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Abstract: Microbial differences between established colorectal cancer (CRC) and cancer-free controls are reproduc-
ible, but screening translation depends on detecting advanced adenoma and early CRC in asymptomatic popula-
tions. We examined the gut microbiota as an adjunct to fecal immunochemical testing (FIT), stool deoxyribonucleic
acid (DNA) testing, and colonoscopy, with advanced adenoma as the prevention-relevant endpoint. This narrative
review used a structured, purposive search of PubMed, Embase, Web of Science, Scopus, and the Cochrane Library
through April 10, 2026, prioritizing human neoplasia cohorts, stage-specific biomarkers, multi-omics studies, FIT
comparators, and reporting standards. Across studies, microbial signals were strongest for established CRC and
weaker and less consistently reported for advanced adenoma. Quantitative evidence supports selected adjunctive
approaches, including fecal Fusobacterium nucleatum and multitaxon panels combined with FIT, but external vali-
dation remains sparse. The 2025 pooled analysis of 3,741 metagenomes demonstrated reproducible CRC-related
features across 18 cohorts but did not report advanced-adenoma-specific accuracy. Clinical utility cannot be in-
ferred from sensitivity, specificity, or the area under the receiver operating characteristic curve alone: prevalence-de-
pendent positive predictive value (PPV), negative predictive value (NPV), calibration, a prespecified action threshold,
decision-curve net benefit, and colonoscopy burden are decisive. Translation therefore requires a locked assay and
model tested prospectively before bowel preparation in a representative screening cohort, with advanced adenoma
reported separately and performance compared directly with FIT or stool DNA testing. Microbiota-based markers
currently merit evaluation as adjuncts, not replacements, within established screening pathways.

Keywords: Gut microbiota, colorectal neoplasia, advanced adenoma, fecal microbiome, microbiota-assisted
screening, FIT, stool DNA testing

Introduction val in which high-risk precursor lesions can be
found and removed [2-8].

Screening for colorectal cancer (CRC) is most

valuable when it prevents cancer rather than
merely identifies an established tumor. Ad-
vanced adenomas and advanced serrated
lesions occupy that prevention window: they
can be removed before invasion, whereas early
CRC can often be treated with curative intent.
Global Cancer Observatory (GLOBOCAN) 2022
estimates confirm that CRC remains a major
cause of cancer incidence and mortality world-
wide [1]. The biological rationale for screening
is equally durable. Most sporadic cancers arise
through an accumulation of molecular and his-
tological changes over years, creating an inter-

Existing tests divide that task imperfectly.
Colonoscopy is both diagnostic and therapeu-
tic, but bowel preparation, procedural risk,
cost, endoscopy capacity, and unequal uptake
limit its use as a universal first-line test. The
fecal immunochemical test (FIT) is inexpensive
and scalable and performs well for bleeding
cancers, yet a single round detects only a mi-
nority of advanced adenomas. Multitarget stool
deoxyribonucleic acid (DNA) testing adds host
molecular markers and improves detection of
CRC and some advanced precursors, but it is
more expensive and less specific than FIT, so
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more participants are referred for colonoscopy
[4-7]. A new stool marker is therefore useful
only if it changes a referral decision at an
acceptable false-positive and resource cost.

The gut microbiota is a plausible source
of such complementary information because
stool contains organisms, genes, and meta-
bolites that reflect interactions among the
lumen, mucus, epithelium, immune system,
and tumor-adjacent niche [9, 10]. Hemoglobin
reports bleeding, and stool DNA reports se-
lected host alterations; a microbial assay could
capture strain-level virulence, ecological dis-
placement, metabolic function, or inflamma-
tion that is not measured by either. That com-
plementarity, rather than the performance of
any single taxon, is the strongest argument
for a microbiota-assisted strategy.

Evidence for a CRC-associated microbiome is
now broad, and several reviews have cata-
logued recurrent taxa, mechanistic pathways,
and diagnostic models [11-13]. The transla-
tional evidence is narrower. Many studies com-
pare clinically detected cancers with healthy
controls, enrich the dataset with disease, tune
a classifier and its cut-off in the same cohort,
and report an area under the curve without
showing what happens to advanced adenoma
detection or colonoscopy demand. Such a de-
sign can establish biological separation but
cannot establish screening utility in an aver-
age-risk population.

This review therefore evaluates a specific cli-
nical proposition: whether microbiota-derived
information can improve an existing stool-
based screening pathway. Advanced adenoma
is treated as the key endpoint, and evidence
is judged by incremental performance beyond
FIT or stool DNA testing, prevalence-aware pre-
dictive values, calibration, prespecified action
thresholds, external transportability, and the
number of colonoscopies generated. The arti-
cle is reported in accordance with the Narra-
tive Review reporting checklist.

Literature search approach

This article is a narrative review informed by
a structured and purposive literature search,
rather than a formal systematic or scoping
review. The search was designed to identify
representative, clinically relevant, and mecha-
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nistically important evidence related to micro-
biota-assisted colorectal neoplasia screening,
with particular attention to advanced adenoma
as a prevention-relevant endpoint.

Searches were updated on April 10, 2026, and
covered PubMed, Embase, Web of Science,
Scopus, and the Cochrane Library. Search
concepts included colorectal cancer, colorectal
adenoma, advanced adenoma, advanced ser-
rated lesions, the adenoma-carcinoma sequ-
ence, gut microbiota, fecal microbiome, muco-
sa-associated microbiota, microbial biomark-
ers, fecal immunochemical testing, stool DNA
testing, metagenomics, metabolomics, 16S ri-
bosomal ribonucleic acid (rRNA) sequencing,
machine learning, external validation, calibra-
tion, predictive value, and decision-curve an-
alysis.

Priority was given to human colorectal neopla-
sia cohorts that reported advanced adenoma
or early CRC, studies of microbiota or multi-
omics biomarkers, direct FIT or stool DNA com-
parisons, mechanistic work with a clear link to
assay design, screening guidelines, and meth-
odological standards. The reporting frame-
works considered included Strengthening the
Organization and Reporting of Microbiome
Studies (STORMS), Transparent Reporting of a
multivariable prediction model for Individual
Prognosis Or Diagnosis (TRIPOD), and Stan-
dards for Reporting Diagnostic Accuracy Stu-
dies (STARD). Foundational experimental stud-
ies were included when they clarified a measur-
able link among a microbial strain, virulence
factor, metabolite, host response, and colorec-
tal carcinogenesis.

Because the aim was conceptual and trans-
lational synthesis rather than exhaustive evi-
dence mapping, duplicate screening, formal
risk-of-bias grading, a Preferred Reporting It-
ems for Systematic Reviews and Meta-Analyses
(PRISMA) flow diagram, and quantitative pool-
ing were not performed. Study selection was
purposive, and the review may not capture
every microbiome report. No new statistical
analysis or meta-analysis was conducted, and
no statistical software was used. The review
should therefore not be read as a source of
pooled diagnostic-accuracy estimates; its pur-
pose is to compare endpoint definitions, iden-
tify implementation gaps, and specify the evi-
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Table 1. Search strategy summary

Iltems

Specification

Date of search

Databases and other sources
searched

Search terms used

Timeframe
Language and publication status

Inclusion criteria

Exclusion criteria

Selection process

Additional considerations

Searches were updated on April 10, 2026.

PubMed, Embase, Web of Science, Scopus, and the Cochrane Library. Ad-
ditional relevant references were identified from key reviews, original studies,
screening guidelines, and methodological reporting standards.

Search concepts included colorectal cancer, colorectal adenoma, advanced
adenoma, colorectal neoplasia, adenoma-carcinoma sequence, gut microbiota,
fecal microbiome, mucosa-associated microbiota, microbial biomarkers, fecal
immunochemical test, FIT, stool DNA testing, metagenomics, metabolomics,
16S rRNA sequencing, machine learning, screening, and early detection.

From database inception to April 10, 2026.

English-language peer-reviewed full-text articles were prioritized. Conference
abstracts without sufficient methodological or outcome details were not priori-
tized. Foundational mechanistic studies, guidelines, and reporting standards
were included when relevant to the review question.

Priority was given to human colorectal neoplasia cohorts; studies reporting
advanced adenoma, advanced colorectal neoplasia, or early CRC endpoints;
microbiota or multi-omics biomarker studies; studies comparing microbial
markers with FIT or stool DNA testing; mechanistic studies relevant to assay
design; colorectal cancer screening guidelines; and methodological or report-
ing standards such as STORMS, TRIPOD, and STARD.

Studies were not prioritized if they were unrelated to colorectal neoplasia
screening, lacked relevance to microbiota-assisted detection or assay design,
were case reports, were conference abstracts without sufficient methodologi-
cal or outcome details, or were animal-only studies without clear mechanistic
relevance to colorectal carcinogenesis or biomarker development.

Literature selection was conducted purposively by the authors and was based
on conceptual, clinical, and translational relevance to microbiota-assisted
colorectal neoplasia screening. Because this was a narrative review, selection
was not performed independently in duplicate, and no formal risk-of-bias as-
sessment, PRISMA flow diagram, or quantitative synthesis was performed.
Particular attention was given to studies that reported advanced adenoma
separately, evaluated FIT-adjunctive performance, addressed stool DNA
comparator pathways, or provided mechanistic rationale for measurable stool-
based biomarkers. Advanced colorectal neoplasia was interpreted cautiously
when CRC and advanced adenoma were combined.

Note: CRC, colorectal cancer; DNA, deoxyribonucleic acid; FIT, fecal immunochemical test; PRISMA, Preferred Reporting Items for
Systematic Reviews and Meta-Analyses; rRNA, ribosomal ribonucleic acid; STARD, Standards for Reporting Diagnostic Accuracy
Studies; STORMS, Strengthening The Organization and Reporting of Microbiome Studies; TRIPOD, Transparent Reporting of a
multivariable prediction model for Individual Prognosis Or Diagnosis.

dence needed for

a microbiota-assisted

noma or advanced colorectal neoplasia end-

screening decision.

A summary of the search strategy is provided
in Table 1. A representative detailed PubMed
search strategy is provided in Supplementary
Table 3.

The study selection process was conducted
in a purposive manner. Records were first
assessed for relevance to microbiota-assisted
colorectal neoplasia screening, with emphasis
on human stool-based studies, advanced ade-
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points, FIT or stool DNA comparators, external
validation, and translational relevance to clini-
cal screening pathways. When multiple publica-
tions addressed similar topics, priority was
given to studies with larger or screening-based
populations, clearer endpoint definitions, ex-
ternal or cross-cohort validation, quantitative
performance reporting, and direct relevance to
assay design or implementation. Mechanistic
studies were selected when they clarified bio-
logically plausible links between microbial taxa,
virulence factors, functional pathways, meta-
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bolites, host responses, and colorectal carci-
nogenesis. Because this was a narrative re-
view rather than a systematic review, a formal
PRISMA-style record count was not maintained.
To avoid implying systematic-review methodol-
ogy, exact screening counts are not reported.
However, the selection principles and prio-
ritization criteria are described to improve
transparency.

Microbial alterations across the colorectal
adenoma-carcinoma sequence

Microbial changes from healthy controls to
adenoma

Fecal microbiome studies suggest that micro-
bial changes can be detected before invasive
cancer, but the adenoma signal is generally
weaker and less consistent than the CRC sig-
nal. Early stool sequencing studies found that
microbial community data could differentiate
healthy controls, adenoma, and carcinoma
groups, particularly when combined with clini-
cal risk factors [14]. Later evidence syntheses
reported recurring associations but empha-
sized variation in sample handling, sequencing
platform, taxonomy pipelines, and case defini-
tions [11, 12]. In adenoma, enriched taxa have
included members of oral-associated anaero-
bic communities and pro-inflammatory genera,
while depleted taxa often include butyrate
producers. However, adenoma definitions vary
substantially, and small non-advanced adeno-
mas may not create a strong or stable fecal
signal.

Fusobacterium nucleatum (F. nucleatum) has
been reported in adenoma and CRC tissues,
but its enrichment is more consistently
observed in carcinoma than in early adenoma
[15, 16]. FadA expression was reported to be
higher in adenomas and adenocarcinomas
than in normal tissue in mechanistic work [17],
suggesting biomarker relevance at a premalig-
nant stage. Nevertheless, fecal F. nucleatum
alone has insufficient performance and can be
influenced by oral health, geography, diet, and
analytical method; quantitative fecal F. nu-
cleatum has therefore been studied mainly as
an adjunct to existing stool-based screening
rather than as a stand-alone test [18]. Ente-
rotoxigenic Bacteroides fragilis (ETBF) is me-
chanistically compelling because B. fragilis
toxin (BFT) can affect epithelial integrity [19,
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20]. The polyketide synthase-positive (pks+) E.
coli lineage is relevant because colibactin can
induce DNA damage and characteristic muta-
tional signatures [21, 22]. Multi-cohort fecal
metagenomic studies support community-level
signatures [23, 24], but marker-panel perfor-
mance for early lesions remains under-validat-
ed [25, 26].

The adenoma stage also illustrates why a sim-
ple list of bacteria is insufficient. A small di-
stal tubular adenoma may have little impact
on stool microbial composition, whereas a larg-
er villous or high-grade lesion may alter local
inflammation, mucus, and luminal shedding.
Lesion location matters because right-sided
lesions may interact with different microbial
gradients, bile acid pools, transit times, and
biofilm structures than left-sided lesions.
Serrated lesions add another layer of complex-
ity because they may be flat, proximal, mucus-
rich, and molecularly distinct from convention-
al adenomas. Many microbiome studies do not
separate these lesion subtypes in sufficient
detail, so stage-specific conclusions should be
treated as provisional unless the extracted
study explicitly reports advanced adenoma or
serrated lesion performance.

Definition and endpoint heterogeneity of ad-
vanced adenoma

Advanced adenoma is commonly defined us-
ing histopathological and size-based criteria,
including adenoma size 210 mm, villous or
tubulovillous histology, or high-grade dysplasia
[4-7]. Some studies also consider large serrat-
ed lesions or advanced serrated lesions with-
in broader advanced precursor categories, al-
though definitions vary across screening pro-
grams and research cohorts. Advanced co-
lorectal neoplasia is a broader endpoint and
usually includes advanced adenoma and
CRC. These distinctions are important becau-
se adenoma, advanced adenoma, advanced
colorectal neoplasia, early CRC, and estab-
lished CRC are not interchangeable endpoints
for screening translation.

Endpoint heterogeneity can directly influence
reported microbiome performance metrics
[14, 16, 18, 27, 28, 34]. When advanced ade-
noma is combined with CRC, sensitivity and
area under the receiver operating characteris-
tic curve (AUC) may be inflated by the stronger
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microbial signal of established cancer. When
non-advanced adenomas are combined with
advanced adenomas, the weaker signal from
small low-risk lesions may dilute the apparent
performance for prevention-relevant lesions.
Similarly, differences in size thresholds, villous
histology, high-grade dysplasia, serrated lesion
inclusion, and lesion location can affect mi-
crobial shedding, bleeding, inflammation, and
stool-detectable signals. For this reason, mi-
crobiota-assisted screening studies should re-
port non-advanced adenoma, advanced ade-
noma, advanced serrated lesions when avail-
able, early CRC, and advanced CRC separa-
tely. Advanced adenoma-specific performance
should be prioritized when evaluating whether
a microbial marker has credible prevention-ori-
ented clinical utility.

Microbial features of advanced adenoma

Advanced adenoma is the key prevention
endpoint because removal can interrupt pro-
gression before invasive cancer develops. For
microbiota-assisted screening, this stage is
also the hardest test. Established CRC often
bleeds, disrupts tissue architecture, alters oxy-
gen gradients, and creates inflammatory or
necrotic niches; advanced adenomas may gen-
erate a weaker and more localized fecal signal.
A CRC-versus-control AUC therefore cannot be
extrapolated to screening for advanced adeno-
ma. Representative studies evaluating microbi-
ota-assisted detection of advanced adenoma
and advanced colorectal neoplasia are sum-
marized in Table 2.

The reporting problem is as important as the
biological signal. Studies that merge non-ad-
vanced adenoma, advanced adenoma, early
CRC, and advanced CRC obscure the endpoint
on which prevention depends. Additional stu-
dy-level details are provided in Supplementary
Table 1 [29-33]. Zhang et al. directly target-
ed advanced adenoma in a population-based
screening cohort and showed that a 13-marker
bacterial panel added discrimination to FIT,
although the bootstrap-adjusted area under
the curve remained modest [34]. Wong et al.
demonstrated a FIT-adjunct signal for advanc-
ed colorectal neoplasia, but that composite
included CRC and cannot be treated as isolat-
ed advanced-adenoma evidence [18].
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Evidence maturity and translational relevance

From a translational perspective, the studies
summarized in Table 2 should not be inter-
preted as equivalent levels of evidence [14,
16, 18, 27, 28, 34]. Discovery-oriented adeno-
ma-CRC sequence studies mainly support bio-
logical plausibility and biomarker generation,
whereas internally validated models provide
early evidence of discriminatory potential. Stu-
dies with external validation, FIT-adjunctive
assessment, advanced adenoma-specific re-
porting, or screening-based populations are
more directly relevant to clinical implementa-
tion. Therefore, microbiota-assisted screening
should be judged primarily by incremental va-
lue in real screening pathways rather than by
CRC-enriched case-control performance alone.

The evidence base can be viewed as a maturity
continuum. At the earliest level are mechanistic
and microbiome-discovery studies that identify
taxa, virulence features, functional pathways,
or metabolites associated with colorectal neo-
plasia. A second level includes internally vali-
dated classifiers, which are useful for hypo-
thesis generation but remain vulnerable to
overfitting and cohort-specific effects. A third
level includes externally validated models and
cross-cohort analyses, which better address
transportability. The most implementation-re-
levant level consists of prospective or screen-
ing-based investigations that report advanc-
ed adenoma separately, evaluate performance
beyond FIT or stool DNA testing, use prespe-
cified thresholds, and estimate downstream
colonoscopy burden. This hierarchy reinforces
the central premise of this review: not all
microbiome studies contribute equally to
screening implementation, and diagnostic-
model translation requires prespecified mod-
els, external validation, calibration, and clini-
cally relevant thresholds [48-50].

Microbial shifts from adenoma to colorectal
cancer

Across the transition from adenoma to CRC,
studies more consistently identify expansion
of oral-associated anaerobes, opportunistic
pathobionts, and organisms with inflammatory
or genotoxic potential. Meta-analyses of fecal
metagenomes have found reproducible CRC-
associated microbial signatures across popula-
tions, including enrichment of Fusobacterium,
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Table 2. Representative microbiome studies relevant to advanced adenoma and microbiota-assisted stool-based screening

Study StL.de design/popu-  Sample type and Endpoint reporting Advancgd ad.enoma/advanced FIT or stool-test comparison Validation Reylewer—level interpre-
lation platform neoplasia evidence status tation
Zackular Colonoscopy-associated Stool; 16S rRNA Adenoma and CRC Advanced adenoma not reported No FIT comparator. Discovery-oriented Useful for showing that
etal. cohort spanning healthy sequencing. evaluated across the separately. cohort. stool microbiota shifts can
2014 controls, adenoma, and adenoma-carcinoma appear before cancer, but
[14] CRC. sequence. limited direct evidence
for advanced adenoma
screening.
Fenget Metagenomic case- Stool; shotgun Adenoma and CRC Advanced adenoma not reported No FIT comparator. Cross-cohort vali-  Important for metagenomic
al. 2015 control study of CRC, metagenomics. reported, with emphasis separately. dation elements marker discovery; preven-
[16] adenoma, and controls. on microbial gene reported. tion-stage utility cannot be
markers. inferred from CRC-enriched
performance.
Wong et Participants evaluated Stool; qPCR quanti- Advanced colorectal For advanced adenoma, fecal F. Direct FIT comparison; validation Independent Important proof of concept
al. 2017 for colorectal neoplasia. fication of Fusobac- neoplasia, including CRC nucleatum alone had AUC 0.59 (95% cohort advanced adenoma AUC  validation cohort  for FIT-adjunct use in ad-
[18] terium nucleatum  and advanced adenoma; Cl 0.51-0.67), sensitivity 32.7%, and improved from 0.55 to 0.63 reported. vanced colorectal neopla-
with FIT. advanced adenoma specificity 87.0%. FIT alone sensitiv-  (P=0.031). For CRC, FIT + F. sia, but ACN includes CRC
analyzed separately. ity was 15.5% with AUC 0.55 (95% Cl nucleatum improved sensitivity and should not be treated
0.48-0.63); FIT + F. nucleatum sen-  from 73.1% to 92.3% and AUC as isolated advanced
sitivity was 38.6%, specificity 89.0%, from 0.86 to 0.95. adenoma evidence.
and AUC 0.63 (95% CI 0.56-0.70).
Baxter  Colonoscopy cohort with  Stool; 16S rRNA Colonic lesions, CRC, Microbiota/FIT model detected Direct FIT comparison; combined Leave-one-out Strong evidence that mi-
etal. colorectal lesions and sequencing plus and adenoma; endpoint  91.7% of cancers and 45.5% of microbiota/FIT model improved and 10-fold crobiota can complement
2016 controls. FIT hemoglobin broader than isolated adenomas versus FIT alone 75.0%  sensitivity for broad colonic cross-validation FIT, but it is not advanced
[27] concentration in advanced adenoma. and 15.7%; among FIT-missed le- lesions. reported. adenoma-specific valida-
random-forest sions, the model detected 70.0% of tion.
model. cancers and 37.7% of adenomas.
Yachida Multi-stage colorectal Stool; shotgun Multiple stages across Stage-specific shifts were reported No FIT or stool DNA comparator ~ Large multi-omics Supports early lesion
etal. neoplasia cohort. metagenomics and colorectal tumorigen- in multiple polypoid adenomas and  and no clinical referral threshold. cohort; stage biol-  biology and metabolomic
2019 metabolomics. esis, including multiple  intramucosal carcinomas. F. nuclea- ogy emphasized assay rationale; it does
[28] polypoid adenomas, tum increased from intramucosal rather than not establish FIT-adjunct
intramucosal carcinoma, carcinoma to more advanced stages; screening imple-  screening utility.
and advanced CRC. Atopobium parvulum and Actinomy- mentation.
ces odontolyticus were increased in
multiple polypoid adenomas and/or
intramucosal carcinomas.
Zhang et Population-based Stool; 16S rRNA Advanced adenoma was Thirteen-marker model apparent FIT alone apparent AUC 0.544 Bootstrap-ad- The most directly relevant
al. 2021 screening setting; 268  sequencing with the target endpointand AUC 0.641 (95% Cl 0.601-0.681), and adjusted AUC 0.527; FIT sen-  justed estimates = advanced adenoma study
[34] advanced adenoma 13 microbial mark- was analyzed separately adjusted AUC 0.607 (95% ClI sitivity 10.5%, specificity 98.4%. reported; no exter- in the table: it shows
cases and 788 con- ers plus FIT/APCS  from non-advanced 0.548-0.660). At 90% specificity, FIT + 13 markers improved appar- nal implementa- measurable gain over FIT,
trols; FIT subset 248 models. adenoma and controls.  the combined FIT + marker model ent AUC to 0.671 and adjusted tion cohort. but performance remains
advanced adenoma and reached 31.5% apparent and 28.4% AUC to 0.641 (P<0.001); FIT + modest and needs locked
732 controls. adjusted sensitivity. markers + APCS apparent AUC external validation before
0.727 and adjusted AUC 0.706. referral use.
Piccinno Pooled analysis of 3,741 Stool; shotgun CRC stage and location ~ No advanced-adenoma-specific sub- No FIT or stool DNA comparator. ~ Multicohort and Strong evidence for repro-
etal. stool metagenomes metagenomics with were analyzed; adeno- group or diagnostic accuracy was CRC-versus-control LODO AUC av- LODO validation;  ducible CRC and cross-
2025 from 18 cohorts: 1,471  species-, pathway-, mas were pooled as a reported. Adenoma microbiomes eraged 0.85 (range, 0.71-0.97);  external transport- stage microbial features,
[54] CRC, 702 adenoma, and and strain-level single category. did not differ significantly from con-  this was not an adenoma result.  ability was ad- but no advanced-adenoma

1,568 control samples. dressed for CRC.  detection performance.

Note: ACN, advanced colorectal neoplasia; APCS, Asia-Pacific Colorectal Screening score; AUC, area under the receiver operating characteristic curve; Cl, confidence interval; CRC, colorectal cancer; DNA, deoxyribonucleic acid; FIT, fecal im-
munochemical test; LODO, leave-one-dataset-out; gPCR, quantitative polymerase chain reaction; rRNA, ribosomal ribonucleic acid.

analyses. trols at the global community level.
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Parvimonas, Peptostreptococcus, Porphyro-
monas, and other oral cavity-associated taxa
[23, 24]. The driver-passenger model proposes
that some organisms may participate early in
tumor initiation, whereas others may preferen-
tially colonize the tumor microenvironment cre-
ated by neoplastic transformation [35]. This
framework is useful but should not be treated
as proven for every organism.

Bacteroides requires nuanced interpretation.
The genus contains common commensals and
specific pathobiont strains. ETBF, defined by
BFT production, has mechanistic relevance
that cannot be inferred from genus-level Ba-
cteroides abundance alone. Similarly, E. coli is
not uniformly genotoxic; concern is focused on
strains carrying the pks island that produce
colibactin. This strain-level distinction is one
reason shotgun metagenomics or targeted viru-
lence-gene assays may be more informative
than 16S rRNA profiling for translation.

Depleted taxa are also important. Reduced
abundance of Faecalibacterium, Roseburia,
and other butyrate-producing organisms is fre-
quently interpreted as loss of anti-inflamma-
tory or barrier-supportive functions. Bifidobac-
terium and Lactobacillus are sometimes dis-
cussed as beneficial genera, but this framing
can be misleading because effects are spe-
cies- and strain-dependent and may vary by
host diet, baseline ecology, and disease con-
text. For biomarker development, depletion
markers may improve models by capturing loss
of health-associated functions, but they are
usually less specific than enrichment of patho-
bionts or virulence genes. Their best role may
be as part of multi-dimensional signatures rath-
er than stand-alone diagnostic claims.

Differences between early and advanced
colorectal cancer

Early CRC is the screening-relevant stage, but
many studies combine stages or include clini-
cally detected advanced cases. Yachida and
colleagues reported stage-specific fecal me-
tagenomic and metabolomic phenotypes, sup-
porting the possibility that early lesions have
detectable but distinct microbial features [28].
Advanced CRC may show stronger fecal signals
because tumors are larger, may bleed, create
necrotic or inflammatory niches, and alter Iu-
minal metabolism. F. nucleatum and oral-asso-
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ciated anaerobes are often more prominent in
established CRC than in controls, while deple-
tion of short-chain fatty acid (SCFA)-producing
commensals is frequently reported. However,
comparisons between early and advanced CRC
may be confounded by tumor location, obstruc-
tion, bleeding, bowel habit changes, antibio-
tic exposure, diet modification, and treatment
status.

Fecal microbiota versus mucosa-associated
microbiota

Fecal and mucosal microbiota should not be
used interchangeably. Fecal samples are prac-
tical for screening and can be integrated with
FIT or stool DNA collection, but they may di-
lute localized tumor-associated communities.
Mucosa-associated, biofilm-associated, or in-
tratumoral communities may better reflect
epithelial interaction. Biofilm organization has
been described in proximal colorectal tumors
and adjacent mucosa [36]. However, mucosal
sampling requires colonoscopy, can be affect-
ed by bowel preparation, and is less suitable as
a first-line screening test.

Taken together, microbial alterations across
the adenoma-carcinoma sequence should be
read as candidate measurable signals rather
than a substitute screening modality. Key mi-
crobial taxa across the colorectal adenoma-
carcinoma sequence are summarized in Table
3. Figure 1 maps taxa and strain-level features
to functional pathways, host effects, assay for-
mats, and screening implications; Figure 2
places those assays within an adjunctive stool-
based screening pathway.

Lesion location, morphology, and the serrated
pathway

Advanced adenoma is a useful translational
endpoint, but it is not biologically uniform.
Conventional adenomas may be tubular, tubu-
lovillous, or villous, may occur in the proximal
or distal colon, and may be single or multiple.
Advanced serrated lesions arise through a part-
ly distinct pathway and are frequently consid-
ered within the broader category of advanced
precancerous lesions even when a study re-
serves the term advanced adenoma for con-
ventional histology. Combining all of these
lesions can increase the number of endpoint
events, but it can also conceal clinically impor-
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Table 3. Key microbial taxa across the colorectal adenoma-carcinoma sequence

Direction of . . . Biomarker rel- . Ke
Taxon Disease stage Sample type Potential mechanism Evidence strength y
change evance references
Fusobacterium Often enriched More consistent in CRC Fecal and muco- FadA-mediated E-cadherin/B- Candidate gPCR Moderate for CRC; [17, 18, 37]
nucleatum than early adenoma; sa-associated catenin signaling, inflamma-  marker; more useful  limited for ad-
reported in some adenoma tion, immune modulation. in panels than alone. vanced adenoma.
studies
Enterotoxigenic Strain-specific en- Adenoma and CRC, Fecal and mucosal BFT-mediated E-cadherin Virulence-marker Mechanistically [19, 20]
Bacteroides richment reported depending on cohort and cleavage, Wnt/B-catenin assays may improve  strong; clinical bio-
fragilis assay signaling, inflammatory specificity. marker evidence
signaling. variable.
pks+ Escherichia  Strain-specific en- Colorectal neoplasia and Mainly mucosal/  Colibactin-associated DNA Functional marker Mechanistically [21, 22]
coli richment reported CRC; stage-specific value tissue; fecal detec- damage and mutational candidate rather than strong; screening
remains uncertain tion possible signatures. genus-level marker. evidence limited.
Peptostreptococ-  Often enriched More consistent in CRC; Fecal and muco-  Oral-associated anaerobic Useful components of Moderate for CRC; [23, 24]
cus, Parvimonas, may increase along pro- sa-associated expansion, inflammation, multi-taxa signatures. limited for ad-
Porphyromonas gression proteolytic metabolism. vanced adenoma.
Bacteroides Variable; strain- Adenoma and CRC Fecal and mucosal Species- and strain-specific Requires species/ Variable. [19, 20]
dependent effects; ETBF differs from strain or toxin-level
commensal strains. resolution.
Faecalibacterium  Often depleted Adenoma and CRC in some Fecal Reduced butyrate production  Potential negative Moderate but vari- [23, 28]
and Roseburia cohorts and anti-inflammatory meta-  markers in panels. able.
bolic capacity.
Bifidobacterium Variable Adenoma and CRC; af- Fecal Barrier support, immune Not reliable as single  Limited and incon- [9, 38]

and Lactobacillus

fected by diet and probiotic
exposure

modulation, fermentation; ef-
fects are context dependent.

diagnostic markers.

sistent.

Note: BFT, Bacteroides fragilis toxin; CRC, colorectal cancer; ETBF, enterotoxigenic Bacteroides fragilis; FIT, fecal immunochemical test; qPCR, quantitative polymerase chain reaction; rRNA, ribosomal ribo-
nucleic acid; SCFA, short-chain fatty acid.
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Mechanistic plausibility becomes clinically useful only when the signal is converted into a fixed assay and a prevalence-aware decision rule.

Figure 1. Mechanistic basis and assay implications of microbiota-assisted colorectal neoplasia screening. Candi-
date microbial taxa and strain-level features can be translated into functional or host-linked signals and then into
a fixed stool assay. Clinical translation requires advanced adenoma to be reported separately and the assay to be
evaluated as an adjunct to existing screening, with a prespecified threshold, calibration, PPV, NPV, colonoscopy
burden, and decision-curve analysis. BFT, Bacteroides fragilis toxin; FadA, Fusobacterium adhesin A; Fap2, Fusobac-
terium autotransporter protein 2; pks, polyketide synthase; DNA, deoxyribonucleic acid; FIT, fecal immunochemical
test; NPV, negative predictive value; PPV, positive predictive value; qPCR, quantitative polymerase chain reaction.
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Use the adjunc%nly where its net benefit exceeds FIT or stool DNA testing alone at a clinically c%dible threshold.

Figure 2. Proposed clinical pathway for microbiota-assisted stool-based screening and colonoscopy referral. The
score is applied within an existing screening pathway to a defined population whose stool is collected before bowel
preparation. The assay, features, coefficients, and action threshold are fixed before external evaluation. Referral is
justified only when the adjunct produces greater net benefit than FIT or stool DNA testing alone at a clinically cred-
ible threshold. CRC, colorectal cancer; DNA, deoxyribonucleic acid; FIT, fecal immunochemical test; NPV, negative
predictive value; PPV, positive predictive value.
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tant differences in microbial exposure, shed-
ding, bleeding, and detectability. Screening
studies should therefore state whether the pri-
mary endpoint is conventional advanced ade-
noma, advanced serrated lesion, or a compos-
ite, and should provide the component results
even when the composite is used for statistical
power.

Anatomical location deserves similar attention.
Proximal and distal lesions differ in molecular
pathways, luminal conditions, and contact with
mucosa-associated communities. Organized
microbial biofilms have been described particu-
larly in proximal colorectal cancers [36], sup-
porting the possibility that spatial organization
rather than stool abundance alone carries bio-
logical information. A stool sample, however,
mixes material from the whole intestinal tract
and cannot reliably localize a signal. A classifier
that performs well for distal lesions may there-
fore fail to identify proximal or flat lesions, and
a model trained on tissue-associated organ-
isms may not transfer directly to fecal measure-
ments. Location-stratified sensitivity should be
reported whenever event counts permit, with
uncertainty intervals rather than unsupported
claims of equivalence.

Lesion morphology also affects the proposed
complementarity with FIT. FIT detects human
hemoglobin and is strongest when a lesion
bleeds into the lumen; a microbial assay is
attractive precisely because microbial adhe-
sion, virulence functions, or metabolic distur-
bance could be present without continuous
bleeding. This hypothesis should be tested ra-
ther than assumed. The relevant analysis is a
paired one that identifies advanced lesions
missed by FIT but detected by the locked micro-
bial rule and compares that gain with the false-
positive referrals added among participants
without advanced neoplasia. Analyses limited
to the AUC of each test cannot reveal whether
the assays make different errors in the partici-
pants who matter for an adjunctive strategy.

Future cohorts should consequently record
lesion number, size, histology, dysplasia, mor-
phology, and segment of the colon using pre-
specified definitions. Conventional advanced
adenoma and advanced serrated lesion should
be tabulated separately, followed by a clearly
labeled composite if required. Paired fecal and
mucosal sampling in a subset can help distin-
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guish a stable luminal screening signal from a
lesion-localized mechanism, but the clinically
intended specimen must determine the pri-
mary performance estimate. This phenotyping
discipline would make apparently discordant
microbiome studies more interpretable and
would clarify which precursor lesions a pro-
posed assay can realistically prevent from
progressing.

Mechanistic links between gut dysbiosis and
colorectal carcinogenesis

As summarized in Figure 1, the mechanistic
evidence is most useful when it is translated
into measurable assay components: taxa, viru-
lence genes, functional pathways, metabolit-
es, and host-response signals. The figure does
not imply that dysbiosis alone can diagnose
advanced adenoma; it identifies which biologi-
cal features could be tested as stool-based
adjunctive biomarkers. Major microbiota-based
screening strategies, plausible clinical use ca-
ses, and validation considerations are summa-
rized in Table 4.

Barrier disruption

The intestinal barrier includes mucus, epithe-
lial tight and adherens junctions, antimicrobial
peptides, immunoglobulin A (IgA), and immune
surveillance. Dysbiosis can alter mucus de-
gradation, epithelial permeability, and microbi-
al contact with the mucosa. Barrier disruption
may increase exposure to microbial products
and metabolites, thereby amplifying inflamma-
tory and proliferative signaling.

Mucus biology is particularly relevant to the
distinction between fecal and mucosal signals.
Fecal profiling may detect organisms shed from
the lumen, but mucosa-associated bacteria
are positioned to interact with epithelial gly-
cans, antimicrobial peptides, and immune
cells. Biofilm-like organization may increase
bacterial density near the epithelial surface
and create microenvironments that concen-
trate metabolites or virulence factors. These
spatial features are difficult to infer from bulk
stool sequencing. Future studies that combine
stool profiling with paired mucosal sampling,
spatial imaging, metatranscriptomics, and host
epithelial readouts may clarify which fecal mar-
kers reflect true epithelial contact.
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Table 4. Microbiota-based screening strategies: plausible use cases, key evidence, and minimum validation needs

Strategy

Plausible clinical use case

Current evidence base

Key failure point

Minimum evidence required before
implementation

Single microbial
marker

Multi-taxa
microbial panel

Microbiota plus
FIT

Microbiota plus
stool DNA testing

Microbiome-me-
tabolome panel

Integrated risk
model

Simple gPCR add-on when a
strong organism-specific signal is
expected.

Risk refinement after non-inva-
sive stool testing or in colonos-
copy referral triage.

Most realistic near-term adjunct,
especially for FIT-negative higher-
risk or borderline FIT scenarios.

Additional biological layer when
stool DNA is already used.

Functional readout for early le-
sion biology and assay prioritiza-
tion.

Decision support combining mi-
crobiota, FIT, stool DNA, age, fam-
ily history, and other risk factors.

Fusobacterium nucleatum
and selected taxa show re-
peated CRC associations.

Cross-cohort CRC classifiers
and adenoma studies support
feasibility.

Some studies show microbial
markers can add information
to FIT for advanced adenoma.

Conceptually attractive be-
cause host DNA, hemoglobin,
and microbial ecology capture
different signals.

Metagenomic-metabolomic
studies show stage-related
functional shifts.

Machine-learning models
can combine complementary
features.

Species abundance is not
specific enough for advanced
adenoma screening and may
miss strain-level biology.
Performance often falls when
tested outside CRC-enriched
discovery cohorts.

Small gains may increase false
positives and colonoscopy
demand.

Increment beyond modern stool
DNA testing may be small and
costly.

Metabolites can reflect diet, host
metabolism, medications, and
sample handling.

Overfitting and poor transport-
ability are common in high-di-
mensional microbiome data.

Locked assay, predefined threshold,
stage-specific performance, and com-
parison with FIT or stool DNA testing.

External validation in asymptomatic
screening participants with advanced
adenoma reported separately.

FIT-stratified performance, decision-
curve analysis, and colonoscopy bur-
den per advanced neoplasia detected.
Head-to-head testing against es-
tablished and next-generation stool
DNA assays with calibration and cost
analysis.

Standardized preanalytics, reproduc-
ible metabolite panel, and clinical
thresholds tied to advanced adenoma
or early CRC.

Locked model, external validation,
calibration, transparent reporting, and
implementation-impact analysis.

Note: AUC, area under the receiver operating characteristic curve; CRC, colorectal cancer; DNA, deoxyribonucleic acid; FIT, fecal immunochemical test; NPV, negative predictive value;
PPV, positive predictive value; gPCR, quantitative polymerase chain reaction.
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Chronic inflammation

Chronic inflammation links microbial dysbiosis
with epithelial injury, compensatory prolifera-
tion, and immune-cell recruitment [9]. CRC-
associated microbial communities can activate
NF-kB, STAT3, IL-6, IL-17, and chemokine path-
ways, although the strength of evidence differs
by organism and model [19]. This mechanism
supports assay designs that pair microbial
markers with host inflammatory or hemoglo-
bin-based signals, especially when triaging FIT-
negative or borderline stool-test results.

Virulence factors and genotoxicity

Several CRC-associated microbes matter be-
cause they carry strain-specific mechanisms
rather than only broad taxonomic associations.
F. nucleatum expresses FadA, an adhesin that
can bind E-cadherin and activate B-catenin
signaling in experimental models [17]. ETBF
secretes BFT, which can disrupt E-cadherin
and influence B-catenin, NF-kB, MAPK, and
cytokine signaling [19]. pks+ E. coli can pro-
duce colibactin, a genotoxin linked to DNA
damage and mutational processes [21, 39].
These observations favor targeted virulence-
gene assays or shotgun metagenomic features
over genus-level calls when the goal is a clini-
cally reproducible biomarker.

Among these mechanisms, colibactin-related
DNA damage provides one of the strongest
links between a bacterial product and cancer-
relevant genomic injury, although the timing
of exposure and its screening implications
remain unresolved.

Metabolic dysregulation

The gut microbiota contributes to short-chain
fatty acids, bile acids, amino acid metabolites,
polyamines, sulfur metabolites, and other small
molecules. Butyrate-producing taxa such as
Faecalibacterium and Roseburia are often de-
pleted in colorectal neoplasia, while secondary
bile acids, tryptophan metabolites, and sulfur
metabolism may connect diet, microbial func-
tion, epithelial stress, and immunity. For as-
say design, metabolite readouts can help dis-
tinguish passive taxonomic association from
active pathway disturbance, making microbi-
ome-metabolome panels particularly relevant
to early lesion biology.
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Metabolite-based interpretation is attractive
because it can connect taxonomic observa-
tions to functions. A fecal sample enriched for
an organism does not necessarily show that a
pathway is active; metagenomics, metatran-
scriptomics, metabolomics, and targeted bio-
chemical assays can provide more direct func-
tional evidence. For example, detection of a
bile acid-transforming gene set, altered sec-
ondary bile acid concentrations, and a com-
patible dietary pattern would provide stronger
biological coherence than taxonomy alone. In
screening models, metabolites may also be
more stable or more directly linked to pheno-
type than rare taxa, but they are vulnerable to
preanalytical variation and short-term diet. For
this reason, metabolomic biomarkers require
the same level of validation as microbial
markers.

Immune microenvironment remodeling

Microbiota can shape local and systemic immu-
nity, including T-cell polarization, macrophage
recruitment, myeloid-derived suppressor cells,
natural Killer (NK) cell activity, antigen presen-
tation, and immune-checkpoint expression. F.
nucleatum and ETBF have been associated
with immune and inflammatory remodeling in
experimental and observational studies [19,
37, 40]. Because immune remodeling is bidi-
rectional, biomarker panels should treat im-
mune-linked features as context-dependent
signals that may need host or lesion-context
markers to preserve specificity.

Microbiota-based biomarkers for early screen-
ing

Single-taxon biomarkers

Single-taxon markers such as fecal F. nuclea-
tum are attractive because they can be mea-
sured by quantitative polymerase chain reac-
tion (qQPCR) and interpreted readily. F. nuclea-
tum is associated with CRC in many cohorts
and has plausible mechanisms involving adhe-
sion, beta-catenin signaling, inflammation, and
immune modulation [17, 37]. ETBF and pks+ E.
coli are also attractive because their virulence
genes can be targeted directly. Single markers,
however, rarely capture the heterogeneity of
colorectal neoplasia, and their specificity can
be reduced by oral disease, inflammatory con-
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ditions, antibiotic exposure, geography, diet,
and analytical variation.

Multi-taxa microbial signatures

Multi-taxa signatures use combinations of en-
riched and depleted taxa, often generated by
random forest, logistic regression, penalized
regression, or other machine-learning approa-
ches. Cross-cohort metagenomic studies have
identified reproducible CRC-associated signa-
tures and have shown that classifiers can gen-
eralize better when trained across diverse po-
pulations [23, 24]. Multi-taxa models can cap-
ture ecological patterns more effectively than
single organisms, including enrichment of oral-
associated anaerobes and depletion of com-
mensal SCFA producers. Yet many reported
models are based on case-control designs,
small sample sizes, incomplete covariate ad-
justment, or internal validation only. Overfitting
is a major risk, especially when high-dimen-
sional microbial features greatly outnumber
outcome events.

Model interpretation must follow the intended
decision. A case-control area under the curve
averages performance across every possible
cut-off and is largely insensitive to the disea-
se prevalence created by the investigators.
Screening programs instead need sensitivity at
one or more clinically acceptable specificities,
calibration of predicted absolute risk, positive
predictive value (PPV) and negative predictive
value (NPV) in the target population, and the
number of referrals produced per lesion detect-
ed. Results should be shown separately in FIT-
negative and FIT-positive strata because a
microbiota score used to rescue FIT-negative
lesions has a different pretest risk and a differ-
ent tolerance for false-positive colonoscopy
than a score used to prioritize FIT-positive
referrals.

Microbiota combined with FIT

Combining microbiota with FIT remains the
most plausible near-term strategy because FIT
is already embedded in screening and microbi-
al markers may capture biology unrelated to
bleeding. In Table 2, Zhang et al. showed an
advanced adenoma-specific gain when bacte-
ria were added to FIT, while Wong et al. show-
ed improved detection of advanced colorectal
neoplasia with fecal F. nucleatum plus FIT.
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Figure 2 illustrates how such a score would be
most useful in FIT-negative higher-risk, border-
line FIT, FIT-positive prioritization, or stool DNA-
discordant scenarios rather than as a universal
replacement test.

Together, these FIT-adjunctive findings show
why microbiota-assisted screening should be
evaluated by incremental sensitivity, specifi-
city, and downstream colonoscopy burden rath-
er than by case-control AUC alone.

Microbiota combined with stool DNA testing

Stool DNA testing detects host-derived mole-
cular alterations and hemoglobin. Adding mi-
crobial markers could theoretically capture
tumor-microbe interactions or premalignant
ecological shifts. However, incremental benefit
over established stool DNA panels must be
demonstrated, particularly for advanced ade-
noma, specificity, cost, and colonoscopy bur-
den. Any proposed combined assay should
report calibration, decision-curve analysis,
false-positive colonoscopy implications, and
performance across age, sex, race or ethni-
city, geography, diet, and tumor location.

Microbiota combined with metabolomics

Metabolomics may provide functional readouts
of microbial activity and host-microbe interac-
tion. Multi-omics studies suggest that micro-
bial and metabolomic alterations can appear in
early tumorigenesis and may improve discrimi-
nation between controls, adenoma, and CRC
[28, 41]. Metabolites such as SCFAs, bile acids,
amino acid derivatives, polyamines, and sulfur
compounds may reflect pathway-level chang-
es more directly than taxonomic abundance.
Nevertheless, metabolomic profiles are highly
sensitive to diet, fasting status, sample han-
dling, storage, platform, and normalization.
Without standardized collection and external
validation, metabolomic signals may simply
reproduce diet, handling, or platform effects
rather than lesion biology.

Artificial intelligence and machine-learning risk
models

Artificial intelligence (Al) and machine-learn-
ing models can combine microbial taxa, func-
tional genes, metabolomics, FIT concentration,
stool DNA results, age, family history, medica-
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tion exposure, and other clinical risk factors.
The breadth of input is appealing, but it also
creates opportunities for leakage: preprocess-
ing, feature selection, imputation, batch co-
rrection, and cut-off selection can all transfer
outcome information into validation folds. A
credible report keeps the complete analytical
pipeline inside resampling, separates model
development from evaluation, publishes the
fixed feature set and coefficients, evaluates
calibration as well as discrimination, and com-
pares the resulting decision with the existing
screening pathway rather than with healthy
controls alone.

Representative microbiome-derived biomarker
studies are summarized in Supplementary
Table 2. These studies illustrate the diversity
of sample types, analytical platforms, target
stages, and validation approaches, while rein-
forcing the need to report advanced adenoma
separately from broader colorectal neoplasia
endpoints.

Translational challenges and future directions

Evidence gaps in advanced adenoma detec-
tion

Advanced adenoma is the prevention endpoint
on which microbiota-assisted screening will
largely stand or fall. Many datasets either
merge advanced adenoma with smaller ade-
nomas or analyze it together with CRC, making
sensitivity, specificity, calibration, and added
clinical value difficult to interpret. A more use-
ful study would define advanced adenoma con-
sistently, enroll asymptomatic screening par-
ticipants before colonoscopy, and report this
endpoint separately from non-advanced ade-
noma and established cancer. Table 2 and
Supplementary Table 1 summarize represen-
tative evidence and highlight where advanced
adenoma-specific results are still missing.

Prevalence makes PPV and NPV indispensable
for screening interpretation. Sensitivity and
specificity are conditional on disease status,
whereas PPV and NPV answer the questions
faced after a result is known: how often a posi-
tive result represents advanced neoplasia and
how much reassurance a negative result pro-
vides. A case-control dataset that deliberately
contains many cancers or adenomas cannot
yield a PPV that is transportable to an average-
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risk program unless results are reweighted to
the intended prevalence. Reporting only sen-
sitivity, specificity, and area under the curve
therefore leaves the colonoscopy consequence
unresolved.

A simple illustration shows the size of the
effect. If sensitivity is 70% and specificity is
90%, PPV is 26.9% when prevalence is 5% but
only 12.5% when prevalence is 2%; the corre-
sponding NPVs are 98.3% and 99.3%. At the
lower prevalence, seven of every eight positive
results would be false positives even though
the operating characteristics are unchanged.
Conversely, a high NPV in a low-prevalence
cohort can coexist with clinically important
missed lesions and should not be mistaken for
high sensitivity. The prevalence used in this
calculation must match the deployment stra-
tum: an all-comers screening population, FIT-
negative higher-risk participants, and surveil-
lance patients will not have the same post-test
probabilities.

Future reports should therefore provide the
observed advanced-adenoma prevalence, PPV
and NPV with 95% confidence intervals, and
expected outcomes per 1,000 people screen-
ed. The latter should include true-positive and
false-positive referrals, missed advanced ade-
nomas, and total colonoscopies. For a single
strategy, approximately 1/PPV colonoscopies
are generated per true-positive finding; for an
adjunct, the more informative measure is the
paired increase in colonoscopies divided by the
paired increase in advanced neoplasia detect-
ed relative to FIT or stool DNA testing alone.
This prevalence-aware presentation directly
links diagnostic performance to the capacity
and harms of a screening program.

Preanalytical heterogeneity

Preanalytical variation is not a technical foot-
note in this field; it can change the signal being
measured. Stool collection kits, preservatives,
time at ambient temperature, freezing, trans-
port, and aliquoting can shift microbial profiles
[42-46]. DNA extraction and processing pi-
pelines add further variability [42-46], and
STORMS provides a reporting framework for
capturing these details [46]. Mucosal sampling
introduces additional variables, including biop-
sy site, lesion proximity, bowel preparation, and
endoscopic technique. These details should be
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recorded before signatures are compared
across cohorts.

Analytical platform differences

Platform choice should follow the intended use.
16S rRNA sequencing is accessible for broad
community profiling but has limited species-
and strain-level resolution and cannot reliably
capture virulence determinants such as FadA,
BFT, or pks-associated genes. Shotgun meta-
genomics offers stronger taxonomic and func-
tional resolution, at higher cost and analyti-
cal complexity. For near-term clinical testing, a
locked gqPCR panel may be more practical,
provided that assay calibration, quality control,
and interlaboratory reproducibility are demon-
strated [42-44, 47, 48].

Population heterogeneity and confounding

Population heterogeneity is a major reason that
microbial classifiers fail to travel. Diet, geo-
graphy, ethnicity, antibiotics, probiotics, proton
pump inhibitors, metformin, bowel habits, stool
consistency, comorbidity, and recent colonos-
copy preparation can all influence gut micro-
biota. A signature trained in one region or se-
quencing workflow may therefore perform poor-
ly elsewhere unless metadata, preprocessing,
and validation are handled transparently.

External validation should mirror the intended
screening pathway. Testing a model in another
case-control dataset is less informative than
evaluating it among asymptomatic people who
are already undergoing FIT, stool DNA testing,
or colonoscopy-based screening.

Case-control studies remain useful for discov-
ery, but they are a weak basis for implementa-
tion. Known CRC cases may have larger tumors,
symptoms, altered diet, bleeding, inflamma-
tion, or treatment-related exposures. These dif-
ferences can inflate apparent diagnostic per-
formance. Screening utility should be tested
before colonoscopy or within established non-
invasive pathways, where the clinical decision
is still unresolved.

Inter-cohort reproducibility and model trans-
portability

Reproducibility is a central barrier because a
stool signature can encode geography, diet,
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medication exposure, sequencing chemistry,
DNA extraction, or case definition as readily as
lesion biology. A classifier that performs well in
one discovery cohort may lose both discrimina-
tion and calibration when the specimen work-
flow or population changes. This matters espe-
cially in screening, where advanced-neoplasia
prevalence is lower than in most case-control
datasets and even a small decrease in specific-
ity can generate a large number of additional
colonoscopies.

Piccinno et al. provide the largest recent test
of cross-cohort reproducibility [54]. Their pool-
ed dataset comprised 3,741 stool metage-
nomes from 18 cohorts, including 1,471 CRC
samples, 702 adenoma samples, and 1,568
controls. The CRC-versus-control classifier ac-
hieved a mean leave-one-dataset-out (LODO)
area under the curve of 0.85 (range, 0.71-
0.97), and the analysis identified reproducible
species-, pathway-, and strain-level features.
The result is important for CRC biology and
transportability. It is not, however, an advanc-
ed-adenoma accuracy estimate: adenomas
were analyzed as a pooled category, advanced
and non-advanced adenomas were not sepa-
rated, and no advanced-adenoma-specific sen-
sitivity, specificity, PPV, NPV, or area under the
curve was reported. At the global community
level, the adenoma group did not differ signifi-
cantly from controls. Table 2 now makes this
limitation explicit.

Internal k-fold or leave-one-out validation with-
in a single dataset remains useful for model
development but does not demonstrate clini-
cal transportability. Stronger evidence requires
a fixed assay, feature set, coefficients, prepro-
cessing pipeline, and clinical cut-off before an
independent cohort is opened. Leave-one-
cohort-out analysis can identify fragile sites
during development, but the decisive evalua-
tion is prospective application in participants
who resemble the intended screening popula-
tion. Transportability should be judged by pre-
served calibration and net benefit as well as by
a similar area under the curve.

Machine-learning overfitting and validation

High-dimensional microbiome data can pro-
duce apparently strong internal performance
when the number of candidate features is large
relative to the number of advanced-adenoma
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events. The most common errors are selecting
taxa before cross-validation, estimating nor-
malization parameters from the full dataset,
optimizing hyperparameters and the clinical
cut-off on the test data, and allowing samples
from the same participant or batch to appear
in both training and validation sets. Each error
makes the validation set less independent than
its label implies.

The unit of model development should be the
participant, and every outcome-informed step
should be nested inside the training data.
Sample-size planning should be based on the
number of advanced adenomas and early can-
cers rather than the total cohort size. Perfor-
mance should be accompanied by uncertainty
intervals, calibration plots, calibration intercept
and slope, and a description of missing-data
and invalid-assay handling. If a model is updat-
ed after external testing, that cohort becomes
part of development and a new untouched eval-
uation cohort is required.

A locked model does not mean that laboratory
quality control is frozen indefinitely. Reagent
lots, extraction platforms, reference databas-
es, and taxonomic pipelines can change. Any
permitted analytical update should be gov-
erned by a prespecified bridging study, accep-
tance criteria, and version control. TRIPOD and
STARD provide a reporting foundation [49, 50],
but microbiome studies also need the speci-
men and analytical detail required by STORMS
[46).

Setting clinical thresholds with decision-curve
analysis

A locked model and a prespecified threshold
solve different problems. Locking fixes the as-
say, preprocessing, features, coefficients, and
output calculation. The threshold converts that
output into an action such as colonoscopy,
repeat stool testing, or routine follow-up. It
should not be selected simply because it ma-
ximizes the Youden index or gives the most
favorable sensitivity in the evaluation cohort.
Those choices implicitly give false-positive and
false-negative classifications equal weight and
ignore colonoscopy capacity, lesion prevalen-
ce, and the intended position of the test in the
pathway.

Threshold setting should begin with the clini-
cal use case. For a microbiota score applied
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after a negative FIT in a participant with elevat-
ed baseline risk, missing an advanced adeno-
ma may justify a relatively low action threshold,
but the acceptable threshold cannot be so low
that false-positive referrals overwhelm endos-
copy services. In FIT-positive participants, the
microbiota score should not be used to deny a
guideline-indicated colonoscopy without direct
safety evidence; a threshold may instead prio-
ritize referral timing. A model used after a dis-
cordant stool DNA result requires yet another
balance because the pretest probability and
existing false-positive burden differ.

The threshold probability, denoted p_t, is the
predicted probability at which the expected
benefit of colonoscopy is judged to equal its
expected harm or burden. Decision-curve anal-
ysis translates that preference into net bene-
fit: net benefit = (true positives/N) - (false
positives/N) x p_t/(1-p_t) [55]. Plotting net
benefit across a clinically credible range of p_t
compares the microbiota-assisted strategy
with FIT or stool DNA testing alone and with
refer-all and refer-none policies. The useful
range should be specified before analysis
through input from clinicians, patients, screen-
ing-program managers, and local capacity plan-
ning; presenting a wide post hoc range can
make almost any model appear useful some-
where.

Advanced adenoma and CRC should not be
combined uncritically in this analysis. A pro-
gram may assign different consequences to
missing an advanced adenoma, an early can-
cer, and a late cancer, and those weights sh-
ould be explicit if a composite endpoint is used.
An alternative is to present separate decision
curves and consequences per 1,000 screen-
ed for advanced adenoma, early CRC, and all
advanced neoplasia. The report should also
show the cut-off, sensitivity, specificity, PPV,
NPV, referral proportion, and additional colo-
noscopies per additional advanced neoplasia
detected at each proposed operating point.

The chosen cut-off must be fixed in the devel-
opment protocol and applied without retun-
ing in external validation. If prevalence differs
across sites, a prespecified intercept recalibra-
tion may be reasonable, but changing the fea-
ture set, coefficients, or cut-off after outcomes
are known is model redevelopment, not valida-
tion. A two-threshold policy can be considered
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when the clinical pathway genuinely has three
actions - for example, routine interval, repeat
testing, and immediate colonoscopy - but both
cut-offs and the intermediate action must be
defined in advance. This approach makes the
term “prespecified threshold” operational and
ties it to the clinical risk of advanced adeno-
ma rather than to a favorable retrospective
statistic.

Repeated-round performance and temporal
stability

Screening is repeated, whereas most microbi-
ome classifiers are evaluated from one stool
sample per participant. Within-person micro-
bial profiles can change with antibiotics, acu-
te gastrointestinal illness, bowel preparation,
major dietary change, travel, medication, and
stool consistency. A marker that separates
cases from controls at one time point may
therefore have limited repeatability near the
clinical cut-off. Analytical reproducibility from
the same aliquot and biological stability ac-
ross independently collected samples should
be reported separately.

Repeated-round evaluation should quantify the
proportion of participants who change risk cat-
egory without an intervening lesion diagnosis,
the within-person variability of the score, inval-
id-test rates, and the effect of a defined repeat-
sampling rule. Protocols should state whether
testing is deferred after antibiotics or acute ill-
ness, how long the deferral lasts, and whether
an indeterminate result triggers recollection or
colonoscopy. Without such rules, apparent sen-
sitivity gains may be accompanied by repeated
false-positive referrals in the same individuals.

Program-level performance also differs from
single-round accuracy. Investigators should
estimate cumulative detection, false-positive
colonoscopies, adherence, and interval can-
cers or advanced neoplasia across more than
one screening round. A model that adds a
small number of false positives each year may
create a substantial cumulative burden even
if its single-round specificity appears accept-
able. Conversely, a stable adjunct that detects
lesions missed by intermittent bleeding may
contribute value over repeated FIT rounds that
is not visible in a one-time comparison.

Temporal monitoring is also required after de-
ployment. Positive and negative controls, lot-
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bridging samples, score-distribution surveil-
lance, and predefined drift alarms can distin-
guish a population shift from an analytical
failure. Any software, database, or wet-labora-
tory change that alters the score distribution
should trigger a documented bridging assess-
ment before the original clinical threshold is
reused.

Cost-effectiveness and implementation barri-
ers

Implementation costs extend beyond the price
of sequencing or a quantitative polymerase
chain reaction (gPCR) reaction. They include
the collection device, ambient-temperature sta-
bility, accessioning, DNA extraction, controls,
failed-sample repeats, bioinformatics, result
reporting, staff time, and the colonoscopies
generated by false-positive results. Turnaround
time must also fit the screening workflow; an
accurate result returned after the referral deci-
sion has already been made has no incremen-
tal utility.

Platform choice should follow the intended
product. Shotgun metagenomics is valuable for
discovery and strain-level analysis but may be
difficult to standardize and reimburse at popu-
lation scale. A targeted gqPCR or other fixed
molecular panel is more plausible for routine
use if it preserves the relevant signal and
passes interlaboratory reproducibility, limit-of-
detection, interference, and stability studies.
A broad sequencing assay should not be
retained merely because it performed best
during development if a smaller locked panel
offers similar net benefit with lower cost and
faster reporting.

Economic evaluation should compare com-
plete strategies rather than test prices in isola-
tion. The comparator may be annual FIT, stool
DNA testing at its recommended interval, colo-
noscopy, or a risk-adapted pathway. The model
should include adherence, repeat rounds, sur-
veillance after polypectomy, stage shift, compli-
cations, treatment costs, quality-adjusted sur-
vival, and colonoscopy capacity. The principal
uncertainty is likely to be advanced-adenoma
performance because small changes in sensi-
tivity and specificity can alter both future can-
cer incidence and immediate referral volume.

Before adoption, a screening program should
be able to state who is tested, when the sample
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Table 5. Methodological and translational barriers in microbiota-based CRC screening

Barrier Examples Impact on biomarker develop- Suggested solutions Relevant
ment references
Preanalytical variation Collection kit, preservative, transport Can shift microbial profiles Standardized collection, storage metadata, [42-46]

time, freezing, bowel preparation.

16S rRNA, gPCR, shotgun metage-
nomics, metabolomics.

Analytical platform
differences

Population heterogeneity Diet, geography, ethnicity, medica-
tions, antibiotics, probiotics.
Adenoma mixed with advanced
adenoma or CRC.

Endpoint heterogeneity

Machine-learning
overfitting

Implementation and cost

High-dimensional features, small
cohorts, data leakage.

Unclear added clinical value beyond
FIT/stool DNA, cost of sequencing.

Case-control enrichment, post hoc
cut-offs, and referral thresholds
disconnected from colonoscopy
capacity.

Within-person variation, antibiot-
ics, acute illness, reagent lots, and
pipeline drift.

Prevalence and threshold
mismatch

Temporal and batch
instability

and reduce reproducibility.
Different taxonomic/func-

tional resolution and batch
effects.

Limits transferability of signa-
tures across cohorts.

Obscures prevention-relevant
performance.

Inflates apparent diagnostic
performance.

Limits clinical adoption de-
spite promising biology.
Inflates apparent PPV and

may create excessive false-
positive referrals.

A locked score may change
between rounds for reasons
unrelated to a lesion.

harmonized DNA extraction.

Use locked assays, reference materials, and
cross-platform validation.

[42-44, 47, 48]

Multicenter cohorts with detailed metadata
and subgroup reporting.

Report non-advanced adenoma, advanced
adenoma, early CRC, and advanced CRC
separately.

Prespecified models, external validation,
calibration, transparent reporting.

Incremental utility studies and cost-effective-
ness analyses.

Report target prevalence, PPV, NPV, and con-
sequences per 1,000; prespecify the action
threshold and evaluate decision-curve net
benefit.

[42-44, 46, 51]

[14, 16, 18, 27]

[48-50]

[6, 52, 53]

[49, 50, 55]

Use repeated-sample studies, bridging con-
trols, invalid-test rules, and prospective drift
monitoring.

[42-48]

Note: CRC, colorectal cancer; DNA, deoxyribonucleic acid; FIT, fecal immunochemical test; NPV, negative predictive value; PPV, positive predictive value; qPCR, quantitative polymerase
chain reaction; rRNA, ribosomal ribonucleic acid; STORMS, Strengthening The Organization and Reporting of Microbiome Studies.
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is collected, which result changes manage-
ment, how an invalid result is handled, and
what additional endoscopy demand is expect-
ed. Major methodological and implementation
barriers are summarized in Table 5, and Table
6 compares the resulting strategies with cur-
rent stool-based options.

A concise comparison of FIT, stool DNA test-
ing, and microbiota-assisted strategies is pro-
vided in Table 6, with representative quantita-
tive data from FIT-adjunctive microbiota stud-
ies where advanced adenoma-specific results
were available.

Regulatory readiness, equity, and governance

Regulatory and laboratory readiness begin
with an explicit intended-use statement. A test
developed for average-risk adults completing
routine stool screening cannot be assumed to
apply to symptomatic patients, hereditary can-
cer syndromes, inflammatory bowel disease,
post-polypectomy surveillance, or triage after
an abnormal FIT. The specimen type, collec-
tion device, transport window, extraction me-
thod, analytical platform, software version,
reportable range, invalid-result rule, and clini-
cal action must form one fixed system. Chang-
ing any of these elements after validation may
alter the score distribution and should trigger
a proportionate bridging or revalidation study
rather than an undocumented software update.

Analytical validation should be separated
from clinical validation. Precision within and
between runs, operator and laboratory effects,
lot variation, carryover, contamination, inter-
fering substances, limit of detection, report-
able range, sample stability, and failure rates
should be established with appropriate con-
trols [42-47]. A sequencing workflow also re-
quires rules for read depth, host-read removal,
taxonomic or functional database versions,
batch correction, and features below the quan-
tification limit. A targeted panel requires com-
parable documentation for primer or probe
specificity and amplification efficiency. These
studies do not demonstrate clinical benefit,
but without them an apparent change in clini-
cal risk may reflect an unstable measurement
process.

Equity is a performance requirement rather
than a post-implementation aspiration. Diet,
geography, medication use, health conditions,
access to sample collection, and the back-
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ground distribution of microbial features can
differ across populations. A single threshold
can therefore produce different referral rates
or calibration errors even when the rank-order
AUC is similar. Recruitment should represent
the intended screening population, and report-
ing should compare calibration, sensitivity,
specificity, PPV, invalid-test frequency, and fol-
low-up completion across prespecified groups
where sample size and ethical governance
allow. If subgroup estimates are imprecise, that
limitation should be stated and addressed
through planned post-market evidence rather
than interpreted as proof of equal perfor-
mance.

The software component also needs lifecycle
governance. The locked model should have a
traceable version, documented feature de-
finitions, deterministic preprocessing, quality
checks, and an audit trail linking each reported
score to the assay and database versions used.
Score-distribution drift, assay failure, referral
volume, and advanced-neoplasia yield should
be monitored after deployment. Recalibration
may be appropriate when baseline risk chang-
es, but changing coefficients, features, or thre-
sholds creates a modified test and requires
new evidence. Access control, privacy protec-
tion, retention rules, and procedures for cor-
recting an erroneous report are part of the
clinical product even though they are rarely vis-
ible in a retrospective accuracy paper.

Clinical scenarios for implementation

FIT-negative but clinically higher-risk individu-
als

A microbiota adjunct could be most useful
among people with a negative FIT but higher
baseline risk because of age, family history,
prior neoplasia, metabolic risk, or other clinical
factors. As shown in Figure 2, the score would
need a locked threshold and calibrated risk
output before it could justify colonoscopy
despite a negative hemoglobin-based test. The
main danger is false-positive expansion: if
specificity is poor, the assay would consume
colonoscopy capacity without preventing many
additional cancers.

Borderline or discordant stool-test results
Borderline FIT concentrations, repeated weak

positives, or discordance between FIT, stool
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Table 6. Comparison of current stool-based screening strategies and microbiota-assisted approaches

Strategy

Advanced adenoma/advanced precursor detec-
tion

Specificity/false-positive burden

Colonoscopy referral implica-
tion

Implementation consider-
ations

FIT

Multitarget stool
DNA testing

Next-generation
stool DNA testing

Microbiota + FIT

Microbiota +
stool DNA or
multi-omics

Generally limited single-round sensitivity for advanced
adenoma; better suited to detecting bleeding cancers
than non-bleeding precursor lesions.

Improves detection of CRC and some advanced pre-
cancerous lesions compared with FIT, but advanced
adenoma detection remains imperfect.

Recent studies suggest improved detection of ad-
vanced neoplasia compared with earlier stool DNA
approaches, but implementation impact depends on
specificity and referral burden.

Potential incremental sensitivity for advanced
adenoma or ACN when microbial markers capture
non-bleeding biology. Wong et al. 2017: FIT sensitivity
15.5%, AUC 0.55 (95% Cl 0.48-0.63); FIT + fecal F. nu-
cleatum sensitivity 38.6%, specificity 89.0%, AUC 0.63
(95% Cl 0.56-0.70). Zhang et al. 2021: FIT adjusted
AUC 0.527; FIT + 13 microbial markers adjusted AUC
0.641; FIT + markers + APCS adjusted AUC 0.706.
Conceptually attractive because host DNA, hemoglo-
bin, microbial ecology, virulence genes, and metabo-
lites may capture complementary biology.

Generally high specificity compared
with multitarget stool DNA testing.

Lower specificity than FIT in major
screening studies.

Specificity remains central because
even modest reductions can
increase colonoscopy demand at
population scale.

Must preserve acceptable specific-
ity to avoid excessive false-positive
colonoscopy referrals. Zhang et

al. 2021 reported FIT specificity
98.4%; at 90% specificity, the com-
bined FIT + marker model reached
28.4% adjusted sensitivity.

Incremental specificity and net
benefit over stool DNA alone remain
uncertain.

Lower referral burden, but
repeated testing is needed to
maintain program-level effective-
ness.

More positive results and poten-
tially more colonoscopy referrals
than FIT.

Requires evaluation of colonos-
copies generated per additional
advanced neoplasia detected.

Most useful if additional ad-
vanced neoplasia detected off-
sets added colonoscopy burden;
quantitative reporting should
include colonoscopies gener-
ated per additional advanced
neoplasia detected.

Should be adopted only if
decision-curve analysis and
cost-effectiveness support clini-
cal utility.

Low cost, scalable, widely imple-
mented; performance depends
on threshold, adherence, and
repeated rounds.

Higher cost; useful where stool
DNA testing is available, but
incremental benefit must be
balanced against specificity and
resource use.

Requires head-to-head compari-
son with FIT, established stool
DNA testing, and cost-effective-
ness analysis.

Requires locked microbial as-
says, FIT-stratified reporting,
external validation, calibrated
thresholds, and prospective
screening evaluation.

Not ready for routine screening;
requires standardized preana-
lytics, external validation, and
implementation-impact analysis.

Note: ACN, advanced colorectal neoplasia; APCS, Asia-Pacific Colorectal Screening score; AUC, area under the receiver operating characteristic curve; CRC, colorectal cancer; DNA, deoxyribonucleic acid; FIT,
fecal immunochemical test; NPV, negative predictive value; PPV, positive predictive value.

8246

Am J Transl Res 2026;18(9):8227-8253



Microbiota-assisted neoplasia screening

DNA testing, and clinical risk create uncer-
tainty that is common in real screening pro-
grams. A microbial score could act as a tie-
breaker only if thresholds are prespecified and
the effect on referral decisions is measured.
In this scenario, calibration matters more than
discovery-model AUC because clinicians need
to know how the result changes post-test prob-
ability and downstream colonoscopy use.

Post-polypectomy surveillance or risk refine-
ment

Microbial profiles could eventually help refine
surveillance intervals after polypectomy or
identify people whose risk remains elevated
despite removal of visible lesions. This use
case is biologically plausible because mucosal
ecology, residual field effects, and recurrent
adenoma risk may be linked. It is also risky:
surveillance populations differ from average-
risk screening cohorts, bowel preparation can
perturb microbiota, and overuse could inten-
sify colonoscopy demand without proven out-
come benefit.

Design of a prospective implementation study

The most informative next study is a prospec-
tive, paired evaluation nested within an estab-
lished screening program. Consecutive asymp-
tomatic participants should provide stool be-
fore bowel preparation, undergo the same FIT
and microbiota workflow, and receive colonos-
copy as the reference standard irrespective of
the investigational result. This design avoids
verification bias and permits a within-person
comparison of FIT alone with FIT plus the mi-
crobial score. Symptomatic referrals and sur-
veillance patients may be studied, but they
should be enrolled and reported as separate
cohorts rather than mixed with average-risk
participants.

The primary endpoint should be advanced
adenoma, defined before recruitment by size,
villous features, and high-grade dysplasia. Ad-
vanced serrated lesions should be prespecified
and reported separately because their biology,
location, bleeding pattern, and fecal signal may
differ. Early CRC, all CRC, non-advanced ade-
noma, lesion location, multiplicity, and interval
outcomes are important secondary endpoints.
Central or quality-controlled pathology review
would reduce endpoint misclassification.
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Development and evaluation data must be
separated. If feature discovery is still required,
it should occur in an earlier cohort, and the final
assay, coefficients, normalization, missing-val-
ue rules, and clinical threshold should be fro-
zen before the prospective samples are ana-
lyzed. Laboratory personnel should be blinded
to colonoscopy and pathology, and endosco-
pists should be blinded to the investigational
score unless the study is explicitly designed to
measure score-guided management. A public
protocol and analysis plan should identify the
primary comparison and permissible recalibra-
tion.

Sample size should be driven by the expected
number of advanced-adenoma events and the
desired precision of sensitivity, PPV, and the
incremental detection difference, not simply by
total enrollment. Because the proposed strate-
gy is paired, estimates of additional true-posi-
tive and false-positive referrals should retain
that pairing. Confidence intervals are needed
for stage-specific sensitivity, specificity, PPV,
NPV, calibration, and the difference in referral
proportions. Prespecified subgroup analyses
should address age, sex, race or ethnicity
where legally and ethically appropriate, geogra-
phy, medication exposure, tumor location, and
FIT stratum, while recognizing that most sub-
group analyses will be underpowered unless
planned deliberately.

The implementation analysis should present
consequences per 1,000 participants at the
locked cut-off and across the prespecified
threshold-probability range. At minimum, these
consequences are additional advanced ade-
nomas and CRCs detected, missed lesions,
false-positive colonoscopies, total colonosco-
pies, invalid assays, and additional colonosco-
pies per additional advanced neoplasia de-
tected. Decision curves should compare FIT
alone, the adjunctive strategy, refer-all, and
refer-none policies [55]. A budget-impact an-
alysis can then translate referral proportions
into local endoscopy demand.

Finally, the study should capture the operation-
al outcomes that determine whether a techni-
cally valid assay can function in practice: kit
return, time to laboratory receipt, sample sta-
bility, assay failure, turnaround time, uptake of
recommended colonoscopy, adverse events,
and participant acceptability. Reporting a favor-

Am J Transl Res 2026;18(9):8227-8253



Microbiota-assisted neoplasia screening

Table 7. Minimum evidence standards for microbiota-assisted colorectal neoplasia screening

. Enroll asymptomatic screening participants before colonoscopy.

. Collect stool before bowel preparation whenever possible.

1
2
3. Report non-advanced adenoma, advanced adenoma, early CRC, and advanced CRC separately.
4. Compare microbial models against FIT and/or stool DNA testing.
5
6

. Report FIT-stratified performance.
. Use locked models and external validation.

7. Provide calibration, thresholds, and decision-curve analysis.

8. Estimate additional colonoscopies required per additional advanced neoplasia detected compared with FIT or

stool DNA testing alone.
9. Include cost-effectiveness assessment.

10. Report preanalytical and analytical metadata according to STORMS.

11. Report target prevalence, PPV, NPV, and outcomes per 1,000 participants with confidence intervals.

12. Prespecify the clinical action threshold and evaluate net benefit across a clinically credible threshold range.
13. Evaluate repeat-round stability, invalid-test rates, and analytical drift.

Note: CRC, colorectal cancer; DNA, deoxyribonucleic acid; FIT, fecal immunochemical test; NPV, negative predictive value; PPV,
positive predictive value; STORMS, Strengthening The Organization and Reporting of Microbiome Studies.

able area under the curve without these data
would repeat the current evidence gap. Re-
porting the complete pathway would show
whether the microbial signal improves pre-
vention rather than only classification.

Clinical reporting and follow-up safeguards

A clinical report should communicate the deci-
sion, not the development statistic. The recipi-
ent needs to know whether the result is valid,
which screening pathway and time point it
applies to, the estimated or categorized risk
under the validated model, and the recom-
mended next action. AUC, feature importance,
or a list of detected organisms is not an ade-
quate patient-level interpretation. If an abso-
lute risk is reported, the reference population
and time horizon should be clear, and the re-
port should avoid implying that the detected
organisms caused a lesion in that individual.

Invalid and discordant results require prespeci-
fied handling. The protocol should distinguish
an inadequate specimen from analytical fail-
ure, define whether and when recollection is
allowed, and prevent repeated testing from
becoming an unmeasured source of selection.
When FIT and the microbial score disagree,
the action should follow the validated decision
rule rather than an ad hoc judgment based on
whichever result appears more concerning.
Programs should measure whether partici-
pants actually complete the recommended
colonoscopy because an accurate triage rule
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cannot improve outcomes if referral is delayed
or declined.

A positive microbial result followed by a high-
quality negative colonoscopy is particularly
sensitive. Current evidence does not justify
repeated colonoscopy, broad antimicrobial
treatment, or microbiome-directed therapy so-
lely because the score remains high. Unless a
prospective protocol has validated another
action, subsequent care should return to the
applicable screening or surveillance guideline.
This safeguard limits cascades from false-
positive results and keeps the investigational
biomarker within the decision for which its
benefit and harms were evaluated.

Minimum evidence standards for future stud-
ies

The next generation of studies should be
designed around decisions made in screening
programs. The field does not need another
internally validated CRC-versus-control classifi-
er; it needs a locked adjunctive model applied
before colonoscopy in a clearly defined screen-
ing population. Table 7 summarizes the mini-
mum evidence needed for clinicians, payers,
and guideline panels to interpret the result.

These standards are deliberately stricter than
ordinary biomarker discovery. Advanced ade-
noma must be reported separately, the com-
parator must reflect current practice, and the
output must be an absolute risk or decision
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rule whose calibration can be checked. PPV
and NPV should be calculated at the observed
prevalence and, where relevant, standardized
to the prevalence of the intended deployment
population. Threshold selection and decision-
curve analysis should be completed without
access to the external validation outcomes.

A study can satisfy these reporting require-
ments and still yield a negative result. Such
results are valuable: they define the limits of
transportability, prevent an unhelpful assay
from consuming colonoscopy capacity, and
show whether the failure lies in the biological
signal, the laboratory platform, or the clinical
decision rule. Full reporting of negative and
indeterminate findings is therefore part of the
evidence standard, not an optional supple-
ment.

Minimum analytical evidence should accompa-
ny the clinical estimates. Investigators should
disclose the collection kit, stabilization condi-
tions, transport time, extraction protocol, con-
trols, sequencing or amplification method, bio-
informatic workflow, database versions, nor-
malization, missing-data rules, batch structure,
quality thresholds, and failed-sample denomi-
nator. Replicate precision and interlaboratory
reproducibility are especially important when
the intended test is transferred from a discov-
ery laboratory to a clinical laboratory. The final
validation report should use the same speci-
men-handling and computational pipeline that
would be used in practice.

Minimum transparency also includes a dated
protocol, a prespecified statistical analysis
plan, a complete model specification or an
auditable executable implementation, and re-
porting consistent with STORMS, TRIPOD, and
STARD [46, 49, 50]. Participant flow should
identify exclusions, missing reference stan-
dards, invalid investigational tests, and incom-
plete colonoscopy. Performance should not be
calculated only after excluding failed assays,
because the failure rate is part of real-world
effectiveness. When proprietary restrictions
prevent public release of coefficients, an inde-
pendent evaluator should still receive a genu-
inely locked implementation before outcomes
are unblinded.

Evidence for adoption should progress in stag-
es: analytical validity, prospective clinical valid-
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ity, comparative clinical utility, implementation
feasibility, and economic value. Success at
one stage should not substitute for the next. A
reproducible microbial association is not yet an
assay; an accurate assay is not yet a useful
decision rule; and a useful decision rule is not
yet a sustainable screening program. This
staged standard allows promising signals to
advance while preventing premature claims
based on retrospective case-control discri-
mination.

Conclusion

Fecal microbial differences in established CRC
are reproducible across populations, but that
achievement does not yet solve the prevention
problem. Advanced adenoma produces a weak-
er and less consistently reported signal, and
the largest pooled 2025 analysis did not pro-
vide advanced-adenoma-specific accuracy. The
most directly relevant evidence comes from
screening-based studies that combine micro-
bial markers with FIT, where modest gains have
been observed but external, locked validation
remains limited.

Translation now depends on a change in em-
phasis: from retrospective discrimination to a
prevalence-aware decision. A clinically credible
study must report advanced adenoma se-
parately, preserve PPV and specificity at the
intended prevalence, calibrate absolute risk, fix
its threshold before evaluation, and demon-
strate net benefit relative to FIT or stool DNA
testing. It must also quantify the added colo-
noscopy burden, repeat-round stability, opera-
tional failure, and cost. Until those conditions
are met, microbiota-derived markers should be
regarded as candidate adjuncts within estab-
lished stool-based pathways, not as replace-
ment screening test.
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Supplementary Table 1. Advanced adenoma-related microbiome evidence

Coun- Sam- . ) Advanced Advanced . Refer-
Popula- Microbiota adenoma Comparator Marker/ Valida- o
Study Year try/ . ple adenoma Reported performance . Main limitation ence
: tion method . sample group model tion type
region type definition ) number
size
Zacku- 2014 USA Colonosco- Stool  16S rRNA Not clearly Not clearly Controls and Microbial com-  Not clearly reported for Internal Advanced adenoma- [14]
lar et py-based sequencing reported reported colorectal le- munity model advanced adenoma specific estimates not
al. groups sion groups clearly separated
Baxter 2016 USA Colonos- Stool  16S rRNA Not clearly Not clearly Participants Microbiota + FIT Improved FIT-based detec- Internal External valida- [27]
etal. copy par- plus FIT reported reported with and model tion reported; Advanced tion and advanced
ticipants without colonic adenoma-specific perfor- adenoma-specific
lesions mance was not separately reporting limited
reported
Yachida 2019 Japan Stage- Stool Metagenom- Not clearly Not clearly ~Controls, Microbial and Stage-specific changes Internal Screening implemen-  [28]
etal. stratified ics and reported reported. adenoma, CRC metabolic reported; advanced tation and advanced
colorectal metabolo- stage groups phenotypes adenoma-specific diagnos- adenoma-specific di-
neoplasia mics tic performance not clearly agnostic performance
reported remain insufficiently
established
Fenget 2015 China/ Adenoma- Stool Metagenom- Not clearly Not clearly  Controls, ad- Stage-associat-  Microbial shifts along ade-  Cross- Advanced adenoma- [16]
al. Europe CRC ics reported reported enoma, CRC ed microbiome  noma-carcinoma progres-  cohort specific endpoints
sequence profile sion reported; advanced should be interpreted
adenoma performance not separately when
clearly separated reported
Lianget 2017 China/ Colorectal Stool Fecal bacte- Not clearly Not clearly Controls and Fecal bacteria Not clearly reported for Not Advanced adenoma- [29]
al. Hong cancer rial marker  reported reported colorectal neo- biomarker panel advanced adenoma clearly specific sample size
Kong and assay plasia groups reported  and performance
adenoma were not separately
evaluation reported
Wonget 2017 China/ Advanced Stool gPCR plus Advanced Not clearly  Screening/ Fecal F. nuclea- Improved FIT-based detec- Validation Advanced adenoma- [18]
al. Hong colorectal FIT colorectal neo- reported colonoscopy tum + FIT tion of advanced colorectal cohort only interpretation re-
Kong neoplasia plasia; advanced comparator neoplasia reported; Spe- mains limited because
adenoma compo- groups cific numeric performance the reported endpoint
nent not clearly for isolated advanced ad- was advanced colorec-
reported enoma was not separately tal neoplasia
reported
Lianget 2020 China/ Colorectal Stool Fecal Not clearly Not clearly  Controls, ad- Lachnoclostridi- Adenoma and CRC signal Not Advanced adenoma- [30]
al. Hong adenoma marker reported reported enoma, CRC um marker reported; advanced adeno- clearly specific subgroup
Kong and assay ma-specific performance reported  performance was not
cancer not clearly reported separately reported
Konishi 2022 Japan  Screening- Stool Machine- Not clearly Not clearly Screening co- ML-based gut CRC screening method Study- Generalizability and [31]
etal. oriented learning reported reported hort compara-  microbiota evaluated; advanced ade-  specific prevention-endpoint
cohort microbiota tor groups model noma-specific performance performance require
analysis not clearly reported further testing




Supplementary Table 2. Representative studies of microbiome-derived biomarkers for colorectal neoplasia
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Author, Study popu- Sample Detection Target Biomarker, P Valida- o Reference
Country . y pop P g / Main findings ) Key limitation
year lation type method stage model tion number
Zackular et USA Colonoscopy-  Stool 16S rRNA CRC/ad- Microbial commu-  Fecal microbiome Internal Limited advanced [14]
al., 2014 based groups enoma nity model features were associated adenoma-specific
with colorectal lesions reporting
Zeller et France/ CRC and Stool Metagenomics  Early CRC/ Metagenomic spe- Fecal microbial signa- Cross-  Screening-population [15]
al.,, 2014 Germany controls CRC cies signature tures showed potential cohort validation limited
for early-stage CRC
detection
Feng et al., China/ Adenoma-CRC  Stool Metagenomics Adenoma/ Stage-associated  Microbial shifts were de- Cross- Advanced adenoma [16]
2015 Europe sequence CRC microbiome profile scribed along adenoma-  cohort endpoints require
carcinoma progression separation
Baxter et USA Colonoscopy Stool 16S rRNA plus  Colonic Microbiota + FIT Microbiota improved FIT  Internal External validation [27]
al., 2016 participants FIT lesions model sensitivity in the study and advanced ad-
setting enoma data limited
Yu et al., China CRC and Stool Metagenomics  CRC Fecal metagenom- Species-level markers Valida- CRC-focused rather [25]
2017 controls ic marker panel supported non-invasive tion than prevention-end-
CRC detection cohort  point focused
Wong et China Advanced Stool gPCR plus FIT Advanced F. nucleatum + FIT Quantitative F. nuclea- Valida- Needs broader screen- [18]
al., 2017 colorectal neoplasia tum improved FIT-based  tion ing validation
neoplasia detection in the reported cohort
cohort
Thomas et  Multinational Public metage- Stool Shotgun CRC Cross-cohort Reproducible CRC-asso-  Cross- Advanced adenoma [23]
al., 2019 nomic cohorts metagenomics metagenomic ciated microbial features cohort performance not
signature were identified primary endpoint
Wirbel et Multinational Metagenomic  Stool Shotgun CRC Global microbial CRC-specific fecal Cross-  Case-control bias [24]
al.,, 2019 cohorts metagenomics signature metagenomic signatures cohort remains relevant
were observed
Yachida et Japan Stage-stratified Stool Metagenomics/ Adenoma  Microbial and Stage-specific micro- Internal Screening imple- [28]
al., 2019 colorectal metabolomics to CRC metabolic pheno-  bial and metabolomic mentation requires
neoplasia types changes were reported external validation
Konishi et  Japan Screening-ori-  Stool Machine-learn- CRC ML-based gut mi- A gut microbiota-based Study-  Generalizability re- [31]
al., 2022 ented cohort ing microbiota  screening  crobiota model screening method was specific quires further testing

analysis

developed and evaluated
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Supplementary Table 3. Representative PubMed search strategy
Database Search strategy example
PubMed

(“colorectal cancer” OR “colorectal neoplasia” OR “colorectal adenoma” OR “advanced adenoma” OR “advanced colorectal neoplasia” OR “adeno-
ma-carcinoma sequence”) AND (“gut microbiota” OR “gut microbiome” OR “fecal microbiome” OR “faecal microbiome” OR “mucosa-associated mi-
crobiota” OR “microbial biomarker” OR “microbiota biomarker” OR “metagenomics” OR “metabolomics” OR “16S rRNA sequencing”) AND (“screen-
ing” OR “early detection” OR “fecal immunochemical test” OR “faecal immunochemical test” OR “FIT” OR “stool DNA” OR “multitarget stool DNA”)
Note: The search was adapted for Embase, Web of Science, Scopus, and the Cochrane Library using database-specific syntax.




