458002 
participants, found that a one or two-time FS were consistently associated with a decrease in CRC incidence [incidence 
rate ratio (IRR): 0.78; 95% confidence interval (95%CI): 0.74-0.83], equivalent to 28 to 47 fewer CRC cases per 100 000 
person-years, and CRC-specific mortality (IRR: 0.74; 95%CI, 0.68-0.80), with 10 to 17 fewer CRC deaths per 100000 person-
years, compared with no screening over an 11 to 17-year follow-up period[32]. However, a long-term follow up of the 
NORCCAP trial in Norway, including 98678 individuals, initially reporting a 20% reduction in CRC incidence and 27% 
reduction in CRC mortality, found no sustained reduction in CRC incidence or mortality with FS screening in women 
after 15 years of follow-up[69]. Additionally, screening with FS also has practical barriers, such as resource requirements 
similar to colonoscopy, limited examination of the entire colon, the need to perform a colonoscopy in case polyps are 
found and the lack of sedation. These factors have led to decreased utilization of screening FS in some countries and its 
discontinuation from guidelines[70], being currently reserved for individuals unwilling to undergo colonoscopy or FIT
[53].

Indirect visualization tests
Computed tomography colonography: Computed tomography colonography (CTC) enables visualization of the entire 
colon and rectum. It requires bowel preparation, ingestion of a radiopaque agent and the use of CO2 insufflation via a 
rectal balloon catheter. Currently, it is performed predominantly in individuals unable to undergo colonoscopy, although 
it is recognized as the first-line screening test in select centers. There are no studies evaluating the impact of CTC on CRC 
incidence or mortality. Two large trials have compared the diagnostic yield of CTC with colonoscopy performed on the 
same day[71,72]. In a study involving 1233 average-risk individuals, CTC demonstrated a sensitivity of 92% with a 
specificity of 96% for adenomas > 10 mm, and sensitivity of 86% with specificity of 80% for adenomas > 6 mm[71]. The 
National CT Colonography Trial, sponsored by the American College of Radiology Imaging Network, included 2600 
average-risk individuals, reported a sensitivity of 84% and specificity of 85% for detecting adenomas or CRC, and a 
sensitivity of 70% with a specificity of 86% for adenomas > 6 mm[72]. However, it is noteworthy that CTC exhibits 
significantly lower sensitivity in detecting sessile serrated lesions. In an RCT comparing CTC with colonoscopy for 
population screening, 982 individuals underwent CTC, detection of high-risk sessile serrated lesions (dysplastic and/or ≥ 
10 mm) was significantly lower with CTC (0.8%) compared to individuals undergoing colonoscopy (4.3%)[73]. Concerns 
persist regarding lesions smaller than 6 mm, which were not reported in the aforementioned studies, with doubts about 
the clinical significance of such lesions. Cost-effectiveness analysis found that CTC screening is more cost-effective than 
no screening[74-76], although studies comparing with other screening tests are heterogeneous[77,78]. Furthermore, CTC 
also reports on extracolonic findings, which can be identified in up to 66% of individuals[61], though the benefit of such 
information remains uncertain and gives rise to concerns regarding the potential for overdiagnosis and overtreatment. In 
the United States, the United States Preventive Services Task Force recommends testing every 5 years.

PROMISING SCREENING TESTS
Colon capsule
The colon capsule (CC) is a wireless, disposable pill-sized camera capsule designed to be ingested, capturing images 
during its transit through the intestine. It is a minimally invasive and painless imaging system that allows exploration of 
the colon without the need for sedation and gas insufflation but requiring bowel preparation. It was first introduced in 
2006 and since then several advances have been made that improved the diagnostic yield, namely an increased and 
adaptive capsule frame rate, widened angle of view, new software to estimate polyp size and improved data recording
[79]. Studies of CC impact on CRC screening are limited. The majority are related to test characteristics compared to 
colonoscopy and none has evaluated the efficacy in reducing CRC incidence and mortality. In a prospective study of 695 
average-risk individuals who underwent capsule colonoscopy followed by colonoscopy, a 100% sensitivity for CRC was 
found. The sensitivity and specificity for detecting adenomas larger than 6mm was 88% and 82%, respectively, and for 
adenomas larger than 10mm was 92% and 95%, respectively. However, like CTC, CC performed poorly for sessile 
serrated lesions, accounting for 26% of false-negative results[80]. Other prospective study comparing CC and CTC 
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involving 320 individuals found that the sensitivity of CTC and CC for polyps larger than 6 mm was 26% and 80%, 
respectively, and that for polyps larger than 10 mm was 50% and 96%, respectively[81]. Caution is advised while critically 
revising these results because not only individuals with inadequate bowel preparation and transit time were excluded, 
but also only experienced gastroenterologist read all capsules, not reflecting the usual care setting in which screening 
occurs[82]. Currently, CC is approved for individuals with incomplete colonoscopy or evidence of lower gastrointestinal 
bleeding, but not for CRC screening[55].

Blood and stool-based tumor biomarkers
Various novel circulating biomarkers are currently under investigation and the most promising are being proposed as 
potential screening tests for CRC. Both blood and stool tests are minimally invasive and require little patient preparation. 
Stool-based biomarker tests, like all other fecal screening modalities, have compliance issues because adherence over time 
decreases. These include methylation markers, circulating microRNA (miRNA), plasma proteins and cytokines (Table 1).

Methylated septin 9 gene: DNA-methylation biomarkers are a promising method in CRC screening, not only because 
methylation is one the most prevalent epigenetic alteration in CRC, but it also occurs in the early stages, allowing for 
detection of early-stage CRC[83]. Methylation markers can be found in blood, stool and in some of them in both samples. 
The Methylated septin 9 gene test is the only approved blood-based test for CRC detection. The Septin 9 gene (SEPT9) is a 
tumor suppressor gene that encodes septin 9, a protein early mutated in the CRC pathway in almost all CRC. DNA 
methylation is the most prevalent epigenetic alteration that occurs in the early stages of carcinogenesis. It is a polymerase 
chain reaction (PCR) based qualitative test that uses a blood sample to detect methylation of the promoter region of septin 
9 DNA[83,84]. In a prospective study including 7941 average-risk individuals scheduled for screening with colonoscopy, 
the SEPT9 test demonstrated a sensitivity of 48% and specificity of 92% for CRC detection[85]. Subsequent retesting of 
samples using a next-generation assay revealed an improved sensitivity of 59% for early-stage CRC and 87% for later-
stage CRC, with an overall specificity of 79%[86,87]. A systematic review including 39 studies reported a sensitivity of 
62% and specificity of 90% for CRC detection[88]. Regarding the detection of advanced adenomas, SEPT9 test reported a 
notably low sensitivity of 11%[86]. Thus, due to lack of sensitivity and lack of evidence showing morbidity or mortality 
benefit, its approval is currently limited for individuals who refuse other CRC screening methods.

Syndecan-2 gene: Another most promising methylation marker is the SDC2 encodes for the syndecan-2 protein, which 
functions as an integral membrane protein and has tumor suppressor effects on cell signaling, migration, and prolif-
eration, as well as angiogenesis. Hypermethylation of SDC2 has been associated mostly to CRC, but also to head and neck 
squamous cell carcinoma[89,90]. In a prospective study involving 139 patients with CRC, SDC2 methylation of DNA (m
SDC2) in blood samples showed a sensitivity for detecting CRC of 87% and specificity of 92%. The sensitivity at stage I 
was 92.3%, indicating the potential of SDC2 methylation as a blood-based DNA test for early detection of CRC[91,92]. 
Subsequent studies assessing stool samples were performed, with three studies reporting sensitivities for CRC of 77%-
90% and specificities of 88%-98%[93,94]. A recent systematic review has highlighted that SDC2 displays a reduced 
sensitivity dependent on CRC staging, with sensitivities of 83-91% for CRC stages I-II and 90%-100% for stage III-IV CRC
[94], nonetheless still superior to the only currently approved SEPT9 test, although head-to-head studies are lacking.

Secreted frizzled-related protein: Secreted frizzled-related protein (SFRP) is another biomarker holding great promise. 
Researchers have found that methylation and consequent loss of SFRP gene expression leads to the activation of Wnt 
pathway, one of most important mechanisms for tumorigenesis and cancer development, with both SFRP1 gene and 
SFRP2 methylation being found in patients with CRC[95]. A meta-analysis including 37 studies reported a sensitivity of 
79% and specificity of 93% for stool samples. Although the specificity of the SFRP2 methylation is also high for colorectal 
adenomas (94%), it is found to have a sensitivity of only 43%[96]. Though the results from these independent test cohorts 
confirm the SFRP2 potential as a screening marker, none of these studies tested their assays in validation cohorts.

miRNA: MiRNA are a class of small, non-coding RNAs molecules which play a pivotal role in gene expression 
regulation. They act as tumor suppressor genes or oncogenes, interfering with various cellular processes crucial to cancer 
development and progression[97-100]. Increasing evidence supports the diagnostic value of miRNAs in CRC detection, 
confirming their potential to be used as primary CRC screening tests. MiRNA can be used singled or in combination, 
increasing specificity. In a systematic review encompassing 34 studies comprising 3454 CRC cases and 2556 controls, 
dysregulation of 617 plasma miRNAs was observed. Notably, a panel of four miRNAs (miR-29a, miR-92a, miR-601, and 
miR-760) demonstrated the highest area under the curve at 0.943, achieving 83% sensitivity and 93% specificity[101]. A 
more recent meta-analysis comprising 35 studies with 3258 CRC patients and 2683 controls reported a sensitivity and 
specificity of 80%[102]. MiRNAs also exhibit promise in detecting early-stage CRC, with miR-506 and miR-4316 
effectively discriminating between patients with early-stage CRC and healthy individuals[103]. Furthermore, miRNA also 
appear to display high sensitivities for detecting precancer lesions, which is a limitation frequently encountered with 
other biomarkers currently under investigation. A systematic review and meta-analysis revealed that miR-60 and miR-
760 had sensitivities of 83% and 72% for detecting advanced adenomas, with a specificity of 69% and 62%, respectively
[104]. Despite the promising results, certain constrain the application of miRNAs in CRC screening. Firstly, not all 
miRNAs are specific of CRC. Additionally, not all identified miRNAs markers have undergone subsequently validation 
by independent groups. In fact, some contradictory results have been published. For instance, miR-21 it noted in one 
study as a highly accurate indicator of early CRC with a sensitivity of 96% and a specificity of 92%[105], was considered 
inappropriate for clinical practice in another study due to a sensitivity of 79% and specificity of 48%[106]. Lastly, the 
optimal detection method for miRNAs, whether through PCR, microarray, or next generation sequencing, has not been 
determined.
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Table 1 Promising blood and stool-based tumor biomarkers

CRC vs 
control

Advanced 
adenoma vs 
controlTests

Sample AUC Sensitivity Specificity References Sensitivity

Ref.

mSEPT9 Blood 0.930 0.68 0.80 87 0.11 [86]

SDC2 Stool 0.933 0.90 0.91 94 0.33 [94]

SFRP Stool 0.957 0.79 0.93 95 0.43 [96]

MiRNA

    Single miRNA (n = 31) 0.590-0.943 46%-93% 41%-93%

    Panels with X4 miRNA 
(miR-29a, miR-92a, miR-601, 
and miR-760)

Blood

0.943 0.83 0.93

101 0.69 [104]

CA11-19 Blood - 0.98 0.84 107 0.4 [107]

DC-SIGN/DC-SIGNR Blood 0.988 0.99 0.95 108 - -

Non-coding RNA - -

NEAT1_v1 0.732 0.57 0.87

NEAT1_v2

Blood

0.845 0.83 0.83

110

CLIP4 Stool 0.961 0.90 0.88 111 0.78 [111]

SALL4 Blood 0.916 0.86 0.86 114 - -

Cytokines IL-8 Blood 0.920 0.70 0.91 116 - -

AUC: Area under the curve; mSEPT9: Methylated septin 9 gene; SDC2: Syndecan-2; SFRP: Secreted frizzled-related protein; miRNA: MicroRNA; CA11-19: 
CA11-19 glycoprotein; non-coding RNA NEAT1_v1 and NEAT1_v2: Non-coding RNA nuclear-enriched abundant transcript 1 and 2; CLIP4: CAP-Gly 
domain containing linker protein; SALL4: Sal-like protein 4; IL-8: Interleukine-8.

CA11-19 glycoprotein and DC-SIGN/ DC-SIGNR: Serologic levels of specific proteins have been associated with CRC. 
In a comprehensive systematic review, the most promising circulating proteins identified were CA11-19 glycoprotein and 
DC-SIGN/ DC-SIGNR[100].

CA11-19 is a 701 amino acid glycoprotein. In a single-center study involving 522 average-risk individuals who 
underwent colonoscopy, with 131 diagnosed with CRC, CA11-19 achieved a notable diagnostic performance, with a 
sensitivity of 98% and specificity of 84%. However, its sensitivity for adenomas was comparatively lower at 40%[107]. 
While head-to-head studies are lacking and direct comparisons cannot be made from studies with distinct methodologies, 
CA11-19 appears to exhibit higher efficacy in detecting adenomas compared to other emerging biomarkers. Further 
prospective studies with larger samples sizes are necessary to validate these results clarify the role of CA11-19 in CRC 
screening.

DC-SIGN/ DC-SIGNR are membrane-bound C type leptins. In a single-center study including a 290-patient cohort, 
sDC-SIGN and sDC-SIGNR reported sensitivities of 88% and 62%, respectively, and specificities of 56% and 98%, 
respectively. Combining the two markers increased the diagnostic yield, achieving a sensitivity of 99% and a specificity of 
95%. The authors concluded that DC-SIGN and DC-SIGNR may serve as independent markers for CRC screening[108]. 
Further studies are needed to validate these results, but sDC-SIGN and sDC-SIGNR appear to be promising biological 
markers for the CRC screening.

Non-coding RNA nuclear-enriched abundant transcript 1 and 2: The non-coding RNA nuclear-enriched abundant 
transcript 1 (NEAT1) is also elevated in peripheral blood from patients with CRC[109]. This genomic region encodes two 
transcripts, NEAT1_v1 and NEAT1_v2. Subsequent investigations by the same authors focused on evaluating the 
diagnostic utility of whole blood NEAT1 in CRC found NEAT1_v2 to be more sensitive and specific biomarker in 
comparison to NEAT1_v1, with reported values of 70% vs 69% for sensitivity and 96% vs 79% for specificity, respectively
[110].

CAP-Gly domain containing linker protein: CAP-Gly domain containing linker protein (CLIP4), a member of CLIP 
family, is also emerging as a promising biomarker. It is involved in plus-end binding of microtubule and in immune 
response-related biological processes, cell migration and viability in certain cancer metastases. Recent studies have 
demonstrated a sensitivity of 77%-90% and specificity of 88%-99%[111,112]. Further validation is necessary and studies 
comparing with other existing molecular diagnostic tests are lacking.
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Sal-like protein 4: Another promising biomarker under investigation is sal-like protein 4 (SALL4), an oncogene 
belonging to the family of zinc-finger transcription factors. In a prospective study involving 51 CRC patients, determ-
ination of SALL4 in blood samples exhibited sensitivities of 96% and specificity of 95%[113]. In a separated prospective 
study including 151 CRC patients, the reported sensitivity for CRC diagnosis was 86%, with a specificity of 86%[114]. 
Although these results are experimental and need further validation, they hold considerable promise.

Cytokines: There is substantial evidence supporting the involvement of cytokines in the pathophysiology of 
malignancies, exerting influence at various stages of carcinogenesis, such as regulating angiogenesis and activating 
signaling pathways that lead to cancer cell proliferation. Among the cytokines investigated in CRC, interleukine-8 (IL-8) 
is the most studied. It is a member of CXC. It has the capability to induce angiogenesis and activate the MAPK signaling, 
facilitating the proliferation of tumor cells[115]. In a meta-analysis comprising eighteen studies, including five diagnostic 
studies, IL-8 exhibited a sensitivity of 70% and specificity of 91%[116]. Despite the limited number of studies and inherent 
limitations, namely variations in cutoffs and methods employed, these findings suggest that IL-8 is a potential effective 
tool in CRC screening, and further studies are highly anticipated.

Stool-based microbial biomarkers
In recent years, increased data suggest intestinal microbiota plays a pivotal role in carcinogenesis. In fact, CRC patients 
exhibit changes in microbiota and fecal metabolome, indicating potential applications in CRC screening and diagnosis
[117]. A recent systematic review including 28 studies indicated optimal diagnostic performance with a sensitivity of 88% 
and specificity of 94% for CRC diagnosis[118]. Fusobacterium nucleatum (Fn), Lachnoclostridium gene marker (named as 
“m3”) and Clostridium hathewayi (Ch) are some the most extensively studied microbial markers. In a meta-analysis of 10 
controlled studies involving 1198 participants assessing Fn’s diagnostic yield, it demonstrated a sensitivity of 81% and 
specificity of 77% for CRC diagnosis[119]. Similar to other non-invasive biomarkers, combining multiple microbial 
markers appears to enhance sensitivity. In a study including 676 individuals (210 with CRC, 115 with advanced 
adenomas, 86 with non-advanced adenoma and 265 controls), combining the scores of the four aforementioned microbial 
markers, collectively named 4Bac, improved sensitivity for diagnosing CRC, exhibiting a 85% sensitivity (compared to 
73% for Fn alone and 61% for m3 alone), outperforming FIT[120].

Microbial biomarkers also appear to be effective in detecting colorectal adenomas. In the same study, the diagnostic 
yield of all biomarkers for detecting colorectal adenomas was assessed, with m3 demonstrating the best diagnostic yield
[120]. The authors later suggest that microbial biomarker may predict the risk of adenoma recurrence. In a prospective 
study involving 161 average-risk individuals during a 10-year follow-up, elevated levels of Fn, m3, and Ch in follow-up 
stools were significantly associated with adenoma recurrence. Combining these three markers resulted in an 81% 
sensitivity for adenoma recurrence, while FIT alone or in combination did not predict adenoma recurrence or further 
improved the diagnostic performance[121].

Certain studies also suggest that stool-based microbial markers exhibit superior sensitivity compared to stool-based 
tumor markers, but head-to-head studies are awaited to confirm this[122]. Concerns have been raised regarding 
variations in microbiota among different populations due to diet-induced changes and lifestyle, potentially 
compromising universal use. In a multi-cohort analysis of 526 metagenomic samples from China, Austria, America, 
German and France, seven CRC-enriched bacteria were consistently present (Bacteroides fragilis, Fn, Porphyromonas 
asaccharolytica, Parvimonas micra, Prevotella intermedia, Alistipes finegoldii, and Thermanaerovibrio acidaminovorans)[123]. 
These results suggest that microbial biomarkers are robust across populations with distinct lifestyle and dietary patterns, 
indicating potential for universal use. Despite the promise of microbial biomarkers, substantial limitations persist, mostly 
related to the limited number of studies and small sample sizes, warning further validation and the lack of standard-
ization in the collection and processing of the samples. All studies used different analytical methods to identify bacteria, 
either sequencing rRNA, qPCR, or whole genome sequencing. Furthermore, studies addressing cost-effectiveness are also 
lacking. Nonetheless, available data suggest the potential of microbial biomarkers for CRC screening and adenoma 
detection and recurrence.

Despite numerous studies evaluating their diagnostic performance, the majority of these promising screening methods 
have not undergone cost-effectiveness analysis. Several factors have impeded the assessment of the economic viability of 
these screening methods. Consensus on the optimal technology for certain tests is lacking, and in other cases, despite 
consensus, the corresponding technology is still in an early stage of development. These factors, coupled with limited 
sample sizes, hinder universal validation, thereby impeding cost-effectiveness analysis.

Nevertheless, certain strategies can already be identified that have the potential to decrease costs while preserving 
efficacy. One such approach involves emphasizing the detection of precancerous lesions rather than exclusively focusing 
on CRC detection. It is noteworthy that specific biomarker studies have exclusively concentrated on CRC screening, while 
others have assessed the diagnostic yield for both CRC and precursor lesions. Some of these tests have reported lower 
sensitivities for the detection of precursors. An illustrative example is the SEPT9 test, whose diminished sensitivity has 
led to its classification as cost-ineffective and its exclusion from current screening guidelines. Another strategy involves 
the integration of multiple molecular biomarkers in a single test, potentially enhancing efficacy with reduced additional 
costs[124]. However, the optimal combination of molecular biomarkers that maximizes both screening sensitivity and 
specificity remains undetermined. Moreover, the costs associated with PCR sequencing techniques and large-scale DNA 
sequencing are anticipated to continue decreasing, thereby reducing the overall cost of the analysis.

Artificial intelligence
Artificial intelligence (AI) is the field of computer sciences dedicated to the development of software machines capable of 
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executing cognitive tasks that typically require human-level intelligence. The core principles of AI include machine 
learning (ML), a subfield that empowers a machine to enhance its effectiveness through experiential training, and deep 
learning, a subset of ML that employs artificial neural networks resembling the human brain, enabling in autonomous 
learning and decision-making capabilities[125]. Regarding CRC screening, the integration of AI into Medicine has 
resulted in the publication of numerous studies with growing evidence substantiating its efficacy[126-128]. Nevertheless, 
the broad adoption of AI medical devices in clinical settings, particularly those associated with endoscopy, remains 
limited[129].

In the context of CRC screening, endoscopy has attracted significant attention, being the subject of more than 10 high-
quality RCTs. Despite improvements in endoscopic technology, adenoma missed rates remain as high as 26%, with sessile 
serrated lesions, proximal advanced adenomas and flat adenomas (34%) posing particular challenges for endoscopists
[65]. Moreover, certain adenomas are not recognized by endoscopists even though they were visualized, with reported 
rates of 14%[130]. In response to these challenges, computer-aided detection (CADe) and computer-aided diagnosis 
(CADx) were designed to assist endoscopists in the detection and characterization of polyps during colonoscopy, to 
mitigate missed adenomas and increase the adenoma detection rate (ADR). A meta-analysis of six RCTs including 4354 
patients demonstrated a 44% increase in ADR with CADe[131]. This enhancement was most pronounced in the detection 
of diminutive (< 5 mm) adenomas, whose clinical significance remains uncertain. As for larger polyps, the results are not 
so consistent, but four of the seven meta-analyses specifically analyzing > 10 mm adenomas found a statistically 
significant improvement in detection with CADe[132]. Concerns have been raised regarding false positives and their 
potential impact on withdrawal time. Despite overall high false positive rates, with a post hoc analysis of an RCT 
revealing an average of 27 per colonoscopy, the resultant increase in total withdrawal time was a negligible 1%[133]. 
Additional concerns were raised related to the use of CADe potentially leading to an elevated detection of polyps with 
uncertain clinical significance and subsequently escalating the rates of polypectomies and histopathological examinations. 
In fact, Effectiveness alone is insufficient for evaluating the suitability of AI implementation in clinical practice. Cost-
effectiveness is an essential consideration, with limited studies available, including only one considering the United States 
healthcare system. However, microsimulations studies suggest that while CADe may initially increase healthcare costs by 
detecting more adenomas, the long-term balance could be achieved through savings in cancer treatment costs[134,135]. In 
fact, the same microsimulation study suggested the use of CADe could contribute to a 5% reduction in CRC incidence 
and 3% in death, compared to standard colonoscopy-based screening.

As for CADx, it is based on optical diagnosis, a method that predicts histopathology of a polyp based on its 
appearance, allowing for appropriate treatment measures aligned with the predicted histology, with the potential to 
reduce costs[136,137]. However, optical diagnosis requires specific training and competence, with less than half of 
endoscopists demonstrating willingness to perform optical diagnosis[138]. CADx has the potential to surpass these 
barriers. Large prospective studies have demonstrated that CADx can accurately differentiate diminutive polyps, 
achieving over 90% negative predictive value and over 80% sensitivity and specificity for adenoma identification, 
reducing polypectomies and pathology-related costs[139,140]. Thus, use of CADx may minimize the number of polypec-
tomies which CADe increases. Even though CADx is currently used for distinguishing between neoplasia and non-
neoplasia, ongoing studies are exploring its efficacy in assessing dysplasia and the degree of submucosal invasion. Two 
large-scale prospective studies have raised doubts about the utility of CADx, indicating no improvement in adenoma 
identification sensitivity compared to standard optical diagnosis[141,142], suggesting the benefits may be limited to 
nontrained endoscopists on optical diagnosis. Furthermore, CADx may face additional resistance among endoscopists 
because of legal reasons. As for CADe, studies assessing cost-effectiveness of CADx are lacking.

AI applications in CRC screening are not limited to endoscopy. Regarding other methods, such as blood-based markers 
currently under investigation, Wan et al[143] proposed a ML method using tumor-derived cell-free DNA that achieved a 
85% sensitivity and specificity for CRC detection. As for miRNAs, several studies have applied AI to identify potential 
methylated miRNAs using predictive models[144,145]. In one study, a predictive model demonstrated an 85% sensitivity 
and 90% specificity for identifying patients with CRC and advanced adenomas.

CONCLUSION
The primary objective of CRC screening is to reduce both the incidence and mortality of CRC and facilitate early detection 
and intervention to enhance patient prognosis and outcomes. Despite the array of currently available screening tests, each 
varying in invasiveness and preparation requirements, adherence rates remain suboptimal.

Non-invasive biomarkers present a potential screening avenue due to their minimal invasiveness and limited patient 
preparation demands, potentially improving compliance. However, existing evidence is based on small sample sizes and 
lacks validation by independent groups. The optimal screening periodicity is also yet to be determined. Regarding AI, 
despite some controversy surrounding the clinical benefits of the increased ADR, compelling high-quality studies 
endorse its utilization. Nevertheless, cost-effectiveness studies are lacking. While the enthusiasm for these emerging 
technologies is justified, consideration must be given to countries with lower development indices, where resources are 
constrained and screening is still opportunistic in most settings.

In summary, despite promising evidence supporting the potential enhancement of CRC screening through non-
invasive biomarkers and AI, the current body of evidence is not robust enough for widespread implementation in clinical 
practice. Future studies should go beyond a singular focus on diagnostic yield and statistical performance. Standardizing 
methods and enrolling large cohorts are needed to comprehensively assess the potential of these markers. Furthermore, 
in a world of limited resources, critical cost-effectiveness studies are necessary for the practical implementation of any 
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screening method. A scarcity of these essential studies may impede the progress of these promising innovations from 
mere novelties to tangible progress in CRC screening.
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