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Background: Colorectal cancer (CRC) remains a leading cause of cancer-related 
morbidity and mortality worldwide. Although fecal immunochemical tests (FIT) 
and colonoscopy detect precancerous lesions and early-stage CRC, current 
screening strategies remain largely age-based and episodic, limiting their ability 
to capture longitudinal changes in individual risk. Advances in electronic health 
records (EHRs), longitudinal healthcare databases, and artificial intelligence (AI) 
provide opportunities for more adaptive CRC risk monitoring. Objectives: This 
review evaluates limitations of conventional CRC screening and the potential role 
of longitudinal healthcare data integration and AI-assisted risk stratification in 
adaptive CRC surveillance. Methods: A structured narrative review was 
conducted using PubMed, Scopus, and ScienceDirect for publications from 2016 
to 2026 related to CRC screening, longitudinal surveillance, healthcare 
informatics, and AI. Thirty-eight eligible publications were retained for narrative 
synthesis. Evidence on CRC screening performance, predictive modeling, and 
AI-assisted surveillance was synthesized to develop a conceptual framework. 
Discussion: CRC susceptibility evolves under biological, metabolic, genetic, 
environmental, and screening-related influences. The reviewed evidence showed 
persistent residual risk after negative screening, heterogeneity in post-screening 
risk trajectories, and the potential value of integrating FIT results, previous 
endoscopic findings, clinical variables, and routinely collected healthcare data for 
adaptive risk monitoring. However, predictive models remain limited by 
incomplete prospective validation, calibration uncertainty, algorithmic bias, data 
interoperability constraints, and insufficient evidence of real-world clinical utility. 
Based on the synthesized evidence, DDHSS is proposed as a conceptual 
framework for longitudinal CRC risk monitoring and referral support. 
Conclusion: DDHSS provides a hypothesis-generating integrative framework 
that connects longitudinal healthcare data, predictive analytics, risk stratification, 
and surveillance feedback. It should be interpreted as a proposed surveillance 
architecture rather than a validated clinical system, and its incremental value over 
established screening, diagnostic, and surveillance pathways requires prospective 
evaluation. 
Keywords: artificial intelligence, colorectal cancer, population surveillance, risk 
stratification, screening 
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ABSTRAK 
Latar Belakang: Kanker kolorektal (CRC) tetap menjadi salah satu penyebab 
utama morbiditas dan mortalitas akibat kanker di seluruh dunia. Meskipun tes 
imunokimia feses (FIT) dan kolonoskopi efektif dalam mendeteksi lesi prakanker 
serta CRC stadium awal, strategi skrining saat ini masih didominasi pendekatan 
berbasis usia dan dilakukan secara episodik. Pendekatan tersebut belum 
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sepenuhnya menangkap perubahan risiko individu dari waktu ke waktu. 
Kemajuan rekam medis elektronik (EHR), data kesehatan longitudinal, dan 
kecerdasan buatan (AI) membuka peluang pengembangan pemantauan risiko 
CRC yang lebih adaptif. Tujuan: Tinjauan ini mengevaluasi keterbatasan 
skrining CRC konvensional serta potensi integrasi data longitudinal dan 
stratifikasi risiko berbantuan AI dalam surveilans CRC adaptif. Metode: Kajian 
naratif terstruktur dilakukan melalui penelusuran PubMed, Scopus, dan 
ScienceDirect untuk publikasi tahun 2016–2026. Sebanyak 38 publikasi 
memenuhi kriteria dan disintesis secara naratif. Pembahasan: Risiko CRC 
bersifat dinamis dan dipengaruhi faktor biologis, metabolik, genetik, lingkungan, 
serta riwayat skrining. Bukti yang ditinjau menunjukkan masih adanya risiko 
residual setelah hasil skrining negatif, heterogenitas lintasan risiko pascaskrining, 
serta potensi integrasi hasil FIT, temuan endoskopi sebelumnya, variabel klinis, 
dan data kesehatan rutin untuk mendukung pemantauan risiko yang lebih adaptif. 
Namun, model prediktif yang ada masih dibatasi oleh kurangnya validasi 
prospektif, ketidakpastian kalibrasi, bias algoritma, keterbatasan interoperabilitas 
data, dan belum cukupnya bukti utilitas klinis di dunia nyata. Berdasarkan bukti 
yang disintesis, DDHSS diusulkan sebagai kerangka konseptual untuk 
pemantauan risiko CRC longitudinal dan dukungan rujukan. Kesimpulan: 
DDHSS merupakan kerangka integratif yang bersifat hipotesis-generatif dengan 
menghubungkan data kesehatan longitudinal, analitik prediktif, stratifikasi risiko, 
dan umpan balik surveilans. DDHSS perlu dipahami sebagai arsitektur surveilans 
konseptual, bukan sistem klinis tervalidasi, sehingga nilai tambahnya 
dibandingkan jalur skrining, diagnostik, dan surveilans yang telah ada masih 
memerlukan evaluasi prospektif. 
Kata kunci: kanker kolorektal, kecerdasan buatan, surveilans populasi, skrining, 
stratifikasi risiko 
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1. Introduction 
Colorectal cancer (CRC) remains a major global public health challenge and continues to contribute 
substantially to cancer-related morbidity and mortality worldwide. Current evidence indicates that the burden 
of CRC is influenced by demographic transition, lifestyle changes, obesity, metabolic disturbances, dietary 
patterns, smoking exposure, and other population-level risk factors. These determinants are also increasingly 
relevant in the context of early-onset CRC and changing CRC risk profiles across diverse populations.[1,2] 

Colorectal carcinogenesis is generally characterized by gradual progression from precursor lesions toward 
invasive malignancy, providing an important biological rationale for screening, surveillance, and early lesion 
detection.[1] In addition to conventional adenomatous precursor lesions, serrated neoplasia represents an 
important alternative route of colorectal carcinogenesis. Serrated lesions have distinct histological and 
molecular characteristics and may present additional detection challenges because of their subtle morphology 
and frequent proximal location.[3] Consequently, CRC is considered one of the most preventable 
malignancies when appropriate screening and follow-up strategies are effectively implemented.[1] 

Current CRC screening programs predominantly rely on fecal immunochemical tests (FIT) and 
colonoscopy.[1] Although FIT provides a non-invasive and accessible screening modality, its sensitivity for 
advanced adenomas and some early precancerous lesions remains limited.[4,5] Colonoscopy remains central to 
CRC prevention because it enables direct visualization and removal of precursor lesions; however, detection 
limitations may still occur, particularly for subtle, flat, proximally located, or serrated lesions.[3,6,7] These 
limitations suggest that conventional screening approaches may incompletely capture the biological 
complexity and temporal evolution of colorectal neoplasia. 

Interval cancers continue to be reported despite previous negative screening examinations, highlighting 
persistent limitations in conventional surveillance strategies.[8] Longitudinal observational evidence further 
suggests that advanced colorectal neoplasia may develop more than ten years after an initially negative 
colonoscopy. Such findings suggest that CRC susceptibility may progressively evolve over time and may not 
be adequately reflected through single-timepoint risk assessment alone.[8] 

These observations provide the rationale for moving from a purely episodic screening perspective toward 
longitudinal risk monitoring. In this review, dynamic CRC risk is therefore treated as part of the background 
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rationale, while the subsequent results and discussion synthesize how existing screening, surveillance, 
prediction, and data-infrastructure evidence informed the proposed DDHSS framework. 

CRC susceptibility varies substantially across individuals due to interactions among biological, metabolic, 
genetic, environmental, and behavioral determinants. Metabolic abnormalities, including insulin resistance 
and elevated triglyceride-glucose index, have been associated with increased colorectal carcinogenesis risk.[9] 
Genetic susceptibility may also contribute to interindividual variation in CRC predisposition.[10] Family 
history, obesity, smoking exposure, dietary patterns, and other clinical or behavioral factors may additionally 
contribute to variation in CRC risk profiles.[2] Taken together, these factors indicate that CRC risk is not fixed 
after a single negative screening encounter, but may change over time as biological and clinical determinants 
accumulate. 

The expanding availability of electronic health records (EHRs), longitudinal healthcare databases, and 
artificial intelligence (AI) technologies has created new opportunities for more responsive CRC surveillance 
approaches. Predictive models incorporating clinical variables, laboratory findings, and previous screening 
history have shown encouraging performance in identifying populations with elevated CRC risk who may 
benefit from intensified monitoring or earlier diagnostic evaluation.[11,12] 

The expanding availability of electronic health records (EHRs), longitudinal healthcare databases, and 
artificial intelligence (AI) technologies has created new opportunities for more responsive CRC surveillance 
approaches. Predictive models incorporating clinical variables, laboratory findings, and previous screening 
history have shown encouraging performance in identifying populations with elevated CRC risk who may 
benefit from intensified monitoring or earlier diagnostic evaluation. However, the extent to which these data 
sources and analytical approaches can be integrated into a clinically coherent longitudinal surveillance 
framework remains insufficiently clarified. Therefore, this review aimed to evaluate limitations associated 
with conventional CRC screening strategies and to synthesize evidence on longitudinal healthcare data 
integration, AI-assisted risk stratification, and adaptive CRC surveillance. 

2. Method 
This study was conducted as a structured narrative review rather than a systematic review. Therefore, a 
formal systematic review protocol was not adopted. To enhance methodological transparency, the review 
process incorporated a structured literature search, predefined eligibility criteria, sequential screening of 
retrieved publications, standardized data extraction domains, and comparative narrative synthesis. The 
methodological reporting of the review was informed by the principles of the Scale for the Assessment of 
Narrative Review Articles (SANRA).[13] 

A structured literature search was conducted in PubMed, Scopus, and ScienceDirect to identify relevant 
studies published between 2016 and 2026. The 10-year search period was selected to capture contemporary 
evidence on colorectal cancer screening and surveillance while encompassing recent developments in 
longitudinal healthcare data, predictive analytics, machine learning, and artificial intelligence relevant to 
colorectal cancer risk assessment. The three literature sources were selected to provide complementary 
coverage of biomedical, clinical, epidemiological, and multidisciplinary research relevant to the scope of this 
review. The search strategy combined controlled vocabulary, where applicable, and free-text terms using 
Boolean operators. Search terms included combinations of “colorectal cancer,” “colorectal neoplasia,” 
“colorectal cancer screening,” “fecal immunochemical test,” “colonoscopy,” “risk stratification,” “electronic 
health records,” “longitudinal healthcare data,” “artificial intelligence,” “machine learning,” “predictive 
modeling,” “early detection,” and “population surveillance.” 

 

 

 

 

 

50



SCRIPTA SCORE Scientific Medical Journal Vol. 8 No. 1 (2026) 048–073 

Search domain  Conceptual scope  Principal search terms  

Colorectal neoplasia  Disease entity and neoplastic 
spectrum  

“colorectal cancer” OR 
“colorectal neoplasia”  

Screening and early detection  Conventional CRC screening 
and lesion detection approaches  

“colorectal cancer screening” 
OR “fecal immunochemical 
test” OR “colonoscopy” OR 
“early detection”  

Risk stratification  Individualized risk 
classification and surveillance 
allocation  

“risk stratification”  

Healthcare data infrastructure  Longitudinal clinical 
information and routinely 
collected health data  

“electronic health records”  

Artificial intelligence and 
predictive analytics  

Computational approaches for 
risk estimation and surveillance 
support  

“artificial intelligence” OR 
“machine learning”  

Population surveillance  Population-level monitoring 
and surveillance frameworks  

“population surveillance”  

Table 1. Principal search domains and search terms used for literature identification.  

The searches were last updated on 11 July 2026. Database-specific search syntax was adapted to each search 
interface. In PubMed, the search used combinations of Title/Abstract terms: (“colorectal cancer” OR 
“colorectal neoplasia” OR “colorectal adenoma”) AND (“colorectal cancer screening” OR “fecal 
immunochemical test” OR FIT OR colonoscopy OR “early detection” OR surveillance) AND (“risk 
stratification” OR “risk prediction” OR “predictive model” OR “electronic health records” OR “longitudinal 
healthcare data” OR “artificial intelligence” OR “machine learning” OR “population surveillance”). In 
Scopus, equivalent terms were searched using TITLE-ABS-KEY fields. In ScienceDirect, equivalent 
keyword combinations were searched using the platform search interface. The search was limited to 
publications from 2016 to 2026. Retrieved records were exported to Rayyan for screening and reference 
management. Duplicate records were removed using Rayyan-assisted duplicate detection followed by 
manual verification based on title, authorship, DOI, and overlapping database records. 

Eligible literature included original research articles, systematic reviews, meta-analyses, and clinical studies 
discussing colorectal cancer screening performance, longitudinal surveillance, predictive modeling, 
healthcare data integration, or AI-assisted detection approaches in adult populations. Editorials, opinion 
papers, case reports, conference abstracts without sufficient methodological information, and studies focused 
primarily on therapeutic interventions without relevance to colorectal cancer surveillance or early detection 
were excluded. 

Titles and abstracts were screened according to the predefined eligibility criteria, followed by full-text 
assessment of potentially eligible publications. Full-text exclusion was determined according to relevance to 
CRC screening, surveillance, risk prediction, longitudinal healthcare data, or AI-assisted risk stratification. 
Publications were excluded at full-text assessment when they focused primarily on therapeutic interventions 
without relevance to screening or surveillance, involved populations or outcomes outside the scope of this 
review, did not address risk prediction or longitudinal surveillance, or were publication types without 
sufficient methodological detail. Selection was not based on whether study findings supported the proposed 
DDHSS framework. 

Screening and data extraction were conducted by one reviewer and subsequently checked by a second author 
for eligibility and extraction accuracy. Discrepancies were resolved through discussion until consensus was 
reached. Because initial screening was not performed independently in duplicate, residual selection error 
remains possible and was acknowledged as a methodological limitation of the review. 
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Data were extracted using a prespecified evidence-mapping form covering author and publication year, 
country or study setting, study design, population characteristics, sample size, data source, candidate 
predictors or data inputs, outcome definition, analytical approach or model type, model performance or 
principal quantitative findings, validation approach, methodological limitations, and relevance to the 
proposed DDHSS components. Extracted data were used to construct a study-level evidence table and to 
support comparative narrative synthesis across the predefined evidence domains. 

Following title and abstract screening and full-text assessment, 38 eligible publications were retained for data 
extraction and narrative synthesis across the predefined evidence domains of the review. These publications 
were grouped according to their primary contribution to conventional CRC screening performance, interval 
cancer and longitudinal risk evolution, colorectal carcinogenesis pathways, risk-stratified screening, 
predictive modeling, longitudinal healthcare data integration, AI-assisted analytics, and implementation or 
governance considerations. 

The extracted evidence was synthesized using a comparative narrative approach. Studies were compared 
according to evidence domain, intended population, data source, screening or surveillance strategy, predictor 
structure, analytical approach, validation status, implementation limitation, and relevance to DDHSS. 
Comparative synthesis was conducted across prespecified dimensions comprising clinical pathway, intended 
population, data inputs, temporal updating, clinical output, validation status, implementation requirements, 
main strengths, and major limitations. DDHSS was not assumed to be superior to existing approaches; rather, 
its proposed contribution was inferred only where longitudinal integration and adaptive risk updating 
addressed limitations repeatedly identified across the reviewed literature. 

3. Discussion 
3.1 Literature Identification and Evidence Mapping  
The database searches identified 383 records, including 147 records from PubMed, 211 from Scopus, and 25 
from ScienceDirect. After removal of 86 duplicate records, 297 titles and abstracts were screened. Of these, 
54 full-text publications were assessed for eligibility, and 38 publications were retained as the primary 
evidence set for study-level data extraction and narrative synthesis. Sixteen full-text publications were 
excluded because they were not directly relevant to colorectal cancer screening or surveillance, focused 
primarily on therapeutic interventions, involved populations or outcomes outside the scope of this review, did 
not address risk prediction or longitudinal surveillance, or were publication types such as editorials, opinion 
articles, case reports, or conference abstracts without sufficient methodological detail.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Modified literature selection flow diagram for the structured narrative review.  
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The included publications were mapped across predefined evidence domains relevant to the development of 
DDHSS, including conventional CRC screening performance, residual risk and interval cancer following 
negative screening, adenoma-carcinoma and serrated carcinogenesis pathways, FIT-based and 
biomarker-based screening, risk-stratified screening, predictive modeling, longitudinal healthcare data 
integration, AI-assisted analytics, and implementation or governance considerations. Examples include 
studies on residual risk after negative colonoscopy and screening-negative status,[6,8] quantitative FIT 
performance,[4,5,24] serrated and post-polypectomy risk,[14-21] risk-stratified screening and predictive 
modeling,[22-27] EHR-based or AI-assisted prediction,[11,12,28-33] and programmatic or implementation 
evidence.[34-57] The study-level characteristics of the included publications are summarized in Table 2 
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Author/year Country Study design Population Data source Inputs/predictors Outcome Analysis/model Main findings Validation method Limitations DDHSS 
relevance 

Mo et al., 2023 
[56] 

China / 
multicentre 

Multicentre 
retrospective 
cohort with 
blinded 
independent 
validation 

1,138 participants: 
healthy controls, 
advanced adenoma, 
and CRC; early-stage 
CRC enriched 

Plasma cfDNA methylation 
sequencing, 
colonoscopy/pathology, 
survival follow-up 

191 ctDNA 
methylation haplotype 
markers 

CRC and 
advanced 
adenoma 
detection; 
relapse-free 
and overall 
survival 

L2-penalized 
logistic regression 
classifier 

Validation AUC 
0.937 for CRC 
and 0.903 for 
advanced 
adenoma; 
sensitivity 86.6% 
for CRC and 
79.0% for 
advanced 
adenoma; 
specificity 88.1% 

Independent blinded 
validation cohort 

Retrospective design; 
limited healthy controls; 
not a population-based 
screening cohort; no 
longitudinal EHR 
integration 

Supports 
biomarker-based 
pre-colonoscopy 
triage and shows how 
continuous molecular 
risk scores could 
supplement clinical 
data inputs 

Shono et al., 
2020 [16] 

Japan Retrospective 
multicentre 
cohort with 
5-year follow-up 

3,115 asymptomatic 
adults >=40 years 
undergoing first 
lifetime colonoscopy 
and at least one 
surveillance 
colonoscopy 

Endoscopy reports, 
histology findings, 
surveillance timing 

Baseline colonoscopy 
phenotype: no 
neoplasia/diminutive 
polyps, small 
adenoma, advanced 
adenoma, invasive 
cancer 

Advanced 
colorectal 
neoplasia after 
baseline 
colonoscopy 

Kaplan-Meier 
analysis and Cox 
proportional hazards 
models 

Baseline 
advanced 
neoplasia 
phenotype 
stratified future 
advanced 
neoplasia risk and 
supported shorter 
surveillance 
intervals in 
high-risk groups 

No external validation; 
internal cohort 
follow-up only 

Retrospective design; 
exclusion of many 
without follow-up; no 
lifestyle variables; no 
colonoscopy quality 
indicators 

Provides a rule-based 
backbone for 
converting baseline 
lesion phenotype into 
automated 
surveillance interval 
recommendations 

Jodal et al., 
2024 [21] 

Norway / 
registry-base
d cohort 

Nested 
case-control 
study within a 
national 
longitudinal 
adenoma cohort 

40,848 individuals 
with resected 
adenomas; molecular 
analysis subset with 
matched metachronous 
CRC cases and 
controls 

Cancer registry, death 
registry, medical records, 
histopathology, 
low-coverage 
whole-genome sequencing 

Age, advanced 
adenoma status, DNA 
copy-number losses 

Metachronous 
CRC 

Conditional 
multivariable 
logistic regression 

C-statistic was 
approximately 
69.8% for age + 
advanced 
adenoma + 
copy-number 
losses; molecular 
features added 
minimal 
improvement 
over clinical 
variables 

Nested case-control 
design with matched 
controls; no 
independent external 
validation 

Restricted to single 
baseline adenoma; 
limited case count; 
incomplete lifestyle 
factors; residual 
confounding possible 

Supports using prior 
lesion morphology as 
a core risk input and 
cautions against 
over-weighting 
molecular markers 
without incremental 
value 

Chi et al., 2024 
[51] 

China Retrospective 
cohort using 
electronic 
medical records 
from three 
tertiary hospitals 

4,345 patients with 
serrated polyps; 1,605 
had synchronous 
advanced adenoma 

Electronic medical records, 
colonoscopy reports, 
pathology reports, BMI, 
smoking, alcohol history 

Age, sex, BMI, 
smoking, alcohol 
exposure, serrated 
polyp 
size/type/location 

Synchronous 
advanced 
adenoma in 
patients with 
serrated polyps 

Multivariable 
logistic regression 

Identified 
age-specific risk 
factors for 
synchronous 
advanced 
adenoma; no 
discrimination 
metrics reported 

No external validation Retrospective 
hospital-based data; 
selection bias; no 
longitudinal CRC 
incidence; no AI model 

Supports structured 
capture of serrated 
polyp features and 
demographic/lifestyle 
factors for risk-gated 
follow-up 

Winter et al., 
2024 [47] 

Australia Multicentre 
prospective 
randomized 
controlled trial 
protocol 

Elevated-risk 
individuals in the 
Southern Cooperative 
Program for the 
Prevention of 
Colorectal Cancer 

Surveillance colonoscopy, 
quantitative FIT, pathology, 
quality-of-life surveys, cost 
data, preference data 

Quantitative fecal 
hemoglobin and 
elevated-risk clinical 
history 

Advanced 
neoplasia 
under on-time 
vs FIT-delayed 
surveillance 
colonoscopy 
strategy 

FIT-threshold-based 
surveillance strategy 
with logistic 
regression and 
cost-utility analysis 
planned 

Protocol only; no 
outcome results 
yet 

Prospective 
randomized design 
planned; results 
pending 

Protocol-stage evidence; 
possible self-selection; 
not blinded; 
elevated-risk Australian 
population only 

Shows how 
FIT-based dynamic 
gating could 
personalize 
surveillance timing 
and reduce 
unnecessary 
colonoscopy 
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Liu et al., 2025 
[6] 

China Retrospective 
population-screen
ing cohort 

69,809 adults aged 
40-74 years in a 
community CRC 
screening program; 
527 
screening-negative 
participants underwent 
colonoscopy 

High-risk factor 
questionnaire, double FIT, 
colonoscopy, demographics, 
lifestyle, screening database 

HRFQ result, FIT 
result, age, BMI, 
smoking and other 
classical risk factors 

Colorectal 
neoplasia, 
advanced 
colorectal 
neoplasia, 
advanced 
adenoma, CRC 

Binary logistic 
regression 
comparing HRFQ 
and FIT predictive 
ability 

Among 
screening-negativ
e colonoscopy 
participants, 
neoplasia, 
advanced 
neoplasia and 
CRC were 
detected in 
26.9%, 11.2% 
and 1.5%, 
respectively 

No external validation Retrospective design; 
small colonoscopy 
subset among 
screening-negative 
individuals; 
self-selection bias; 
limited lesion-quality 
indicators 

Demonstrates that 
negative screening is 
not zero risk and 
supports periodic 
recalibration using 
combined 
questionnaire, FIT 
and clinical data 

Yu et al., 2024 
[38] 

China Population-based 
prospective 
cohort within the 
Cancer Screening 
Program in Urban 
China 

286,339 adults aged 
45-74 years after 
exclusion; 41,315 
categorized as high 
risk 

Epidemiologic 
questionnaire, colonoscopy, 
histopathology, 
community-level access and 
socioeconomic variables 

Risk score based on 
epidemiologic factors; 
healthcare access and 
social determinants 

Colonoscopy 
uptake and 
detection of 
CRC, advanced 
adenoma and 
adenoma 

Programmatic 
risk-score strategy; 
regression for uptake 
determinants 

Colonoscopy 
uptake was 
19.02%; 
detection rates 
were 0.10% for 
CRC and 5.38% 
for advanced 
adenoma 

Prospective 
programmatic cohort; 
no formal model 
validation metrics 

Self-reported exposures; 
incomplete 
representativeness; no 
long-term 
incidence/mortality 
outcomes; no predictive 
calibration 

Supports risk-based 
invitation, outreach 
and 
resource-prioritizatio
n functions within a 
population 
surveillance platform 

Dong et al., 
2024 [40] 

China Multicentre 
population-based 
prospective 
cohort comparing 
RF vs RF-FIT 
strategies 

2,467,429 screening 
participants aged 
40-74 years in the 
Chinese National CRC 
Screening Program 

Questionnaire, FIT, 
colonoscopy, pathology, 
web-based national 
coordinating system, 
program cost data 

Questionnaire-based 
risk factors, FIT 
positivity, family 
history, prior polyps, 
intestinal disease 

Colonoscopy 
referral, 
CRC/advanced 
neoplasia 
detection, 
efficiency and 
cost-effectiven
ess 

Rule-based risk 
score combined with 
FIT; comparative 
programmatic 
analysis 

Combining 
questionnaire risk 
assessment with 
FIT improved 
colonoscopy 
yield and 
program 
efficiency 
compared with 
questionnaire 
alone 

Large real-world 
prospective program 
evaluation; no 
individual 
prediction-model 
validation 

Non-randomized 
comparison; potential 
confounding; missing 
data not imputed; 
limited long-term 
outcome follow-up 

Provides an 
operational template 
for combining routine 
risk-factor fields and 
FIT results into 
automated 
colonoscopy 
prioritization 

Zhang et al., 
2024 [52] 

China Retrospective 
pooled study 

Patients with 
colorectal adenomas 
across pooled datasets; 
focus on 
small/diminutive 
adenomas with 
high-grade dysplasia 

Colonoscopy and 
histopathology records 

Adenoma size and 
dysplasia grade 

High-grade 
dysplasia 
burden by 
adenoma size 

Descriptive and 
comparative 
pathological analysis 

Small and 
diminutive 
adenomas 
contributed a 
substantial 
absolute number 
of high-grade 
dysplasia cases 
despite lower 
per-lesion risk 

No external validation; 
pooled retrospective 
analysis 

Retrospective design; 
limited longitudinal 
outcome linkage; no 
dynamic risk model 

Supports recording 
granular polyp size 
and histology because 
clinically important 
risk may not be 
captured by size 
alone 

Song et al., 
2023 [41] 

International Systematic 
review of 
noninvasive 
biomarkers for 
CRC screening 

Studies evaluating 
stool, blood, urine or 
other noninvasive 
biomarkers for CRC 
detection 

Published biomarker studies 
and diagnostic performance 
data 

FIT, stool DNA, 
blood biomarkers, 
methylation markers, 
miRNA and other 
noninvasive 
biomarkers 

CRC and 
advanced 
neoplasia 
detection 

Narrative/systematic 
synthesis of 
biomarker 
performance 

Noninvasive 
biomarkers have 
variable 
performance and 
may complement, 
but not replace, 
established 
FIT/colonoscopy 
pathways 

Review-level synthesis; 
validation depends on 
included studies 

Heterogeneous 
biomarker platforms; 
many studies not 
population-screening 
based; variable external 
validation 

Supports multi-input 
surveillance 
architecture in which 
FIT and emerging 
biomarkers can be 
incorporated as 
dynamic evidence 
streams 

Heisser et al., 
2023 [8] 

Germany Large 
repeated-screenin
g colonoscopy 
analysis 

Approximately 
120,000 repeated 
screening 
colonoscopies >=10 
years after negative 
baseline screening 
colonoscopy 

Screening colonoscopy 
records and neoplasia 
findings 

Sex and interval since 
negative baseline 
colonoscopy 

Adenoma and 
advanced 
neoplasia 
prevalence 
after negative 
colonoscopy 

Prevalence 
comparison across 
interval strata 

Advanced 
neoplasia 
prevalence 
remained 
measurable 10+ 
years after 
negative 
colonoscopy and 
increased 
modestly over 
longer intervals 

Large registry-based 
repeated-screening 
dataset; no model 
validation 

Observational design; 
potential selection 
effects among 
repeat-screened 
individuals 

Supports the premise 
that risk after 
negative screening 
evolves over time and 
should be 
periodically 
reassessed 
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He et al., 2023 
[48] 

China Observational 
consecutive 
retrospective 
study 

Average-risk 
individuals undergoing 
colonoscopy screening 

Colonoscopy records, 
adenoma detection data 

Patient characteristics 
and colonoscopy 
quality indicators 

Adenoma 
detection rate 

Descriptive and 
regression-based 
analysis 

Adenoma 
detection varied 
across screening 
populations and 
quality 
parameters 

Single retrospective 
cohort; no external 
validation 

Retrospective 
single-setting evidence; 
limited longitudinal 
outcome linkage 

Supports 
incorporating 
colonoscopy quality 
and detection history 
into longitudinal 
surveillance 
evaluation 

Willauer et al., 
2022 [39] 

United 
States 

Community CRC 
screening 
program analysis 

Predominantly 
Hispanic community 
screening population 
in Texas 

Screening program records, 
colonoscopy and pathology 
outcomes 

Demographics and 
screening 
participation 
characteristics 

Colorectal 
neoplasia 
prevalence 

Programmatic 
prevalence analysis 

Demonstrated 
clinically relevant 
neoplasia burden 
in an underserved 
screening 
population 

Real-world program 
data; no predictive 
validation 

Local population; 
limited generalizability; 
not an AI or dynamic 
surveillance model 

Highlights the need 
for equity-sensitive 
population 
monitoring and 
subgroup 
performance 
assessment 

Carballal et al., 
2022 [49] 

Spain FIT-based 
screening 
program cohort 

Participants in a 
FIT-based CRC 
screening program 
with adenomatous 
polyposis 

FIT program database, 
colonoscopy, pathology, 
follow-up records 

Adenomatous 
polyposis, 
colonoscopy findings, 
screening history 

Advanced 
neoplasia 
during 
follow-up 

Cohort follow-up 
analysis 

Adenomatous 
polyposis within 
FIT-based 
screening was 
associated with 
elevated 
follow-up 
neoplasia risk 

Programmatic cohort 
follow-up; no external 
validation 

Specific 
screening-program 
population; 
observational design 

Supports integrating 
prior colonoscopy 
and pathology history 
into adaptive 
surveillance intensity 

Djinbachian et 
al., 2023 [14] 

Canada Matched 
case-cohort study 

Patients with serrated 
lesions undergoing 
surveillance 
colonoscopy 

Colonoscopy and 
histopathology records 

Type and 
characteristics of 
serrated lesions 

Total 
metachronous 
advanced 
neoplasia 

Matched risk 
comparison 

Serrated lesion 
history 
contributed to 
metachronous 
advanced 
neoplasia risk 

Matched cohort design; 
no external validation 

Observational design; 
residual confounding; 
no EHR-based dynamic 
prediction 

Supports including 
serrated-lesion 
metadata as a 
structured risk input 

Vithayathil et 
al., 2022 [50] 

United 
States 

Development of a 
large longitudinal 
colonoscopy-base
d cohort 

Patients undergoing 
colonoscopy within a 
health system-based 
cohort 

Colonoscopy database 
linked with longitudinal 
clinical data 

Colonoscopy 
findings, 
demographics, 
clinical history, 
longitudinal 
follow-up data 

Integrated 
research 
infrastructure 
for CRC and 
colonoscopy 
outcomes 

Cohort construction 
and data-linkage 
methodology 

Demonstrated 
feasibility of 
creating an 
integrated 
longitudinal 
colonoscopy 
cohort 

Data infrastructure 
validation rather than 
predictive validation 

Single health-system 
setting; dependent on 
data quality and linkage 
completeness 

Provides a direct 
model for DDHSS 
data acquisition and 
longitudinal linkage 
architecture 

Bjerrum et al., 
2020 [17] 

Denmark Long-term cohort 
from a 
gFOBT-positive 
screening 
program 

Screen-detected 
adenoma patients 
followed for long-term 
CRC risk 

Screening cohort records, 
pathology, cancer registry 
follow-up 

Screen-detected 
adenoma 
characteristics 

Long-term 
CRC risk after 
adenoma 
detection 

Longitudinal cohort 
risk estimation 

Screen-detected 
adenomas 
conferred 
persistent 
long-term CRC 
risk 

Registry-linked 
follow-up; no external 
validation 

gFOBT-era cohort; may 
not fully translate to 
FIT-based programs 

Supports continued 
longitudinal risk 
monitoring after 
initial lesion 
detection 

Lieberman et 
al., 2020 [18] 

United 
States 

Prospective 
screening cohort 
with 10-year 
colonoscopy 
outcomes 

Individuals 
undergoing baseline 
screening colonoscopy 
and surveillance 
follow-up 

Baseline colonoscopy, 
pathology, surveillance 
outcomes 

Baseline colonoscopy 
findings, adenoma 
features 

10-year CRC 
and advanced 
neoplasia 
outcomes 

Cohort outcome 
analysis by baseline 
lesion category 

Baseline 
colonoscopy 
findings strongly 
stratified 10-year 
surveillance 
outcomes 

Prospective cohort 
follow-up; no external 
validation model 

Cohort-specific practice 
context; no dynamic 
EHR/AI updating 

Supports using 
baseline colonoscopy 
phenotype as a 
central longitudinal 
risk anchor 

Chen et al., 
2019 [55] 

China Multicentre 
randomized trial 
protocol 
(TARGET-C) 

Chinese CRC 
screening population 
planned for 
comparison of novel 
screening strategies 

Questionnaire, FIT/novel 
screening tests, colonoscopy 
confirmation planned 

Novel screening 
strategy inputs and 
risk-assessment 
variables 

CRC and 
advanced 
neoplasia 
detection; 
comparative 
screening 
effectiveness 

Randomized 
comparative 
screening strategy 
evaluation planned 

Protocol only; no 
clinical outcome 
results yet 

Multicentre 
randomized validation 
planned 

No results available; 
generalizability depends 
on trial completion and 
implementation context 

Supports prospective 
comparative testing 
of screening 
strategies before 
system-level adoption 

Zorzi et al., 
2018 [42] 

Italy Retrospective 
cohort from FIT 
screening 
programs 

Participants in 
organized FIT-based 
screening programs 

FIT screening records, 
colonoscopy, pathology, 
long-term follow-up 

Screening round, 
anatomical site, 
FIT-based detection 
history 

Long-term 
detection rates 
of proximal 
and distal 
advanced 
neoplasia 

Cohort 
detection-rate 
analysis 

Long-term 
detection rates 
differed between 
proximal and 
distal advanced 
neoplasia, 
indicating 
site-specific 
detection 
limitations 

Program-level cohort 
follow-up; no 
prediction-model 
validation 

Retrospective program 
data; potential 
colonoscopy quality 
variation 

Supports site-aware 
surveillance and 
feedback monitoring 
of screening program 
performance 
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Selby et al., 
2018 [4] 

United 
States 

Community-base
d cohort study 

Large community 
screening population 
undergoing 
quantitative FIT 

FIT results, screening 
registry, CRC outcomes 

Quantitative FIT 
threshold 

CRC detection 
sensitivity and 
specificity 

Threshold-performa
nce analysis 

CRC sensitivity 
increased at 
lower FIT 
thresholds while 
specificity 
decreased, 
demonstrating 
capacity-depende
nt trade-offs 

Community-based 
outcome linkage; no 
external model 
validation 

Threshold findings 
depend on local 
program characteristics 
and follow-up 
completeness 

Supports dynamic 
threshold-setting and 
colonoscopy-capacity
-aware referral rules 

Weigl et al., 
2018 [37] 

Germany / 
United 
States data 
components 

Screening 
population 
genetic risk score 
study 

Colorectal cancer 
screening participants 
evaluated for advanced 
neoplasms 

Genetic data, colonoscopy 
findings, demographic 
variables 

Genetic risk score and 
clinical risk factors 

Prevalence of 
advanced 
neoplasms 

Association and 
discrimination 
analysis 

Genetic risk score 
was associated 
with advanced 
neoplasm 
prevalence but 
required 
integration with 
clinical data 

Screening population 
analysis; no dynamic 
external 
implementation 
validation 

Genetic risk alone has 
limited operational 
utility; 
ancestry/generalizability 
issues 

Supports optional 
hereditary/genetic 
risk layer with 
caution regarding 
fairness and external 
validity 

Liles et al., 
2018 [5] 

United 
States 

Prospective 
cohort study 

Screening participants 
undergoing 
quantitative FIT and 
colonoscopy/reference 
assessment 

Quantitative FIT, 
colonoscopy and pathology 
results 

Fecal hemoglobin 
concentration 

Advanced 
colorectal 
neoplasia 
detection 

Diagnostic accuracy 
analysis 

Quantitative FIT 
showed 
measurable 
performance for 
advanced 
neoplasia but 
threshold choice 
affected 
sensitivity and 
specificity 

Prospective cohort with 
reference-standard 
follow-up 

Single program context; 
limited dynamic risk 
variables 

Supports using 
quantitative FIT as a 
continuous dynamic 
predictor rather than 
only binary 
positive/negative 
status 

Dube et al., 
2017 [19] 

International Systematic 
review and 
meta-analysis 

People with low-risk 
adenomas at baseline 
colonoscopy 

Published cohort studies of 
adenoma outcomes 

Low-risk adenoma 
status at baseline 

Advanced 
adenoma, CRC 
and CRC 
mortality 

Meta-analysis of risk 
estimates 

Low-risk 
adenomas were 
associated with 
lower subsequent 
risk than 
high-risk lesions, 
supporting 
differential 
surveillance 
intensity 

Review-level synthesis; 
quality depends on 
included studies 

Heterogeneity in 
surveillance definitions 
and follow-up; 
observational evidence 

Supports separate 
surveillance 
trajectories for 
low-risk vs high-risk 
post-polypectomy 
populations 

Chen et al., 
2017 [45] 

Germany Screening cohort 
laboratory 
stability study 

CRC screening cohort 
with stool samples for 
FIT 

FIT results from 
fresh/frozen samples, 
ambient temperature 
exposure, colonoscopy 
outcomes 

Sample condition and 
ambient temperature 

Detection of 
CRC and 
adenomas by 
FIT 

Diagnostic 
performance 
comparison 

Fresh vs frozen 
samples and 
ambient 
temperature had 
limited effect on 
CRC/adenoma 
detection by FIT 

Screening cohort with 
colonoscopy outcome 
linkage 

Focused on 
pre-analytical FIT 
handling rather than 
longitudinal risk 
prediction 

Supports 
standardization and 
quality assurance for 
FIT data streams used 
by DDHSS 

Yu et al., 2016 
[53] 

International Meta-analysis of 
observational 
studies 

Adults evaluated in 
studies of type 2 
diabetes mellitus and 
colorectal adenoma 

Published observational 
studies 

Type 2 diabetes 
mellitus 

Colorectal 
adenoma risk 

Meta-analysis of 
association estimates 

Type 2 diabetes 
mellitus was 
associated with 
increased 
colorectal 
adenoma risk 

Review-level synthesis Observational 
confounding; 
heterogeneous diabetes 
and adenoma definitions 

Supports metabolic 
comorbidity as a 
baseline and 
longitudinal risk 
input 

Quintero et al., 
2016 [36] 

Spain Large multicentre 
cross-sectional 
study 

First-degree relatives 
of individuals with 
CRC 

Clinical risk data and 
colonoscopy findings 

Family history 
characteristics and 
age 

Advanced 
neoplasia 

Risk comparison by 
family-history 
profile 

First-degree 
relatives had 
clinically relevant 
advanced 
neoplasia risk, 
supporting 
familial-risk 
stratification 

Multicentre 
cross-sectional 
validation of risk 
association 

Cross-sectional design; 
no dynamic follow-up 
or AI model 

Supports 
hereditary/family 
history as a stable 
baseline risk input 
requiring distinct 
pathway handling 

Bouras et al., 
2023 [54] 

International 
consortium 

Genome-wide 
interaction 
analysis 

Participants from 
genetic epidemiology 
datasets of CRC risk 

Genotype data, 
folate-related exposure data, 
CRC outcome data 

Genetic variants, 
folate exposure, 
gene-environment 
interaction terms 

CRC risk Genome-wide 
interaction analysis 

Folate-related 
gene-environmen
t interactions may 
contribute to 
CRC 
susceptibility 

Genetic association 
framework; replication 
depends on included 
cohorts 

Complex interpretation; 
ancestry and 
exposure-measurement 
limitations; not ready as 
clinical triage model 

Supports the concept 
that risk evolves from 
interacting biological 
and environmental 
determinants 
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Heer et al., 
2023 [43] 

Canada Diagnostic 
performance 
study 

Individuals under age 
50 evaluated with FIT 
for CRC/advanced 
neoplasia 

FIT, colonoscopy/pathology 
outcomes 

FIT result and age 
group 

CRC and 
advanced 
neoplasia 
detection 

Diagnostic accuracy 
analysis 

FIT showed 
measurable but 
imperfect 
performance in 
individuals under 
age 50 

Outcome-linked 
diagnostic evaluation; 
no external model 
validation 

Younger population; 
event counts and 
spectrum may limit 
precision 

Supports adaptive use 
of FIT within 
early-onset or 
younger-risk 
surveillance contexts 

Patel et al., 
2022 [34] 

United 
States 

Guideline / expert 
recommendations 

Average-risk adults 
considered for CRC 
screening start/stop 
ages 

Evidence review and expert 
consensus 

Age, screening 
eligibility and 
stopping 
considerations 

Recommended 
screening start 
and stop ages 

Guideline synthesis Updated 
age-based 
screening 
recommendations 
provide the 
current 
conventional 
comparator for 
DDHSS 

Guideline 
methodology; not a 
primary validation 
study 

Age-based framework 
cannot fully capture 
longitudinal 
individualized risk 
changes 

Defines the 
conventional 
population-screening 
pathway that DDHSS 
should support, not 
replace 

Baile-Maxia et 
al., 2023 [20] 

International Systematic 
review and 
meta-analysis 

Patients after 
endoscopic resection 
of high-risk adenomas 

Published follow-up studies 
of high-risk adenoma 
outcomes 

High-risk adenoma 
features, baseline 
colonoscopy findings 

Metachronous 
CRC or 
advanced 
adenoma 

Meta-analysis of risk 
factors 

High-risk 
adenoma features 
predicted 
subsequent 
metachronous 
advanced lesions 

Review-level synthesis; 
QUIPS/prognostic 
appraisal in included 
evidence 

Observational 
heterogeneity; 
inconsistent follow-up 
and outcome definitions 

Supports automated 
risk-updating after 
high-risk adenoma 
resection and 
specialist surveillance 
coordination 

Frazzoni et al., 
2025 [24] 

Italy Predictive model 
study in an 
organized 
screening 
program 

Participants in a 
FIT-based organized 
CRC screening 
program 

Quantitative FIT and 
screening program 
outcomes 

Quantitative fecal 
hemoglobin 
concentration and 
screening variables 

CRC risk 
stratification 

Predictive model 
based on 
quantitative FIT 

Quantitative 
FIT-based 
prediction 
stratified CRC 
risk within an 
organized 
screening 
program 

Model-development/va
lidation within 
screening program 
dataset 

Requires external 
validation and 
calibration in other 
populations 

Supports quantitative 
FIT as a scalable 
input for dynamic 
risk scoring and 
colonoscopy 
prioritization 

Pham et al., 
2024 [35] 

International Systematic 
review and 
meta-analysis 

Patients with iron 
deficiency evaluated 
for colonoscopy triage 

Published diagnostic studies 
of FIT in iron deficiency 

FIT result in the 
setting of iron 
deficiency 

CRC/advanced 
neoplasia 
detection and 
colonoscopy 
triage 

Diagnostic 
meta-analysis 

FIT may improve 
colonoscopy 
triage in 
iron-deficiency 
populations but 
cannot replace 
diagnostic 
evaluation when 
clinically 
indicated 

Review-level synthesis Heterogeneity in 
iron-deficiency 
definitions, thresholds 
and referral populations 

Supports separating 
diagnostic-evaluation 
triggers from routine 
population 
surveillance pathways 

van Liere et al., 
2023 [46] 

International Systematic 
review and 
meta-analysis 

Studies evaluating 
urinary volatile 
organic compounds for 
CRC screening 

Urinary VOC platforms, 
colonoscopy/histopathology 
reference standards 

Urinary VOC 
fingerprints or 
chemical markers 

CRC detection Diagnostic accuracy 
meta-analysis 

Fingerprinting 
methods showed 
pooled sensitivity 
around 84% and 
specificity around 
70%, but 
adenoma 
evidence was 
insufficient 

Review-level synthesis 
using diagnostic study 
quality assessment 

Small primary studies, 
heterogeneous 
platforms, case-control 
bias, limited external 
validation 

Supports potential 
secondary triage 
biomarkers only after 
validation and 
interoperability 
planning 

Silva-Illanes 
and Espinoza, 
2018 [57] 

International Systematic 
review of Markov 
models for 
economic 
evaluation 

Hypothetical CRC 
screening cohorts 
simulated in 34 
models 

Model inputs from 
registries, RCTs, 
colonoscopy studies and 
epidemiologic sources 

Screening strategy, 
natural history 
assumptions, test 
performance, costs 
and utilities 

Cost-effectiven
ess, 
life-years/QAL
Ys, CRC 
incidence and 
mortality 
projections 

Critical appraisal of 
Markov 
state-transition 
models 

CRC screening 
economic results 
depend heavily 
on model 
structure, 
calibration and 
assumptions 

Review of model 
calibration/validation 
reporting 

Many models had 
limited transparency, 
calibration and 
validation reporting 

Supports future 
DDHSS economic 
evaluation under 
local 
colonoscopy-capacity 
and cost constraints 

Symonds et al., 
2025 [44] 

International Systematic 
review and paired 
diagnostic 
meta-analysis 

Adult participants in 
studies comparing FIT 
and blood-based CRC 
screening tests 

FIT, blood biomarkers, 
colonoscopy/histopathology 
outcomes 

FIT and blood-based 
biomarkers such as 
cfDNA, proteins, 
miRNA and SEPT9 

CRC detection Random-effects and 
bivariate diagnostic 
meta-analysis 

Blood tests had 
lower sensitivity 
than FIT in 
pooled 
comparisons; 
high 
heterogeneity and 
bias limited 
interpretation 

QUADAS-2 and paired 
diagnostic synthesis 

Spectrum bias, 
heterogeneous 
thresholds, small 
biomarker studies, 
limited 
population-screening 
validity 

Supports prioritizing 
validated FIT while 
allowing future 
incorporation of 
blood markers only 
after robust validation 
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Thayalasekaran 
et al., 2020 [7] 

International 
/ organized 
screening 
programs 

Systematic 
review and 
meta-analysis of 
randomized 
controlled trials 

3,645 
FIT/FOBT-positive 
participants 
undergoing 
colonoscopy in 
organized screening 
programs 

RCT-level endoscopy and 
histopathology outcomes 

Endoscopic 
technological 
innovations in 
colonoscopy 

Adenoma 
detection, 
advanced 
adenoma 
detection, 
cancer 
detection and 
procedure 
quality 

Random-effects 
meta-analysis 

Add-on 
endoscopic 
technologies did 
not consistently 
improve 
detection 
outcomes across 
organized 
screening trials 

Meta-analysis 
restricted to RCTs; 
risk-of-bias assessment 

Technology 
heterogeneity, operator 
blinding impossible, 
limited subgroup data 

Supports using 
surveillance 
dashboards and 
quality monitoring 
rather than assuming 
technology alone 
improves screening 
performance 

Baile-Maxia et 
al., 2024 [15] 

International Systematic 
review and 
meta-analysis 

493,949 patients after 
endoscopic resection 
of serrated polyps 

Colonoscopy/pathology 
data and follow-up 
outcomes from published 
studies 

Serrated polyp type, 
size, dysplasia, 
number, location and 
synchronous 
adenomas 

Metachronous 
CRC or 
advanced 
lesions 

Random-effects 
meta-analysis with 
prognostic 
risk-of-bias 
assessment 

Advanced 
serrated polyps 
had higher CRC 
incidence than 
non-advanced 
serrated polyps; 
serrated lesion 
features informed 
surveillance risk 

Review-level synthesis; 
QUIPS/prognostic 
appraisal 

Observational 
confounding, attrition 
bias, incomplete lesion 
metadata, variable 
follow-up 

Supports structured 
capture of 
serrated-polyp 
metadata and 
automated 
post-polypectomy 
risk scheduling 

Table note: Table 2 summarizes the 38 primary publications retained for study-level evidence extraction. The complete reference list contains 57 sources because additional methodological, ethical, reporting, and contextual 
references were used to support narrative interpretation, AI governance, and framework development. 

Table 2. Characteristics of studies included in the narrative synthesis. 
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The complete reference list contains 57 sources because additional contextual and methodological references 
were used to support reporting quality, conceptual interpretation, and implementation considerations. These 
additional sources included narrative review methodology, clinical prediction model reporting and appraisal 
guidance, AI governance and ethics guidance, algorithmic fairness literature, and supporting background 
references. They were not treated as primary study-level evidence in the extraction table unless they directly 
contributed empirical, clinical, or model-development evidence to the DDHSS framework. This distinction 
was made to separate the primary evidence set used for narrative synthesis from supporting references used 
for methodological and governance justification. 

Evidence mapping showed that existing CRC risk-management approaches remain fragmented across 
separate clinical functions. Population screening studies primarily addressed age-based eligibility, FIT 
thresholds, colonoscopy uptake, and detection performance. Post-colonoscopy and post-polypectomy studies 
focused on baseline lesions, metachronous neoplasia, and surveillance intervals. Risk-stratified screening 
studies incorporated demographic, lifestyle, family history, metabolic, FIT-based, and previous screening 
variables, whereas EHR-based and machine learning studies examined the feasibility of integrating routinely 
collected healthcare data for prediction. However, few studies combined longitudinal data acquisition, 
dynamic risk recalibration, clinical response pathways, and evaluative feedback into a unified surveillance 
architecture. This evidence gap provided the conceptual basis for DDHSS as an integrative risk-monitoring 
and referral-support framework rather than a validated replacement for existing CRC screening or 
surveillance pathways. 

3.2 Conventional CRC Screening, Residual Risk, and the Need for Longitudinal Monitoring 
Conventional CRC screening is commonly organized around age-based eligibility, repeated FIT-based 
testing, and colonoscopy referral after positive screening or clinically indicated assessment.[1,4,5] This 
approach is scalable and remains central to population-level CRC prevention; however, it is inherently 
episodic and may incompletely capture changes in individual risk between screening rounds. 
Residual risk persists after negative screening. Among individuals undergoing repeat screening colonoscopy 
10 years after a negative examination, advanced neoplasia prevalence was 3.6% in women and 5.2% in men, 
increasing modestly to 4.9% and 6.6%, respectively, at 14 years or more after the negative baseline 
examination.[8] In a community-based cohort of primary screening-negative participants who subsequently 
underwent colonoscopy, colorectal neoplasia, advanced colorectal neoplasia, and CRC were detected in 
26.9%, 11.2%, and 1.5% of participants, respectively.[6] FIT-based screening also demonstrates 
threshold-dependent performance, with programmatic CRC sensitivity ranging from 66.0% at a 30 microg/g 
threshold to 79.3% at a 10 microg/g threshold and specificity ranging from 87.0% to 94.7%.[4] 

These limitations do not diminish the value of conventional screening, but they indicate that screening results 
should be interpreted within an evolving longitudinal risk context. Figure 2 illustrates that adenoma and 
advanced neoplasia prevalence may increase with longer intervals following a previous negative 
colonoscopy.[8] Accordingly, the rationale for DDHSS is not to replace established FIT or colonoscopy 
pathways, but to add an adjunctive layer of longitudinal risk monitoring, referral support, and 
feedback-based recalibration. 

 

Figure 2. Prevalence of adenoma (ADN) and advanced neoplasia (ANN) according to surveillance interval 
following previous negative colonoscopy. Adapted from Heisser et al.[8] 
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Taken together, these studies create a more coherent sequence from conventional screening methods, to their 
residual limitations, and finally to the conceptual need for DDHSS as an adjunctive longitudinal monitoring 
framework. 
 
3.3 Adenoma-Carcinoma Sequence and Longitudinal Surveillance 
The gradual progression of colorectal precursor lesions provides a fundamental biological rationale for 
longitudinal colorectal cancer surveillance.[1,3] Colorectal carcinogenesis generally occurs through gradual 
accumulation of molecular and histological changes transforming premalignant lesions into invasive 
malignancy over several years. This prolonged progression pathway creates a valuable temporal window for 
preventive intervention, surveillance, and early lesion detection. 
Importantly, the biological progression of colorectal neoplasia demonstrates substantial interindividual 
variability influenced by lesion morphology, molecular characteristics, metabolic factors, genetic 
susceptibility, and hereditary predisposition.[3,9,10,14,15] Consequently, CRC progression cannot be adequately 
characterized as a uniform linear process applicable to all populations. 

Post-colonoscopy and post-polypectomy studies have demonstrated that baseline colorectal findings possess 
substantial prognostic value for predicting future advanced neoplasia. Baseline advanced adenoma, high-risk 
adenoma features, serrated lesion history, and previous colonoscopy findings are associated with subsequent 
metachronous colorectal neoplasia and may inform surveillance intensity.[14-21] These observations suggest 
that prior screening findings should not be interpreted as isolated clinical events but rather as components of 
continuously evolving longitudinal risk trajectories. 

From a surveillance perspective, the adenoma-carcinoma sequence further highlights the limitations of 
single-timepoint screening strategies. Although colonoscopy remains highly effective for detection and 
removal of precancerous lesions, subsequent carcinogenic progression may still occur under the influence of 
newly emerging risk determinants or previously undetected lesions. Therefore, effective CRC surveillance 
may require periodic reassessment of evolving clinical risk rather than exclusive dependence on fixed 
post-screening intervals. 

Beyond the conventional adenoma-carcinoma sequence, the serrated neoplasia pathway represents an 
important alternative route of colorectal carcinogenesis. Sessile serrated lesions constitute major precursor 
lesions within this pathway and are characterized by distinct molecular and histological features. From a 
surveillance perspective, serrated lesions present additional challenges because they are frequently located in 
the proximal colon, may exhibit subtle or flat morphological features, and tend to produce limited bleeding, 
which may reduce their detectability through conventional colonoscopy and FIT-based approaches. These 
characteristics reinforce the limitation of conceptualizing CRC development exclusively through the 
conventional adenoma-carcinoma sequence and further support surveillance strategies capable of integrating 
previous endoscopic findings, molecular and clinical risk determinants, and longitudinal changes in 
individual risk profiles.[3,14,15] 

The biological characteristics of colorectal carcinogenesis therefore support the need for surveillance systems 
capable of integrating cumulative clinical information, repeated screening outcomes, and evolving individual 
risk profiles over time. 

3.4 Risk Stratification in Colorectal Cancer Screening 
Growing recognition of interindividual variability in colorectal cancer (CRC) susceptibility has driven a 
gradual transition from conventional uniform screening paradigms toward more individualized surveillance 
strategies.[22] Traditional age-based screening models assume relatively homogeneous population risk 
distribution, whereas epidemiological evidence increasingly demonstrates substantial variation in CRC 
predisposition across demographic, hereditary, metabolic, and lifestyle-related contexts.[23] 

Risk-oriented screening frameworks aim to tailor surveillance intensity according to multiple determinants 
associated with colorectal carcinogenesis, including family history, obesity, dietary behavior, smoking 
exposure, metabolic abnormalities, quantitative FIT findings, and previous screening results.[2,22-25] Such 
observations suggest that reliance on standardized screening intervals alone may inadequately reflect 
interindividual variability in CRC susceptibility. 
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Recent predictive approaches integrating FIT values, clinical variables, laboratory parameters, and 
behavioral characteristics have demonstrated measurable discriminatory performance for identifying 
individuals with elevated probabilities of colorectal neoplasia. In a longitudinal population-based screening 
cohort, incorporation of FIT and lifestyle-related variables improved 10-year CRC risk prediction compared 
with a demographic-only model, increasing the C-index from 0.622 to 0.718.[25] Machine learning 
approaches using routine clinical data have also shown potential for risk stratification; for example, a random 
forest model for young-onset CRC achieved AUCs of 0.859 in internal validation and 0.888 in temporal 
validation, with corresponding recall values of 0.840 and 0.872.[12] However, evidence from FIT-based and 
other CRC risk prediction models remains heterogeneous, with limitations related to risk of bias, external 
validation, and readiness for routine clinical implementation.[26] From a clinical perspective, these models 
may support more efficient allocation of colonoscopy resources by prioritizing diagnostic evaluation toward 
populations with disproportionately higher risk burdens while potentially reducing unnecessary invasive 
procedures among lower-risk groups. 

Longitudinal cohort analyses additionally demonstrate increasing divergence in cumulative CRC incidence 
across different surveillance categories over time, as illustrated in Figure 3.[25] The widening separation of 
risk trajectories observed throughout follow-up periods suggests that CRC susceptibility evolves unevenly 
across populations and may not be adequately addressed through static surveillance allocation. 

 

Figure 3. Cumulative probability of colorectal cancer occurrence across different risk strata within a 
longitudinal screening cohort. Divergence of risk trajectories over time illustrates population heterogeneity in 

colorectal cancer risk.[25] 

 

Across risk-stratified CRC screening studies, the most informative predictors appear to be context-dependent 
but can be grouped into several clinically relevant domains. Screening-related variables, particularly FIT 
results or quantitative fecal hemoglobin concentration, represent strong near-term predictors of CRC and 
advanced colorectal neoplasia.[24,26] Previous colorectal findings, including baseline adenoma characteristics, 
advanced adenoma, serrated lesion history, and prior colonoscopy results, are also important predictors of 
future metachronous neoplasia.[14-21] Demographic and clinical factors such as increasing age, male sex, 
family history of CRC, obesity, smoking exposure, dietary patterns, metabolic abnormalities, personal 
screening characteristics, and screening history contribute to baseline susceptibility and are frequently 
incorporated into risk-stratified screening models.[22-23,25,27] In machine learning models using routine clinical 
data for young-onset CRC, explainability analysis identified inflammatory, screening, hematologic, and 
tumor-marker variables, including C-reactive protein, FIT, lymphocyte count, carcinoembryonic antigen, and 
lactate dehydrogenase, as highly informative predictors.[12] Therefore, adaptive surveillance frameworks such 
as DDHSS should prioritize both stable baseline predictors, including age, sex, family history, and hereditary 
risk, and dynamic predictors, including FIT findings, gastrointestinal symptoms, laboratory abnormalities, 
metabolic changes, and previous screening outcomes. 

Despite these promising developments, implementation of risk-oriented CRC screening remains associated 
with important methodological and operational constraints. Variability in healthcare infrastructure, 
inconsistency in data completeness, limited interoperability between healthcare databases, and demographic 
heterogeneity may substantially influence predictive reliability across clinical environments. In addition, 
surveillance models relying predominantly on baseline variables may insufficiently capture temporal 
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fluctuations in CRC susceptibility occurring throughout longitudinal follow-up.[1,2] 

These limitations highlight the importance of surveillance systems capable of integrating continuously 
updated clinical information to support more precise and individualized CRC screening strategies. 

3.5 Integration of Longitudinal Healthcare Data and Artificial Intelligence 
Rapid expansion of healthcare informatics and artificial intelligence (AI) technologies has created new 
opportunities for more refined approaches to colorectal cancer (CRC) surveillance and risk estimation. In the 
context of DDHSS, AI should not be interpreted as a single homogeneous method, but rather as a group of 
computational approaches that may include regression-based prediction models, survival models, tree-based 
machine learning algorithms, ensemble methods, deep learning architectures, and natural language 
processing for unstructured clinical data. This distinction is important because each model class differs in 
data requirements, interpretability, validation needs, and implementation feasibility.[28-29] 

  
Longitudinal CRC surveillance requires integration of heterogeneous data sources that are repeatedly 
generated across healthcare encounters. These may include structured electronic health record variables, 
demographic characteristics, gastrointestinal symptom profiles, laboratory findings, FIT results, colonoscopy 
history, histopathological findings, medication exposure, metabolic risk markers, family history, and previous 
screening outcomes. In addition, natural language processing and language-model-based approaches may 
enable extraction of clinically relevant information from unstructured or semi-structured electronic medical 
record data, including physician notes, referral descriptions, and endoscopy-related documentation.[28-30] 
Integration of these data sources may allow risk estimation to shift from static single-timepoint classification 
toward continuously updated individual risk trajectories.[11,12] 

  
From an analytical perspective, different AI and machine learning approaches may serve different functions 
within CRC surveillance. Regression-based and survival models remain useful when interpretability and 
time-to-event estimation are prioritized. Tree-based ensemble models, including random forest and gradient 
boosting approaches, may capture nonlinear relationships and interactions among clinical, laboratory, and 
screening-related predictors. Deep learning and natural language processing approaches may be useful when 
large-scale imaging, endoscopy, histopathology, or unstructured textual data are incorporated. However, 
increased model complexity does not automatically imply clinical superiority; models intended for 
surveillance must demonstrate not only discrimination but also calibration, external validity, temporal 
stability, clinical utility, and operational feasibility.[11-12,29,31-32] 

 

Several methodological issues are particularly important before AI-assisted CRC surveillance can be 
translated into practice. First, model performance should be evaluated using discrimination metrics such as 
AUC or C-index, calibration metrics, decision-curve analysis, and external or temporal validation rather than 
internal validation alone. Second, longitudinal surveillance models require monitoring for model drift, 
because changes in screening uptake, population characteristics, laboratory platforms, coding practices, and 
healthcare access may alter predictive performance over time. Third, missing data and inconsistent EHR 
documentation may introduce systematic error, especially when symptoms, family history, lifestyle factors, 
or colonoscopy findings are incompletely recorded.[29,31-32] 

  
Algorithmic bias represents a major concern in AI-assisted CRC surveillance. Models trained on 
non-representative datasets may underperform in populations that differ by age, sex, ethnicity, 
socioeconomic status, healthcare access, comorbidity burden, or screening participation. This issue is 
particularly relevant for population-level surveillance because biased risk estimation could intensify existing 
inequities by preferentially directing diagnostic resources toward groups already well represented in 
healthcare datasets while under-identifying underserved populations. Therefore, fairness assessment, 
subgroup performance evaluation, transparent reporting of training data characteristics, and periodic 
recalibration are necessary components of responsible AI implementation.[32-33] 

  
Data governance is another critical requirement. Longitudinal surveillance systems depend on repeated 
linkage of sensitive health information across time and healthcare settings. Therefore, implementation of 
DDHSS would require clear policies for patient privacy, data security, consent or lawful data use, data 
ownership, access control, auditability, and accountability for model-driven recommendations. AI outputs 
should be positioned as clinical decision-support tools rather than autonomous decision-makers, with 
healthcare professionals retaining oversight over colonoscopy referral, intensified follow-up, or routine 
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screening decisions. Explainability mechanisms, such as feature-importance analysis or clinically 
interpretable risk summaries, may improve clinician trust and enable review of whether model outputs are 
biologically plausible and clinically actionable.[29,32-33] 

 

Accordingly, the integration of longitudinal healthcare data and AI into CRC surveillance should be 
understood as a multilayered implementation pathway rather than a purely technical modeling exercise. A 
clinically credible DDHSS would require reliable data infrastructure, interoperable health records, validated 
prediction models, transparent reporting, fairness assessment, explainable outputs, ethical governance, and 
continuous post-implementation monitoring. These requirements provide the methodological foundation for 
the proposed DDHSS framework and distinguish it from conventional episodic screening strategies that rely 
primarily on age-based eligibility and fixed screening intervals. 
 
3.6 Conceptual Framework of Dynamic Digestive Health Surveillance System (DDHSS) 
Based on the synthesized evidence, the Dynamic Digestive Health Surveillance System (DDHSS) is 
proposed as a conceptual population-based model integrating cumulative healthcare data, predictive 
analytical modeling, risk stratification, and responsive colorectal cancer (CRC) monitoring. The proposed 
approach is intended to address a major limitation of conventional CRC screening strategies, which 
predominantly rely on static age-based eligibility criteria and episodic screening intervals that inadequately 
reflect the evolving nature of CRC susceptibility across time. 

DDHSS is intended as a longitudinal risk-monitoring and referral-support framework rather than a 
replacement for established CRC screening, diagnostic evaluation, post-polypectomy surveillance, or 
hereditary cancer surveillance pathways. Asymptomatic average-risk adults, symptomatic individuals, 
patients with previous colorectal neoplasia, and individuals with hereditary CRC predisposition should enter 
distinct clinical pathways. In this context, asymptomatic average-risk adults remain within population-based 
screening pathways, while individuals with positive FIT results, alarm gastrointestinal symptoms, 
unexplained iron-deficiency anemia, or other findings requiring diagnostic investigation should undergo 
guideline-concordant clinical evaluation rather than routine risk-based surveillance alone. [1,26,34-35] Similarly, 
individuals with previous advanced adenomas, high-risk serrated lesions, or hereditary cancer predisposition 
should continue to receive established post-polypectomy or specialist surveillance, with DDHSS functioning 
only as an adjunctive coordination and risk-updating layer. [14-15,18,20,22] This distinction is essential to prevent 
the proposed framework from being interpreted as an autonomous screening replacement or as a substitute 
for clinical judgment. 

No fully established program identical to DDHSS was identified in the reviewed literature. However, several 
related programs and pilot-like components support the feasibility of individual DDHSS elements. Existing 
evidence includes family-history and genetic risk stratification,[36,37] population-level screening uptake and 
combined FIT-questionnaire risk assessment programs,[38-40] noninvasive biomarker streams and site-specific 
FIT screening evidence,[41-46] FIT-personalized surveillance protocols, colonoscopy quality monitoring, 
post-polypectomy follow-up, and longitudinal colonoscopy cohort infrastructure,[47-50] serrated-polyp and 
small-adenoma risk characterization,[51,52] metabolic and gene-environment risk evidence,[53,54] and 
prospective comparative screening protocols, ctDNA methylation biomarkers, and economic modeling 
frameworks.[55-57] These examples should be interpreted as partial analogues rather than validation of DDHSS 
as an integrated clinical system. 

As illustrated in Figure 4, DDHSS consists of four interconnected components: longitudinal healthcare data 
acquisition, AI-assisted analytical processing, risk stratification, and healthcare system response. These 
components operate within an evaluative feedback cycle that supports periodic reassessment of surveillance 
outcomes and ongoing refinement of individualized CRC risk profiles. 

To clarify how the reviewed literature informed the development of DDHSS, a comparative synthesis of the 
principal evidence domains, existing surveillance approaches, remaining limitations, and corresponding 
DDHSS responses is presented in Table 3. 
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Existing approach / 
evidence domain 

Clinical pathway 
and intended 
population 

Main data inputs and 
updating pattern 

Clinical output Key limitation 
identified from the 

literature 

DDHSS positioning 

Age-based 
population screening 

Screening; 
asymptomatic 

average-risk adults 
within eligible age 

ranges 

Age, screening eligibility, FIT 
or colonoscopy protocol; fixed 

guideline/program intervals 

Routine invitation, 
repeat screening, or 
colonoscopy after 
positive screening 

test 

Episodic screening may 
not capture evolving 

individual risk between 
rounds 

Adds longitudinal risk 
monitoring using repeated 

clinical, laboratory, screening, 
and historical data rather than 

age alone 
FIT-based screening 

and prediction 
Screening; 

asymptomatic 
screening-eligible 

individuals 

Qualitative or quantitative FIT, 
sometimes with demographic 
or clinical variables; updated 

by screening round 

Negative screen, 
repeat FIT, or 

colonoscopy after 
positive FIT 

Threshold-dependent 
performance; limited 
sensitivity for some 
advanced adenomas, 
non-bleeding lesions, 

and heterogeneous risk 
profiles 

Treats FIT as one dynamic 
input integrated with 

symptoms, laboratory change, 
colonoscopy history, and 
longitudinal clinical data 

Diagnostic 
evaluation for 
symptomatic 
individuals 

Diagnostic 
pathway; patients 

with alarm 
symptoms or 

clinically 
concerning findings 

Rectal bleeding, bowel habit 
change, weight loss, 

iron-deficiency anemia, 
abdominal symptoms, 

laboratory findings, clinical 
assessment; updated when new 

triggers appear 

Guideline-concordant 
diagnostic evaluation, 

including 
colonoscopy or other 

work-up when 
indicated 

Symptomatic patients 
should not be managed 
as routine surveillance 

because symptoms may 
indicate current disease 

Does not replace diagnostic 
evaluation; may support 

referral prioritization and care 
coordination when diagnostic 

triggers are present 

Post-polypectomy 
surveillance 

Surveillance; 
individuals with 

previous adenoma, 
serrated lesion, or 

colorectal precursor 
lesion 

Baseline/follow-up 
colonoscopy, lesion number, 

size, histology, resection 
completeness, surveillance 

history; updated after 
endoscopy/histopathology 

Shortened or 
extended surveillance 
colonoscopy interval 

according to 
guideline-based risk 

Applies after lesion 
detection and does not 

monitor broader 
population risk before 

diagnosis 

Incorporates prior colonoscopy 
and histopathology into broader 

longitudinal risk updating 
without replacing established 

intervals 

Hereditary CRC 
surveillance 

Specialist 
surveillance; 
suspected or 
confirmed 

hereditary CRC 
predisposition 

Family history, genetic testing, 
syndrome criteria, specialist 

assessment; updated according 
to syndrome-specific guidance 

Intensive 
colonoscopic and 

extracolonic 
surveillance 
according to 

hereditary risk 

Syndrome-specific 
pathway should not be 
replaced by a general 
population risk score 

May support documentation, 
coordination, and risk updating 

when hereditary risk 
information is recorded; 

specialist surveillance remains 
primary 
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Static clinical risk 
scores 

Risk prediction; 
individuals 
assessed in 
screening or 

clinical settings 

Baseline demographic, 
lifestyle, family history, 
metabolic, clinical, and 
sometimes FIT-related 

variables; usually infrequently 
updated 

Estimated risk 
category or screening 

recommendation 

Static estimates may 
become outdated when 

symptoms, FIT, 
laboratory values, or 
endoscopic findings 

change 

Emphasizes repeated 
recalculation as new 
longitudinal clinical 

information becomes available 

EHR-based and 
machine-learning 
prediction models 

Predictive 
analytics; health 

record or 
study-derived 
populations 

EHR variables, laboratory 
values, diagnoses, 

medications, FIT, symptoms, 
demographics, and prior 

screening history; updating 
depends on model design 

Predicted CRC or 
advanced neoplasia 

risk, risk 
classification, or alert 

Often retrospective; 
limited by missing data, 

coding variability, 
calibration, bias, 

explainability, and 
external validation 

Positions AI as decision 
support within a monitored 
cycle requiring validation, 

calibration, fairness 
assessment, clinician oversight, 

and feedback evaluation 
DDHSS conceptual 

framework 
Adjunctive 
longitudinal 

risk-monitoring and 
referral-support 

framework across 
appropriate 
pathways 

Longitudinal EHR, FIT, 
symptoms, laboratory change, 
colonoscopy/histopathology 

history, demographic risk 
factors, and prior screening 
outcomes; recalibrated after 

new events or periodic 
reassessment 

Risk monitoring, 
referral support, 

intensified follow-up 
recommendation, 

program evaluation, 
and feedback-based 

recalibration 

Conceptual framework 
requiring prospective 

validation, 
interoperability, 

governance, calibration, 
equity assessment, and 

capacity evaluation 

Integrative architecture, not a 
replacement for established 

screening, diagnostic 
evaluation, post-polypectomy 

surveillance, hereditary 
surveillance, or clinical 

judgment 

Table 3. Integrated comparative evidence map of existing CRC risk-management approaches and DDHSS positioning 
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This integrated comparison clarifies that DDHSS is not proposed as a replacement for established CRC 
screening, diagnostic evaluation, post-polypectomy surveillance, hereditary surveillance, or validated 
prediction models. Instead, DDHSS is positioned as an adjunctive longitudinal framework that may connect 
these pathways through repeated data acquisition, dynamic risk updating, referral support, clinical oversight, 
and evaluative feedback. Its proposed contribution therefore lies in coordination and integration rather than 
assumed superiority over existing CRC risk-management approaches. Prospective validation is required 
before DDHSS can be translated into clinical or public health practice. 
 
To strengthen the practical interpretation of DDHSS, each component of the framework should be 
understood not only as a conceptual domain but also as an operational module requiring feasibility 
assessment. Longitudinal healthcare data acquisition would depend on the availability of structured 
electronic medical records, standardized FIT reporting, laboratory results, colonoscopy and histopathology 
records, demographic data, family history, and routinely documented clinical encounters.[11,12,22] 
Gastrointestinal symptom profiles should therefore be operationalized through structured symptom fields 
rather than unstructured self-report alone. These may include clinician-verified or patient-reported 
information on rectal bleeding, persistent change in bowel habit, abdominal pain, unexplained weight loss, 
anemia-related symptoms, symptom duration, and recurrence pattern.[26] However, the feasibility of this 
component would depend on completeness of documentation, interoperability between primary care and 
referral systems, and standardization of symptom recording. 

Risk stratification within DDHSS should also be explicitly linked to clinical action. In a conceptual 
implementation model, low-risk individuals may continue routine population-based screening when FIT 
results are negative, no alarm symptoms are present, and no major hereditary or previous advanced neoplasia 
risk is identified. Intermediate-risk individuals may require intensified follow-up, repeated assessment, or 
shorter surveillance intervals when risk determinants accumulate, such as persistent gastrointestinal 
symptoms, metabolic abnormalities, family history, prior non-advanced adenoma, or increasing predicted 
risk scores. High-risk individuals may require expedited colonoscopy referral or specialist evaluation when 
positive FIT, alarm symptoms, iron-deficiency anemia, previous advanced adenoma, hereditary risk 
indicators, or substantially elevated model-predicted risk are present.[12,22,24,26,27] These categories should not 
be interpreted as fixed thresholds; rather, they represent a conceptual framework that requires prospective 
validation, local calibration, and health-system-specific capacity assessment before implementation. 

Prospective development of DDHSS would require a prespecified prediction target and time horizon, such as 
incident CRC, advanced colorectal neoplasia, advanced adenoma, or the need for expedited diagnostic 
colonoscopy within a defined follow-up period. Risk categories should be derived from calibrated predicted 
probabilities and decision-curve analysis under local colonoscopy-capacity constraints rather than from 
arbitrary cutoffs.[28,31] Risk estimates may be recalculated following a new FIT result, colonoscopy or 
histopathology finding, clinically meaningful laboratory change, newly documented gastrointestinal 
symptom, or a prespecified periodic reassessment interval. Therefore, the low-, intermediate-, and high-risk 
categories proposed in DDHSS should be interpreted as operational concepts requiring prospective validation 
rather than fixed clinical thresholds. This requirement is particularly important because prediction targets for 
population screening, diagnostic evaluation, post-polypectomy surveillance, and hereditary cancer 
surveillance may differ and should not be collapsed into a single undifferentiated risk score. 

The first component involves acquisition of healthcare information routinely generated within primary 
healthcare services. As presented in the framework, the collected datasets include electronic medical records, 
gastrointestinal symptom profiles, laboratory examination results including FIT, previous screening 
outcomes, and colonoscopy findings. Demographic characteristics, body mass index, family history of 
colorectal malignancy, and hereditary risk-related information may additionally contribute to individualized 
risk assessment. Rather than depending exclusively on isolated screening encounters, DDHSS conceptualizes 
CRC monitoring as a longitudinal process utilizing cumulative clinical information derived from routine 
healthcare interactions. 

Following data acquisition, aggregated datasets are processed through predictive analytical modules designed 
to synthesize multiple clinical and screening-related variables for individualized CRC risk assessment. As 
shown in the “Data Integration and AI-Based Risk Prediction” component, the proposed system incorporates 
integrated population datasets, machine learning algorithms, and dynamic scoring mechanisms. Within 
DDHSS, CRC susceptibility is conceptualized as an evolving clinical trajectory rather than a fixed 
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single-timepoint classification. Consequently, gastrointestinal symptoms, laboratory abnormalities, FIT 
findings, colonoscopy results, demographic factors, and other clinical variables may progressively influence 
individualized CRC risk profiles throughout surveillance follow-up. 

The resulting analytical outputs subsequently inform stratification into low-, intermediate-, or high-risk 
categories requiring different levels of clinical monitoring. As illustrated in Figure 4, lower-risk populations 
may continue routine screening protocols, whereas intermediate-risk individuals may undergo intensified 
follow-up. Higher-risk populations may require colonoscopy referral and closer surveillance. Importantly, 
surveillance categorization within DDHSS remains adaptable to newly acquired clinical information and 
changing patient risk trajectories. 

The final component involves healthcare system response and implementation of surveillance strategies. 
Outputs generated from predictive analytical processes may support clinical warning systems, targeted 
screening recommendations, epidemiological monitoring, cohort analysis, trend observation, and program 
evaluation. Through this mechanism, DDHSS extends beyond individualized prediction models and supports 
a population-oriented surveillance structure integrating preventive medicine, healthcare informatics, and 
AI-assisted clinical decision support. 

A major conceptual feature of DDHSS lies in the incorporation of an evaluative feedback loop (“Evaluative 
Feedback Cycle”) connecting surveillance outcomes back into the analytical process. This iterative 
mechanism enables periodic reassessment of surveillance effectiveness, refinement of predictive 
performance, recalibration of surveillance categories, and more efficient allocation of healthcare resources 
over time. Accordingly, the proposed system emphasizes continuous surveillance reassessment and 
longitudinal continuity rather than static one-time risk classification. 

In contrast to conventional age-based screening strategies, DDHSS emphasizes integration of continuously 
updated clinical information, repeated reassessment of CRC susceptibility, and more adaptive surveillance 
allocation. Such an approach may facilitate earlier identification of individuals undergoing progressive risk 
evolution despite previous negative screening findings while simultaneously improving distribution of 
diagnostic resources toward populations demonstrating persistently elevated or progressively increasing CRC 
risk. 

Nevertheless, DDHSS remains a hypothesis-generating conceptual model requiring further prospective 
validation before broader implementation can be considered. Future investigations should prioritize 
multicenter validation studies, interoperability assessment across heterogeneous healthcare systems, 
economic evaluation, longitudinal predictive stability analysis, and ethical governance related to privacy 
protection and responsible AI implementation. 

 

Figure 4. Conceptual framework of the Dynamic Digestive Health Surveillance System (DDHSS) integrating 
longitudinal clinical information, predictive risk modeling, and responsive colorectal cancer surveillance 

within primary healthcare settings. 
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3.7 Strengths, Limitations, and Bias Considerations 
This review has several strengths. First, it addresses colorectal cancer surveillance from an integrative 
perspective by linking population screening, longitudinal risk evolution, post-screening residual risk, 
healthcare data infrastructure, and AI-assisted prediction within a single conceptual framework. Second, the 
review used a structured search strategy across multiple databases and applied predefined eligibility criteria, 
evidence-mapping domains, and comparative synthesis dimensions. Third, the proposed DDHSS framework 
was positioned cautiously as an adjunctive risk-monitoring and referral-support architecture rather than as a 
replacement for established screening, diagnostic evaluation, post-polypectomy surveillance, hereditary 
surveillance, or clinical judgment. 
 
Several limitations should also be acknowledged. Although the literature search was structured, this review 
was not registered as a systematic review and did not apply a formal meta-analytic protocol. Screening was 
not performed independently in duplicate at the initial stage; therefore, residual selection error remains 
possible despite subsequent checking by a second author. The review is also susceptible to selection bias and 
publication bias because relevant unpublished studies, non-indexed reports, or studies outside the selected 
databases may not have been captured. 
 
Heterogeneity across the included literature limited direct comparison between studies. The reviewed 
publications differed in population characteristics, screening settings, predictor definitions, FIT thresholds, 
colonoscopy outcomes, follow-up duration, analytical methods, validation strategies, and reporting quality. 
As a result, quantitative synthesis was not performed, and the conclusions should be interpreted as 
comparative narrative synthesis rather than pooled evidence of effectiveness. This heterogeneity also limits 
the extent to which findings from one healthcare system or screening program can be generalized to other 
settings. 
 
Contextual bias and overgeneralization are additional concerns. Many studies on risk prediction, EHR-based 
modeling, and AI-assisted CRC prediction were developed in specific healthcare systems with particular data 
structures, population characteristics, referral pathways, and colonoscopy capacities. Their external validity 
may be limited in settings with different screening coverage, digital infrastructure, health-seeking behavior, 
resource availability, or burden of colorectal neoplasia. Therefore, DDHSS should not be interpreted as a 
universally applicable model without local calibration and implementation assessment. 
 
The evidence supporting AI-assisted CRC prediction also remains limited by methodological and 
implementation challenges. Many predictive models were retrospective, incompletely reported calibration 
and subgroup performance, and had limited prospective or external validation. Potential algorithmic bias 
may arise from missing data, coding variability, unequal healthcare access, imbalanced training populations, 
and underrepresentation of specific demographic or clinical subgroups. These issues may affect model 
transportability, fairness, explainability, and clinical safety if AI outputs are implemented without clinician 
oversight and post-deployment monitoring. 
 
Finally, DDHSS remains a hypothesis-generating conceptual framework. The present review does not 
provide direct evidence that DDHSS is superior to existing CRC screening, diagnostic, post-polypectomy, 
hereditary surveillance, or prediction-based approaches. Its proposed contribution is limited to conceptual 
integration of longitudinal data acquisition, adaptive risk updating, referral support, and evaluative feedback. 
Prospective validation, calibration, clinical utility assessment, equity evaluation, cost-effectiveness analysis, 
and real-world implementation studies are required before DDHSS can be translated into clinical or public 
health practice. 
 
4. Conclusion 
Conventional age-based and episodic colorectal cancer screening approaches possess substantial limitations 
in identifying high-risk individuals in a timely manner. Current evidence indicates that CRC susceptibility 
evolves progressively under the influence of biological, metabolic, genetic, and environmental determinants. 

DDHSS should therefore be interpreted as a proposed integrative architecture rather than a validated clinical 
system. Its incremental value over established screening, diagnostic evaluation, post-polypectomy 
surveillance, hereditary surveillance, and prediction-based approaches remains unproven and requires 
prospective validation before clinical or public health implementation. 
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Further studies are required to evaluate clinical effectiveness, implementation feasibility, economic impact, 
interoperability, and external validity of the proposed framework across diverse healthcare settings. 
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