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Background: T1 colorectal cancer (T1 CRC) is increasingly treated with curative-intent endoscopic resection, but tumor
recurrence remains a critical factor influencing patient prognosis. However there is no validated biomarker exists to reliably predict
post-resection recurrence, limiting risk-adapted follow-up and adjuvant therapy decisions.

Materials and methods: In this multicenter retrospective cohort study across academic centers in Spain, 138 patients with T1
CRC (2023-2025; ClinicalTrials.gov NCT06314971) were enrolled. From FFPE endoscopic specimens, expression of five mRNAs
and two miRNAs was quantified by RT-gPCR, and an XGBoost-based transcriptomic panel was developed. Patients were
assigned to training and independent testing cohorts by treatment type. The primary outcome was 3-year recurrence-free survival
(RFS); secondary outcomes included 5-year RFS and overall survival (OS).

Results: The transcriptomic panel demonstrated high predictive performance in both the training (AUROC = 91.7%) and testing
(AUROC = 88.2%) cohorts. Patients classified as high-risk by the panel exhibited significantly worse RFS and OS compared with
those classified as low-risk (log-rank P < 0.001). Furthermore, integrating lymphatic invasion with the transcriptomic panel into

a combined risk stratification model further improved predictive accuracy (AUROC = 94.6%), and decision curve analysis
confirmed its superior clinical utility compared to conventional criteria.

Conclusion: This study established a validated machine learning—based transcriptomic classifier derived from endoscopic resection
specimens that accurately predicts tumor recurrence in patients with T1 CRC. Our findings highlight the potential of this biomarker

panel to enable risk-adapted surveillance strategies and guide decisions regarding additional therapy after curative resection.
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Introduction

Colorectal cancer (CRC) is the third most common malignant
tumor in the world!"*?!, but with widespread screening, it is
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increasingly being diagnosed at an earlier and more treatable
stage, especially invasive submucosal CRC (T1 CRC) with sub-
mucosal invasion!**!. This increased diagnosis at this stage has
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led to the widespread adoption of minimally invasive, organ-
sparing endoscopic resection!®!. Nonetheless, endoscopic resec-
tion does not permit complete pathological staging of the
regional lymph nodes. In current practice, pathological risk
features observed in endoscopically resected T1 CRC speci-
mens — such as vascular invasion, poor differentiation, deep
submucosal invasion, and tumor budding - often trigger
recommendations for additional surgical resection, even in
the absence of direct evidence of lymph node metastasis
(LNM)!"1% This approach prioritizes oncologic thoroughness
but results in overtreatment for many patients who, despite
having high-risk histopathologic features, ultimately have no
nodal involvement upon surgical resection. We previously
reported that a panel of five miRNAs and eight mRNAs could
reliably detect LNM in endoscopic tissue specimens and even
blood from patients with T1 colorectal cancer, reducing over-
treatment rates!' '™,

However, the current surveillance strategies outlined in treat-
ment guidelines for T1 CRC primarily focus on assessing LNM
risk, which may be insufficient for predicting the overall prog-
nosis of T1 CRC patients. Emerging evidence suggests that dis-
tant metastases may often arise independently of nodal
involvement, as studies have shown that >65% of distant metas-
tases do not originate from the same subclones as LNM in
CRC!"’!, Moreover, in early-stage CRC, recurrence rates after
endoscopic resection without lymphadenectomy are comparable to
those after surgical resection with lymph node dissection!®!. Thus,
in T1 CRC, tumor recurrence may arise not only via lymphatic
pathways but also through hematogenous dissemination™”), under-
scoring the need for risk-stratification strategies that extend beyond
predicting LNM alone.

Numerous studies have demonstrated that CRC prognosis is
influenced by a wide range of biological and clinical determi-
nants, including transcriptomic alterations, inflammatory sig-
naling pathways, postoperative complications, and host-related
factors such as sarcopenia or sarcobesity, which have been asso-
ciated with adverse outcomes in colorectal surgery cohorts!'82!,
Although many such risk factors have been reported, no clini-
cally established tool currently provides accurate prediction of
prognosis or recurrence in early-stage CRC, including T1
lesions. Previous biomarker studies in CRC such as Oncotype
DX Colon and ColoPrint have primarily focused on stage II-III
disease and relied on surgically resected specimens spanning
a heterogeneous spectrum from early pT2 tumors to high-risk
stage I1°*°] Importantly, these assays were not designed to
specifically evaluate early-stage cases such as T1 CRC, and
their applicability to this population remains uncertain.
Moreover, because these platforms depend on surgically
resected tissue, they are inherently unsuitable for the growing
proportion of T1 CRC patients who undergo endoscopic treat-
ment alone and therefore lack access to surgical specimens.

In other words, considering that tumor recurrence cannot be
accurately assessed by current risk factors, the current surveil-
lance strategies prescribed in treatment guidelines for T1 CRC
may be inadequate in predicting the prognosis of these patients.
Although histopathological features such as tumor budding,
lymphovascular invasion, and poor differentiation have been
shown to be associated with recurrence in T1 CRC, their pre-
dictive accuracy and consistency remain limited'**%!, These
factors alone are insufficient to identify patients at risk of
distant metastasis, which has the greatest impact on long-term
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HIGHLIGHTS

e Tumor recurrence is a significant prognostic factor in T1
colorectal cancer (T1CRC), and current histopathological
criteria are insufficient for accurate risk prediction.

o We developed a machine learning-based transcriptomic
biomarker panel which accurately predicted tumor recur-
rence risk after curative resection.

e The panel demonstrated high predictive accuracy in both
training (AUROC = 91.7%) and independent testing
(AUROC = 88.2%) cohorts.

o Combining the transcriptomic panel with lymphatic inva-
sion further improved recurrence prediction (AUROC =
94.6%) and outperformed conventional criteria in decision
curve analysis.

e This clinically applicable tool may guide personalized
surveillance and inform decisions about adjuvant treat-
ment after tumor resection.

prognosis. Therefore, there is a critical need to incorporate
molecular biomarkers that more accurately reflect the biological
drivers of recurrence and allow precise risk stratification in
T1 CRC.

Building on prior evidence supporting the biological relevance
of specific mRNAs and miRNAs in CRC progression**~71, and
leveraging recent advances in transcriptomic and machine learn-
ing-based prognostic modeling?>**** we sought to evaluate
the clinical utility of transcriptomic biomarkers for predicting
recurrence in patients with T1 CRC. Our goal was to develop
a robust, biologically informed risk stratification model capable
of improving prognostication and guiding postoperative man-
agement in this increasingly common early-stage malignancy.
This work has been reported in line with the STROCSS criteria
(Supplemental Digital Content, available at: http:/links.lww.
com/JS$9/G597)145!,

Materials and methods

Study design

The Tw1CE study was a multi-institutional, retrospective,
multi-phase biomarker study. It was designed to complete the
EDRN phases II and III study (Early Detection Research
Network) for a tissue-based prognostic study. In our previous
publications, we identified a panel of transcriptomic biomarkers
in the EDRN phase I study (biomarker discovery phase).
Building upon those findings, the current study aimed to evalu-
ate these biomarkers for predicting tumor recurrence in patients
with T1 CRC. Two independent tissue-based cohorts (training
and testing cohorts, respectively) were utilized, and we evaluated
the performance of the selected biomarkers in both cohorts
independently. This phase II/III validation assessed whether
these markers could stratify patients based on recurrence risk,
thereby supporting their potential use in guiding postoperative
management. In our previous transcriptomic analysis, we
reported candidates of eight mRNAs and five miRNAs that
were significantly associated with high-risk T1 CRC!"'**!, From
these candidates, we selected five mRNAs and two miRNAs that
showed the strongest association with postoperative recurrence
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and validated their predictive performance in independent
cohorts.

Patient cohorts

A total of 3161 patients diagnosed with pT1 CRC between 2007
and 2018 were registered, regardless of treatment received.
Exclusion criteria were histological types other than adenocar-
cinoma, hereditary cancer syndromes, inflammatory bowel dis-
ease, synchronous or metachronous CRC within 5 years, or
metastatic disease at diagnosis. Among the remaining patients,
138 had sufficient biological material from endoscopically
resected specimens and were considered for this study
(Supplemental Digital Content sTable 1, available at: http://
links.lww.com/JS9/G597). From these, patients with lymph
node metastasis (LNM) at the time of initial surgery, local
tumor recurrence, or no recurrence but with a follow-up period
shorter than 3 years were excluded from the Tw1CE analysis.
The final study population was divided into a training cohort
(patients who underwent surgery, 7 = 57) and a testing cohort
(patients managed with endoscopic resection alone, 7 = 58; see
Table 1, Supplemental Digital Content sFigure 1, available at:
http:/links.lww.com/]S9/G597). These inclusion and exclusion
criteria were uniformly applied across all participating centers to
ensure consistency and reproducibility.

Pathological risk classification was evaluated by patholo-
gists at each participating institution, based on features such
as deep submucosal (SM) invasion 21000 pm or SM2-3
(deep SM invasion), presence of lymphatic or vascular inva-
sion, high-grade tumor budding, and poorly differentiated
histology, as well as affected margins!®!. This study received
approval from the ethical review boards of each participating
institution. Biological specimen collection and subsequent
laboratory analyses were conducted in strict accordance with
the principles outlined in the Declaration of Helsinki. All
patients provided written informed consent post-treatment.
The study was registered and completed on clinicaltrials.gov
(NCT06314971). Prior to endoscopic resection, all patients
underwent standard pre-procedural preparation, including
a thorough review of medical history and current medications.
Patients were instructed to remain nil by mouth for at least
6 hours prior to the intervention. All resections were performed
in the endoscopy suite of each participating institution under
standard clinical protocols.

Definitions and study endpoints

Recurrence-free survival (RFS) was defined as the interval
from curative-intent treatment to the first documented recur-
rence. Overall survival (OS) was defined as the time from
curative-intent treatment to death from any cause. Since the
majority of CRC recurrences occur within 3 years after sur-
gery, and early recurrence is consistently associated with poor
prognosisi***1 we identified RFS <3 years as the primary
endpoint. As recurrence may still occur beyond 3 years in T1
colorectal cancert***°! 5-year RFS and 5-year OS were also
evaluated as secondary endpoints.

Laboratory methodology

RNA extraction from formalin-fixed paraffin-embedded (FFPE)
specimens involved manual microdissection to enrich the

Clinical cohort characteristics

Surgery cohort Endoscopy cohort
Characteristics (n=57) (n=58) P-Value
Median (range) 63 (50-86) 60.5 (46-88) 0.30
Biological sex
Male, N (%) 39 (68.4) 69.0) 1.00
Female, N (%) 18 (31.6) 18 (31.0)
Differentiation
Well/Moderate, N (%) 51 (89.5) 56 (96.6)
Poor, N (%) 8.8 1(1.7) 0.11
Unknown, N (%) 1(1.7) 1.7)
Tumor location
Right side, N (%) 8 (14.0) 6(10.3)
Left side, N (%) 49 (86.0) 51(87.9) 0.78
Unknown, N (%) 0(0) 1(1.8)
Tumor size, mm
Median (range) 15 (2-50) 10 (1.5-80) 0.01
Submucosal invasion, ym
>1000, N (%) 46 (80. 51(87.9)
<1000, N (%) 10 (17.5) 4(6.9) 0.15
Unknown, N (%) 1(1.8) 3(6.17)
Budding grade
>2, N (%) 13 (22.8) 6 (10.3)
1, N (%) 43 (75.4) 48 (82.8) 0.13
Unknown, N (%) 1(1.8) 4(6.9)
Lymphatic invasion
Present, N (%) 7 (12.3) 3(6.2)
Absent, N (%) 49 (86.0) 51(87.9) 0.32
Unknown, N (%) 1(1.7) 4(6.9)
Vascular invasion
Present, N (%) 8 (14.0) 1(1.7)
Absent, N (%) 48 (84.2) 53 (91.4) 0.03
Unknown, N (%) 1(1.8) 4(6.9)
Recurrence
RFS < 3 years, N (%) 15 (26.3) 11 (19.0) 0.65
RFS > 3 years, N (%) 42 (73.7) 4

representation of neoplastic cells, with more than 75% of the
micro-dissected tissue comprising tumor cells. Subsequently,
RNA isolation was performed using the AllPrep DNA/RNA
FFPE Kit manufactured by Qiagen. RNA purity and concentra-
tion were assessed spectrophotometrically, and only samples
with an A260/A280 ratio >1.8 were included. Following the
extraction of RNA from the FFPE specimens, complementary
DNA (cDNA) was generated before proceeding to the polymer-
ase chain reaction (PCR) assays. For miRNA expression ana-
lyses, cDNA synthesis from total RNA was conducted using the
TagMan microRNA Reverse Transcription Kit (Thermo Fisher
Scientific, Waltham, MA, USA). For mRNA profiling, the con-
version of RNA into complementary DNA (cDNA) was
achieved using the High-Capacity cDNA Reverse Transcription
Kit, provided by Thermo Fisher Scientific. The RT-qPCR analy-
sis was performed using the SensiFAST™ probe Lo-ROX Kit
(Bioline, London, UK) on the QuantStudio 7 Flex Real-Time
PCR System (Applied Biosystems, Foster City, CA). No-tem-
plate controls were included on every plate, and inter-plate
variability was minimized using an inter-plate calibrator.
Samples in which the internal normalizer (U6 for miRNA or
B-actin for mRNA) had a Ct value 235 were excluded or
repeated. PCR data were normalized using the ACt method
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with U6 (for miRNA) or B-actin (for mRNA) as internal con-
trols, and log10 transformed prior to statistical analysis™®'!,

All miRNA primers employed in this study were procured
from Thermo Fisher Scientific, sharing a catalog number
(4427975). Individual miRNAs used in this study were identi-
fied by their respective assay IDs, including U6 (001973),
hsa-miR-32-5p (002109), hsa-miR-181b-5p (001098), hsa-
miR-193b-3p (002367), hsa-miR-195-5p (000494), and hsa-
miR-411-5p (001610) (Supplemental Digital Content sTable 2,
available at: http://links.lww.com/JS9/G597). The primer
sequences and Assay ID for the targets investigated in this
study are presented in Supplemental Digital Content sTable 3,
available at: http://links.lww.com/JS9/G597.

Statistical analysis

From the 13 previously reported candidate biomarkers, stepwise
regression was applied in the training cohort to identify the most
informative and stable predictors of recurrence, yielding five
mRNAs (RCC1, FOXA1, AMT, MMP9, and MMP1) and two
miRNAs (miR-411-5p and miR-193b-3p). These selected mar-
kers were then used for model development and validation. We
employed the eXtreme Gradient Boosting (XGBoost) algorithm,
an ensemble learning method that sequentially combines multi-
ple weak decision tree learners to construct a robust predictive
model. XGBoost is particularly well suited for high-dimensional
molecular datasets, providing efficient computation, extensive
hyperparameter optimization, and robust handling of missing
data. To minimize the risk of overfitting in the context of
a relatively small dataset, several safeguards were implemented.
XGBoost has built-in cross-validation and early stopping func-
tions, which were used to monitor model performance during
training and confirmed stable performance within the training
cohort. In addition, hyperparameters were tuned with an expli-
cit focus on regularization. Model complexity was constrained
by limiting the maximum tree depth to 5 and penalizing overly
complex splits (y = 3.5). A conservative learning rate (n = 0.001)
was applied to ensure gradual learning and to prevent abrupt
overfitting, and the total number of boosting rounds was capped
at 1500. These adjustments were specifically designed to
enhance regularization, reduce variance, and avoid overfitting.
After training cohort, the model was locked to prevent further
modification and subsequently applied unchanged to the inde-
pendent validation cohort, thereby ensuring robust external
validation and assessment of generalizability. Cohorts were stra-
tified into “high-risk” and “low-risk” groups based on the cut-
off value determined in the training cohort (targeting sensitivity
>85%). Predictive performance was evaluated using receiver
operating characteristic (ROC) curves and the corresponding
area under the ROC curve (AUROC), with 95% confidence
intervals estimated by the DeLong method (pROC R package,
v1.18.5). Sensitivity and specificity were calculated with 95%
confidence intervals using the Wilson method. Group compar-
isons of continuous variables between cohorts were assessed
using the unpaired Mann—Whitney U test. Categorical variables
were compared using Fisher’s exact test or y* test, as appropri-
ate. RFS and OS were analyzed with Kaplan—Meier survival
curves, and differences between groups were assessed using the
log-rank test at 3 and 5 years. The independence of the predic-
tion panel from conventional clinicopathological variables was
examined using both univariate and multivariate logistic
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regression analyses for recurrence and Cox proportional hazards
regression analyses for the time-to-event outcome of RFS and
OS. Considering the small and imbalanced strata, subgroup
analyses were not pre-specified and were therefore not per-
formed. All statistical tests were two-sided, and statistical sig-
nificance was defined as P < 0.05. All statistical analyses and
machine-learning procedures were performed using R (version
4.3.1). The following packages were used: xgboost (1.7.7.1),
SHAPforxgboost (0.1.3), pROC (1.18.5), survival (3.6-4), surv-
miner (0.4.9), swimmerplot (1.2.0), and ggplot2 (3.5.1).

Results

XGBoost-based machine training established a biomarker
panel that can predict tumor recurrence in T1 CRC patients

To identify transcriptomic biomarkers associated with tumor
recurrence in T1 CRC, we performed RT-qPCR assays to exam-
ine the associations between the 13 biomarkers we previously
identified and their ability to predict tumor recurrence in the
training cohort. The predictive performance of each candidate is
summarized in Supplemental Digital Content sTable 4, available
at: http://links.lww.com/JS9/G597. Stepwise regression was
used to prioritize a narrower list of § mRNA (RCC1, FOXA1,
AMT, MMP9, and MMP1) and 2 miRNA biomarkers (miR-
411-5p and miR-193b-3p), which were the most significant
predictors of tumor recurrence (Fig. 1A). Next, we used an
XGBoost-based machine learning approach in the training
cohort to establish individual mRNA and miRNA panels
(mRNA panel: AUROC 90.2 (81.2-99.1)%; miRNA panel:
AUROC 76.7 (63.6-89.8)%; Fig. 1B and C). These panels
showed significantly higher scores in recurrence cases (mRNA:
P < 0.001, miRNA: P = 0.002; Fig. 1D and E). Global feature
importance analysis consistently highlighted RCC1 and MMP9
as the strongest mRNA contributors and miR-411-5p as the
main miRNA, across all XGBoost gain/cover metrics, decision
tree architecture, and SHAP summaries (Supplemental Digital
Content sFigures 2A and B, 3A and B, 4A and B, 5A and B,
available at: http://links.lww.com/JS9/G597). These results
demonstrate that the combination of stepwise regression and
XGBoost effectively identified key transcriptomic biomarkers
linked to tumor recurrence.

A combined mRNA/miRNA transcriptomic panel robustly
predicted tumor recurrence in T1 CRC patients

We then combined the mRNA and miRNA panels developed in
the training cohort using logistic regression analysis to establish
an mRNA/miRNA panel, which exhibited even superior predic-
tive accuracy for tumor recurrence [AUROC = 91.7 (83.7-
99.8)%, sensitivity = 86.7 (62.1-96.3)%, specificity = 85.7
(72.2-93.3)%; Fig. 2A]. The cutoff values were selected to
ensure sensitivity of at least 85%. Furthermore, in the testing
cohort, using the same XGBoost model and parameters as the
training cohort, this mMRNA/miRNA panel was able to predict
tumor recurrence with high accuracy, demonstrating the robust-
ness of this panel [AUROC = 88.2 (78.7-97.7)%, sensitiv-
ity = 81.8 (52.3-94.9)%, specificity = 76.6 (62.8-86.4)%;
Fig. 2B]. To further validate the superiority of our XGBoost-
based approach, we compared it with a logistic regression model
constructed from the same seven candidate biomarkers and
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found that XGBoost consistently outperformed logistic regres-
sion in both the training and testing cohorts (Supplemental
Digital Content sFigure 6, available at: http:/links.lww.com/
JS9/G597).

In addition, violin plots and boxplots reveal that patients
within the high-risk group who had less than 3 years of RFS
scored significantly higher compared to those in the low-risk
group in this independent cohort, even when using the same
cutoff value (-1.17) that was determined in the training cohort
(Fig. 2C). This panel also clearly separated high- and low-risk
patients in the waterfall plots (Fig. 2D and E). In conclusion, our
mRNA/miRNA panel developed using XGBoost demonstrated
robust predictive accuracy for tumor recurrence across both
cohorts and further confirmed that XGBoost outperforms linear
logistic regression. These findings underscore the potential of
this model as a reliable tool for clinical risk stratification.

The mRNA/miRNA panel also predicted prognostic
outcomes beyond 3 years in patients with T1 CRC

In the training cohort, survival curves evaluated by log-rank test
revealed that patients with higher scores for this mMRNA/miRNA
panel had a significantly higher risk of tumor recurrence at all
observed time points [log-rank test, P < 0.001; 3-year RFS: 31.6
(16.3-61.2)% vs 94.7 (87.9-100)%; S5-year RFS: 31.6 (16.3—
61.2)% vs 92.0 (83.8-100)%; Fig. 3A]. Similarly, patients with
higher scores consistently exhibited a significantly higher risk of
death [log-rank test, P = 0.02; 3-year OS: 86.2 (70.0-100)% vs
97.3(92.3-100)%; 5-year OS: 67.0 (44.6-100)% vs 97.3 (92.3—
100)%; Supplemental Digital Content sFigure 7A, available at:
http:/links.lww.com/JS9/G597]. Moreover, in the testing cohort
as well, high-risk patients deciphered by this mRNA/miRNA
panel were associated with a significantly higher risk of tumor
recurrence and mortality [log-rank test, P < 0.001; 3-year RFS:
55.0 (37.0-81.8)% vs 94.7 (87.9-100)%; 5-year RFS: 28.1
(13.6-58.0)% vs 83.7 (72.5-96.5)%; and log-rank test,
P = 0.003; 3-year OS: 94.1 (83.6-100)% vs 100 (100-100)%;
5-year OS: 53.6 (31.8-90.4)% vs 96.9 (91.0-100) % Figure 3B,
Supplemental Digital Content sFigure 7B, available at: http://
links.lww.com/JS9/G597]. The median follow-up time was
5.1 years (range, 0.6—6.5 years) in the surgery cohort and
5.1 years (range, 0.2-7.3 years) in the endoscopy cohort, thereby
minimizing the potential for time-related bias in survival analy-
sis. In conclusion, we have highlighted the value of the mRNA/
miRNA panel as a highly reliable predictive tool for stratifying
patient prognoses, including long-term prognostic outcomes.

Establishment of a risk stratification model that can more
accurately predict tumor recurrence in patients with T1 CRC

To further confirm the clinical significance of our mRNA/
miRNA panels, we performed a univariate analysis for all key
clinicopathologic factors and their association with tumor recur-
rence after surgical resection with lymph node dissection (RFS:
<3 years). The results revealed that specific clinical factors
(tumor diameter 220 mm, lymphatic invasion, and our mRNA/
miRNA panel) were significantly associated with tumor recur-
rence. Furthermore, multivariate analysis confirmed that our
mRNA/miRNA panel and lymphatic invasion were independent
predictors of tumor recurrence in patients with T1 CRC.
Interestingly, our mRNA/miRNA panel could predict tumor
recurrence with the highest OR (Table 2). We also performed

Cox proportional hazards regression analyses to further evaluate
the independence of our panel in predicting RFS (Supplemental
Digital Content sTable 5, available at: http:/links.lww.com/JS9/
G597). Because lymphatic invasion was an essential variable for
subsequent analyses, one patient in the training cohort with miss-
ing data for this factor was excluded, leaving 56 patients for
analysis. We stratified patients into three prognostic groups: (1)
those with lymphatic invasion and a high-risk score, (2) those
without lymphatic invasion but with a high-risk score, and (3)
those with a low-risk score regardless of lymphatic invasion
status (Fig. 4A). Most patients with high-risk scores experi-
enced recurrence, and those with both high-risk scores and
lymphatic invasion had particularly poor outcomes. Based on
this, we hypothesized that combining lymphatic invasion with
our mRNA/miRNA panel would improve prognostic accuracy.
Indeed, the combined risk stratification model significantly
enhanced predictive ability [AUROC = 94.6 (88.7-100) %;
sensitivity = 92.9 (78.6-100) %, specificity = 88.1 (78.6—
97.6) %; Fig. 4B].

Decision curve analysis (Fig. 4C) further demonstrated the
clinical utility of the model. The diagonal dotted line denotes
the “treat-all” strategy (systemic therapy for all patients), and
the horizontal grey line denotes the “treat-none” strategy (tumor
resection alone). The red line is the combined risk-stratification
model, the blue line is the mRNA/miRNA panel, and the green
line is lymphatic invasion alone. To align with the ROC analysis,
we overlaid a vertical dashed line indicating the cutoff value used
in the study. At this threshold, the combined model showed the
highest net benefit compared with both treat-all and treat-none
strategies, as well as compared with either the transcriptomic
panel or lymphatic invasion alone. Finally, as shown in the
swimmer plot (Fig. 4D), most high-risk patients identified by
this model experienced recurrence and poor survival, whereas
many low-risk patients remained recurrence-free for >5 years.
Taken together, these findings indicate that our risk stratifica-
tion model is a powerful tool to accurately identify high-risk
patients unlikely to benefit from surgery alone, thereby guiding
selection for systemic therapy while sparing low-risk patients
from overtreatment.

Discussion

This is the first study to develop and validate a clinically relevant
assay that predicts prognosis using a transcriptomic panel of
endoscopically resected specimens in patients with T1 CRC. The
primary endpoint of this study was to predict 3-year RFS; how-
ever, the use of state-of-the-art machine learning approaches
made it robust for OS and recurrence-free survival at longer
timepoints, with high sensitivity and specificity.

From a clinical standpoint, this study identified lymphatic
invasion as an independent predictor of tumor recurrence after
curative resection in T1 CRC (Table 2). While other reports
have highlighted LNM positivity, lymphatic invasion, tumor
size, histological grade, and lesion site (rectal) as independent
risk factors for tumor recurrence after curative resection of T1
CRCU617:49:52-541 However, there are no studies that distin-
guish between distant tumor recurrence and local tumor recur-
rence, considering the risks. The tumor recurrence rate after
radical resection of T1 CRC is low, making it difficult to
accurately predict the risk of tumor recurrence in these
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Univariate and multivariate analysis for 3-year recurrence-free survival in the surgery cohort

Univariate analysis

Multivariate analysis

Characteristics OR 95% CI P-Value OR 95% Cl P-Value
Age
(>60y/ <60Y) 2.22 0.59-10.88 0.27
Biological sex
(Male/Female) 1.38 0.39-5.67 0.63
Tumor size, mm
(>20 mm/ < 20 mm) 3.66 1.07-13.08 0.04 3.75 0.54-34.54 0.20
Submucosal invasion, pm
(>1000 pm/ < 1000 pm) 0.24 0.06-1.04 0.052
Budding grade
(>2/1) 2.36 0.59-9.01 0.21
Lymphatic invasion
(Present/Absent) 1.1 2.05-86.95 0.01 35.63 2.34-1272.43 0.02
Vascular invasion
(Present/Absent) 3.80 0.78-18.85 0.09
Differentiation
(Well-Moderate/Poor) 217 0.26-14.61 0.43
mRNA/mIiRNA panel score
(High/Low) 39.00 8.31-295.86 <0.01 50.74 7.53-1058.26 <0.01

Reference categories: Age <60 y; female; Tumor size <20 mm; Submucosal invasion <1000 pm; Budding grade = 1; Lymphatic invasion absent; Vascular invasion absent; Differentiation well-moderate;

mRNA/mIRNA panel score low; P < 0.05 are highlighted in bold in the table.

patients. Considering that there is no significant difference in
the rate of distant tumor recurrence between cases involving
only endoscopic resection and those involving surgical resec-
tion with removal of regional lymph nodes®'”], predicting the
risk of distant tumor recurrence through hematogenous metas-
tases is crucial. Our training cohort included cases after surgi-
cal resection, including regional lymph node dissection, and we
were able to accurately evaluate the risk of distant tumor
recurrence due to hematogenous metastasis. In addition, the
testing cohort included cases that underwent endoscopic treat-
ment only, and in these cases, only the primary tumor was
resected without regional lymph node dissection. In other
words, the testing cohort may reflect the overall picture of
tumor recurrence, including recurrence via both lymphatic
and hematogenous routes, and our established panel can com-
prehensively predict both types of tumor recurrence. According
to current guidelines, patients without LNM are not given
chemotherapy, but systemic therapy may be appropriate for
those with a high risk of tumor recurrence. Our transcriptomic
panel and risk stratification model accurately identify such
high-risk patients, as demonstrated by the DCA curve, swim-
mer plot, and Kaplan—-Meier analysis. Importantly, this posi-
tions the panel as a potential tool for risk-adapted surveillance
and adjuvant therapy decision-making. High-risk patients
could benefit from intensified follow-up or even consideration
of systemic therapies, while low-risk patients might safely
avoid overtreatment and undergo less intensive surveillance.
This ability to stratify patients based on molecular risk fills
a critical gap left by conventional histopathological factors,
which often lack sufficient prognostic precision. In addition,
the biomarkers incorporated into our panel — five mRNAs
(RCC1, FOXA1, AMT, MMPY9, and MMP1) and two
miRNAs (miR-411-5p and miR-193b-3p) - have each been
reported in prior studies to be associated with aggressive
tumor behavior, metastasis, or poor prognosis in CRC and
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other malignancies (Supplemental Digital Content sTable 6,
available at: http://links.lww.com/JS9/G597)15¢% In addi-
tion, our network and pathway analyses (Supplemental
Digital Content sFigure 8, available at: http://links.lww.com/
JS9/G597) showed that the candidate mRNAs and miRNAs
form interconnected regulatory clusters and are enriched in
biological processes central to CRC progression, including
cell-cycle regulation, focal adhesion, p53/mTOR signaling,
and extracellular-matrix remodeling. These findings provide
mechanistic support for the biological coherence of the tran-
scriptomic panel and strengthen its relevance as a predictor of
aggressive tumor behavior and recurrence risk in T1 CRC.

Notably, the relatively high recurrence rate observed in our
cohort — much higher than the 2-8% described in population-
based T1 CRC studies!'®'7#5:331 _ reflects intentional
enrichment for high-risk cases rather than unintended sam-
pling bias. Both the surgical training cohort and the endosco-
pically treated testing cohort consisted largely of patients with
high-risk pathological features or long-term intensive surveil-
lance. Therefore, our model is particularly suited for recur-
rence prediction in high-risk T1 CRC populations, where the
need for accurate molecular risk stratification is greatest.
Furthermore, this study is specifically focused on high-risk
patients; therefore, we did not apply methods such as standar-
dization of recurrence rates, propensity score matching, or
inverse probability weighting. However, we recognize that
further insights could be gained using these methods if
a larger, multi-center dataset with a wider distribution of risk
becomes available, and we consider this an important direc-
tion for future research.

From an implementation perspective, several challenges
remain. Cost and turnaround time of transcriptomic testing may
currently limit routine clinical adoption, particularly in commu-
nity settings. In addition, standardization of RNA extraction and
qPCR-based assays across pathology laboratories is critical to
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ensure reproducibility and comparability of results. These issues
highlight the need for multi-center standardization studies, as well
as the potential utility of automated, clinically certified platforms
to streamline workflow. Nonetheless, the assay itself can be read-
ily implemented using routinely processed and highly stable FFPE
specimens. Only 2—4 unstained 5-10-pm sections after manual
microdissection are required, making it compatible with standard
pathology workflows. RNA can be extracted using widely
available FFPE extraction kits, and no sequencing infrastructure
is needed; all seven biomarkers can be quantified using a conven-
tional real-time PCR. The entire workflow can typically be com-
pleted within 3-5 days, supporting feasible adoption across
community and academic laboratories. These features suggest
that, with forthcoming multi-center standardization and external
quality-assurance frameworks, the assay is well positioned for
future clinical implementation. In addition, in line with our
prior work evaluating the cost-effectiveness of molecular bio-
marker assays!*"*>®!l  the present study also incorporated
DCA to provide an initial assessment of cost-effectiveness.
The DCA demonstrated that our combined risk stratification
model consistently yielded greater net clinical benefit than
conventional guideline-based criteria, suggesting that the
added implementation costs may be justified by improved
patient outcomes.

This study has limitations. First, it was retrospective, and the
sample size for biomarker training and testing was limited.
Second, most patients in the endoscopic group had deep sub-
mucosal invasion, which, although a surgical indication, has
been associated with a low rate of LNM and recurrence®**],
Third, tumor size and vascular invasion differed between the
training and testing cohorts; however, neither factor was inde-
pendently associated with recurrence in multivariate analyses,
suggesting that their impact on the predictive performance of
our panel was minimal. Moreover, the robustness of the panel
across these distinct clinical subgroups highlights its potential to
detect recurrence — including distant recurrence — beyond local
differences between cohorts.

Finally, while this external validation study used a multi-cen-
ter cohort from Spain, future research will require more exten-
sive international, multi-ethnic, and multi-center validation.
Moreover, given the minimally invasive nature of endoscopic
resection and the growing interest in non-invasive monitoring,
liquid biopsy—based adaptations of the transcriptomic panel
represent an attractive avenue for further development. Such
approaches could extend the utility of the assay to longitudinal
monitoring and early detection of recurrence, thereby enhancing
clinical applicability. Indeed, in our previous studies, we success-
fully translated tissue-based transcriptomic and microRNA bio-
markers into blood-based liquid biopsy assays"*'*!, supporting
the feasibility of applying the present transcriptomic panel in
a liquid biopsy setting.

In conclusion, this study represents the first attempt to adapt
surveillance strategies for risk stratification in patients with T1
CRC. Using biological data and machine learning, we indepen-
dently and externally validated our findings by investigating
tumor recurrence, which has a significant impact on prognosis.
This machine learning-based signature has excellent potential to
provide a personalized clinical approach to identify high-risk
patients who require systemic therapies after radical resection
of T1 CRC.
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