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Purpose: Lymph node involvement is critical for colorectal cancer (CRC) staging and prognosis. The lymph node ratio (LNR),
defined as the ratio of metastatic to total examined lymph nodes, has shown promise as a superior prognostic metric compared to
traditional TNM staging and total lymph node yield (LNY). This study compared the prognostic value of LNR, N staging, and LNY
and developed an LNR-based survival risk score (LNR-SRScrc). Secondary objectives included evaluating the impact of multi-
disciplinary team (MDT) care and molecular markers (KRAS, NRAS, BRAF) on survival.

Patients and Methods: A population-based cohort of 2013 CRC cases (2013-2018) from the Reggio Emilia Cancer Registry was
analyzed. Prognostic models, including T-LNR-M, TNM, and T-LNY-M, were compared using Harrell’s C-index, Akaike Information
Criterion (AIC), and net reclassification improvement (NRI). Patients were randomly assigned to training (1026) and validation (987)
cohorts. Multivariable analysis identified significant predictors, and a survival risk score (SRScrc) was validated. The study also
assessed the independent prognostic role of MDT care and molecular markers.

Results: The T-LNR-M model outperformed TNM (C-index 71% vs 70%; NRI 4.7%, P =0.002) and T-LNY-M (C-index 71% vs 70%)
with the lowest AIC (8356). Predictors of mortality included T4 stage, LNR, metastasis, and age >78.6 years. LNR-SRSc( stratified
patients into low, intermediate, intermediate-high, and high-risk groups with distinct survival probabilities. Validation confirmed its
prognostic accuracy (C-index 71.4%). MDT care was associated with significantly improved survival (HR = 1.63; P = 0.047), while
molecular markers (KRAS, NRAS, BRAF) were not significant.

Conclusion: LNR provides superior prognostic value compared to N staging or LNY. The LNR-SRScgc enhances risk stratification
and, together with MDT care, may enhance personalized CRC management. Prospective validation is warranted.

Keywords: colorectal cancer, survival prediction, TNM staging, LNR-based survival risk score colorectal cancer, multidisciplinary
team prognostic models

Introduction
Colorectal cancer (CRC) is a major global health concern and one of the leading causes of cancer-related morbidity and
mortality.! It ranks as the third most common malignancy worldwide, with approximately two million new cases
annually.” Incidence varies by region, with higher in developed countries, reflecting differences in lifestyle, diet,
healthcare access, and screening programs.

CRC is clinically and molecularly heterogeneous, contributing to outcome variability.® Between 2017 and 2021,
incidence was 36.5 per 100,000 annually, with an age-adjusted mortality rate 12.9 per 100,000 per year.* Prognosis is
stage-dependent, with five-year survival rates ranging from 91% in early to just 16% in advanced-stages.*
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The TNM (Tumor, Node, Metastasis) staging system, developed by the American Joint Committee on Cancer and the
Union for International Cancer Control (AJCC-UICC), is central to CRC management informing prognosis and therapy, as
reflected in international guidelines.>® It performs well in early and late stages, but prognosis is more heterogeneous in stage II
and III disease.’

The “T” (Tumor) classification is based on the depth of invasion rather than on the tumor size Kornprat et al found that
larger tumors were linked to worse outcomes, in colon cancer, stressing the need for site-specific size cut-offs.® Feng et al
supported this, especially in node-positive cases,” while Crozier et al highlighted systemic inflammation, not size, as
a survival predictor.'°

The “N” (Node) classification is determined by the number of positive lymph nodes."' More involved nodes predict
poorer outcomes and guide adjuvant therapy decisions.

However, increasing evidence suggests that quantitative nodal metrics, such as the total number of lymph nodes
retrieved (LNY)'*'* and the lymph node ratio (LNR),'”> may offer enhanced prognostic accuracy by accounting for
variability in surgical quality and pathological assessment. These measures are not yet included in standard nodal staging
despite their clinical relevance.

Distant metastasis (M1) is a major predictor of poor outcomes, with 5-year OS rates below 10%.'" Identifying
metastasis guides systemic treatments, including chemotherapy and targeted therapies.'®!” Advances in imaging (PET-
CT, MRI) have enhanced detection of metastases!'”.

Histopathological features (grading, lymphovascular, and perineural invasion) refine CRC prognosis.'®!'” Tumor location
also matters: right-sided CRC exhibits different molecular profiles and clinical behavior compared to the left-sided or rectum.?

However, patient-specific factors also impact outcomes. Age influences both prognosis and treatment:*' younger
patients often have aggressive disease, yet often respond more favorably to therapy, while older patients frequently
present with comorbidities that complicate treatment and worsen survival.?! Socioeconomic factors, healthcare access,
and disparities in screening contribute to mortality differences.***

Multidisciplinary teams (MDTs) have enhanced CRC outcomes by facilitating collaborative decisions and optimizing
care: MDT involvement improves survival, especially in advanced CRC.**?%’

Molecular and genetic profiling are now the key in personalized CRC care. New guidelines recommend testing
molecular biomarkers like KRAS, NRAS, and BRAF to guide prognosis, and therapy.”*** KRAS/NRAS mutations
(~40%) confer resistance to anti-EGFR therapy (eg, cetuximab, panitumumab) and worsen survival.”® BRAF V600E
(8-10%) signals poor prognosis and aggressive disease, especially in metastasis.*’

In this context, our study aims to evaluate whether nodal metrics beyond traditional TNM staging can improve
prognostic stratification in CRC. Specifically, we compared the prognostic value of LNY and LNR to identify the most
reliable indicator of overall survival and constructed a LNR-based survival risk score. We also explored the role of
molecular alterations and MDT decision-making as complementary factors in refining risk prediction.

Materials and Methods

Study Setting

The data for this population-based cohort study were obtained from the Reggio Emilia Cancer Registry (RE-CR). The procedures
for conducting epidemiological analyses of the RE-CR data have been approved by the Reggio Emilia Ethics Committee
(Protocol no. 2014/0019740 dated 04/08/2014). The RE-CR, which has been updated until the end of 2021 and covers
a population of 532,000 individuals, is considered a high-quality cancer registry. It boasts a high rate of microscopic confirmation
(93.4% for CRC) and a Death Certificate Only (DCO) rate below 0.1%.>° In the province of Reggio Emilia, a screening program
targeting women and men aged 50 to 69 with biennial FOBT (Fecal Occult Blood Test) has been implemented since 2005. The
participation rate is over 65% and the impact on incidence, with a marked decrease, has been observed and described.®!

Data Sources
The RE-CR study utilized a comprehensive array of data sources including pathology reports, discharge records, mortality
statistics, and diagnostic reports obtained from general practitioners and laboratories. All incident CRC cases diagnosed from
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2013 to 2018 were included. This population-based retrospective cohort consisted of 2013 CRC cases, classified according to
the International Classification of Diseases for Oncology, 3rd Edition (ICD-0O3). Colorectal cancer cases included in this study
exhibited a relatively stable distribution over the examined years. Specifically, there were 316 cases reported in 2013 356 cases
in 2014, 348 cases in 2015, 329 in 2016, 340 in 2017, and 324 in 2018. Patients underwent treatment following the guidelines

in place at the time of diagnosis. Information regarding variables of interest is summarized in Table 1.

Multidisciplinary Team
In the years 2017-2018, diagnostic and therapeutic protocols for CRC were updated to enhance the MDT decision-
making process. The revisions established evidence-based protocols, clarified roles among healthcare services, and

Table | Main Clinical and Histopathological Characteristics of the
2013 Colorectal Cancer Enrolled Between 2013-2018 in the
Reggio Emilia Cancer Registry

Characteristics Number of Cases | %
Age, median (IQR range) 75.1 (63.6-83.0)
Gender
F 933 46.3
M 1080 53.7
Histopathology 2013 100
Adenocarcinoma 1699 84.4
Cystic, mucinous, and serous neoplasms | 118 59
Squamous cell neoplasms 6l 3.0
Others 135 6.7
Tumor-Nodal-Metastasis classification
Tumor (T) 1519 75,5
TO 10 0.7
Tl 299 19.7
T2 187 123
T3 649 4927
T4 374 24.6
Nodal (N) 1342 66.7
NO 828 61.7
NI 317 23.6
N2 197 14.7
Metastasis (M) 1672 83.1
MO 1304 78.0
MI 368 22.0
Stage 1961 97.4
| 493 25.1
Il 525 26.8
11l 520 26.5
v 423 21.6
Lymph node yielded 1189 59.1
Median (IQR) 0 (0-2)
Lymph node ratio 1189 59.1
Median (IQR) 0 (0-0.09)
Nuclear Grade 1444 71.7
| 106 73
2 691 479
3 647 44.8
(Continued)
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Table | (Continued).

Characteristics Number of Cases | %
Tumor location 2013 100
Colon 1390 69.1
Rectal 623 309
Tumor sidedness 1874 95.5
Right-sided 650 347
Left-sided 1079 57.6
Transverse colon 145 7.7

ensured consistent cancer-specific MDT consultations. This framework aimed to integrate best practices, streamline
provider communication, and promote patient-centered care. Process and outcome quality indicators are used to monitor
care, with annual feedback provided to healthcare teams. The MDT, including oncologists, radiologists, surgeons, and
other specialists, meets weekly to decide the best treatment for each patient, considering age, social factors, and tumor
characteristics.?’

Study Design and Statistical Analysis
In this study, all prognostic factors were collected from patient archives reflecting the status at diagnosis or MDT
evaluation, to minimize bias related to retrospective data collection.

The analysis was conducted three phases. First, prognostic models incorporating the lymph node ratio (LNR)
(T-LNR-M) were developed and compared to the conventional TNM and T-LNY-M (total lymph nodes yielded) models
using the entire cohort of 1665 cases with complete data for all variables. Second, a survival risk score for colorectal
cancer (SRScrc) was developed by integrating additional variables into the prognostic model. This approach allowed us
to assess the robustness and predictive accuracy of each model in a more comprehensive prognostic setting, incorporating
factors that may influence outcomes beyond nodal metrics alone. The cohort was randomly divided into a training set
(1026 patients) and a validation set (987 patients) in a 1:1 ratio using a computerized random number generator to
minimize selection bias. The training cohort was used for model development and calibration, while the validation cohort
was used to independently test model performance and generalizability. Finally, ancillary analyses were performed on the
entire cohort to evaluate the contribution of mutations and MDT involvement to prognosis.

Data are expressed as absolute numbers and percentages, or median and interquartile range (IQR). OS was calculated
from the date of diagnosis until death from any cause. OS was censored at the last date of patient follow-up. The
relationship between risk factors and the outcome variables was investigated by univariable and multiple Cox regression
analysis. On univariable models, tested covariates for death included patient age, gender, and each component of the
TNM classification (tumor size [T], nodal involvement [N], other lymph node metrics such as LNY and LNR, and
metastasis status [M]), as well as clinical stages (I-IV), nuclear grading (NG) and histological classification. All
prognostic indicators significantly associated with univariable analysis were jointly introduced into the same multiple
Cox regression model. Data were expressed as the hazard ratio (HR), 95% confidence interval (CI), and P-value. OS was
estimated by the Kaplan-Meier method followed by a Log rank test. Given the multiple comparisons between survival
curves (n=16), we applied a Bonferroni correction to adjust the significance threshold, setting it at 0.003 (0.05/16) to
control for type I error. The optimal threshold of age for discriminating patients who died from those who survived was
identified by the Receiver Operating Characteristic (ROC) curve analysis.

To calculate the survival risk score for CRC (SRSczc), a regression coefficient-based scoring model was employed,
following the methodology described by Mehta et al.>? In this approach, regression coefficients of independent prog-
nostic factors identified through multivariable analysis were first summed. Each coefficient was then normalized by
dividing by the total sum and multiplied by 100 to derive the percentage weight of each prognostic variable. This
percentage weight ranged from 0 for unexposed patients to a value proportionate to the regression coefficient in exposed
patients. Individual patient scores were calculated by summing these percentage weights across all relevant variables,
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generating a prognostic score from 0 (indicating no exposure to risk factors) to 100% (indicating full exposure to all risk
factors). The prognostic accuracy of the models was quantified by calculating Harrell’s C-statistic, ranging from 0.5 (no
discrimination) to 1.0 (perfect discrimination), the explained variation in mortality (R2, ie, an index combining
calibration and discrimination), and Akaike information criterion (AIC).**-** The net reclassification index (NRI) was
also used to assess at what extent N, LNR, and LNY are useful to reclassify patients as at risk or not at risk of death when
added to a simpler model based on T and M. A value of P<0.05 was considered statistically significant.

Statistical calculations were performed using SPSS for Windows v.21 (IBM, Chicago, Illinois, USA) and Stata 16
(StataCorp, Texas, USA).

Ethics

The Italian legislation identifies Cancer Registries as collectors of personal data for surveillance purposes without explicit
individual consent. The approval of a research ethics committee was not required, as this study is a descriptive analysis of
individual data without any intervention on patients.

Results

Patients’ Characteristics

Table 1 summarizes the clinical and histopathological features of 2013 CRC cases recorded from 2013 to 2018. The
median age was 75.1 years, with a slight predominance of male sex (53.7%) and adenocarcinoma histology (84.4%)
Among 1519 cases with T classification, T3 was most frequent (43%), followed by T4 (24.6%), T1 (19.7%), T2 (12.3%),
and TO (0.7%). Of the 1342 cases with N classification, 61.7% were NO, 23.6% N1, and 14.7% N2. Distant metastases
(M1) were present in 22% of patients.Stage distribution (1961 cases) was balanced across stages I-IV (25.1%, 26.8%,
26.5%, and 21.6%, respectively). Grades 2 (47.9%) and 3 (44.8%) were most common.Colon tumors represented 69% of
cases, with 1079 out of 1874 localized to the left side. Case numbers remained stable over time. Among cases with lymph
node data (59.1%), both median LNY and LNR were 0 (IQR 0-2).

Comparative Prognostic Performance of TNM, T-LNY-M, and T-LNR-M Models

Given the prognostic potential of lymph node metrics, we compared three distinct Cox models—TNM, T-LNY-M, and
T-LNR-M in 1165 colorectal cancer patients, (446 deaths). The TNM model had a Harrell’s C-index of 70%, explained
variation of 29.5%, and NRI (due to N) of 3.8+1.0% (P=0.003). The T-LNY-M model performed similarly, (Harrell
C-index of 70.0%, explained variation 29.1%, and NRI (due to LNY) 2.7+1.0%, (P=0.025). In contrast, the T-LNR-M
model outperformed both with a Harrell C-index of 71%, explained variation of 31.2%, and NRI (due to LNR) 4.7+1.0%
(P=0.002). Akaike weights confirmed T-LNR-M (AIC=5721.27) as the best model (>95% probability), outperforming
TNM (AIC=5736.29) and T-LNY-M (AIC=5738.90). These findings support LNR as a stronger prognostic tool than both
N stage and LNY in CRC.

Cross-Validation of Prognostic Model

Given the results of this comparison, we aimed to further evaluate the prognostic performance of the T-LNR-M model
within a framework that included additional variables. A total of 1026 patients were assigned to the training cohort for
model development, and the remaining 987 patients were assigned to the validation cohort for independent testing of
model performance. A detailed comparison of the two cohorts did not show any significant differences in characteristics
depicted in Table 1.

Training Cohort

Univariable Analyses of Overall Survival

After a median follow-up of 3.1 years (IQR range 1.0-5.2 years), 485 patients died. Median OS was 5.8 years (95% CI
4.9-6.7 years), with 60.8% of patients still alive at 3 years (Figure 1). Tumor extension significantly impacted OS: T4
tumors had the poorest outcomes, while T3 carried a 1.7-fold higher risk, than TO-T2 groups (grouped due to minor
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Figure | Kaplan-Maier curve of overall survival of the training cohort of 1026 colorectal cancer.

differences; Supplementary Figures 1 and 2). Median OS was not reached for the TO-T2 it was 7.5 years for T3 and 1.5
years for T4 patients. The 3-year OS rates were 86.7% for TO-T2 patients, 74.5% for those with T3, and markedly lower
at 30.7% for the T4 group (Figure 2A).

LNR, as a continuous variable, demonstrated strong association with OS (HR: 14.9, 95% 95% CI: 8.8-25.2,
P<0.0001). ROC curve analysis identified an optimal LNR cut-off of 0.10 (Supplementary Figure 3). Below this
threshold, 3-year OS rate was 82.3% versus 47.5% above. Median OS was not reached in the LNR<0.10 group, but
was only 2.7 months in the >0.10 group (Figure 2B).

Distant metastasis (M1) conferred a 6-fold higher risk versus MO (Supplementary Figure 1), with 3-year OS rate of
14.4% versus 75.4% (Figure 2C).

Nuclear grade (NG) was also predictive NG3 tumors had a 5.4-fold and a 3.5-fold increased risk compared to NG1
and NG2, respectively (Supplementary Figure 1). The 3-year OS rates were 93.2%, 76.6%, and 63.7% for NG1, NG2,
and NG3, respectively, with the median OS not reached for NG1 or NG2, but significantly reduced to 5.8 months for
NG3 (Figure 2D).

Stage IV was the most significant predictor of poor survival, with a 10.5-fold higher mortality risk compared to Stage

I, while Stage II and III conferred respectively 1.7- and 2.0-fold higher risk (Supplementary Figure 1). The 3-year OS
rates for Stages I, II, 11, and IV were 85.8%, 74.9%, 64.2%, and 13%, respectively, with median OS unreached in I and
II, 5.9 years in III and less than 7 months in IV (Figure 2E).

Age >78.6 years, as detected by ROC curve analysis (Supplementary Figure 4) tripled the mortality risk (HR 3.2,
95% CI 2.7-3.9, P < 0.001), with 3-year OS rate of 42.2% versus 73.6% in younger patients. The median OS was 1.7

years for older patients, while it was not reached for younger ones (Figure 2F).

Histological subtypes also influenced survival. Non-adenocarcinomas showed 2.3-3.1 times higher risk versus
adenocarcinomas (Supplementary Figure 2). Median OS was notably lower across these subtypes: adenocarcinoma 6.6

years, squamous 5.4 years, cystic, mucinous, and serous 1.2 years, and those classified as “others” just 0.9 years
(Figure 2G). Due to overlap, adenocarcinoma and squamous cell neoplasms were grouped for subsequent analyses; so
were mucinous/serous and “other” types. This approach aimed to streamline the analysis and enhance statistical power by
reducing subgroup heterogeneity.

After applying the Bonferroni correction (adjusted significance threshold: 0.003), all comparisons between survival
curves remained statistically significant.
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Figure 2 Kaplan-Maier curve of overall survival of the training cohort of colorectal cancer by (A) size and extend of the primary tumor (T) p<0.001, (B) lymphnode ratio

(LNR) cut-off value p<0.001, (C) distant metastasis (M) p<0.00l, (D) nuclear grade p<0.00l, (E) stage p<0.00l, (F) age threshold of 78.6 years p<0.00l, and (G)
histopathology.

Cancer Management and Research 2025:17 heeps: 2813



@ Mangone et al

Multivariable Analysis of Overall Survival

When all variables having a significant impact on OS at univariable analysis were jointly introduced into the same
multivariable Cox model, fitted in 573 out of 1026 patients (ie, 55.8% of total cases), tumor stages T4 (HR=3.8, 95% CI
1.7-8.3; P<0.001), LNR (HR=2.3, 95% CI 1.5-3.4; P<0.001), the presence of distant metastasis (M1) (HR=18.3, 95% CI
2.1-156; P=0.008), and age>78.6 years (HR=3.6, 95% CI 2.7-4.7; P<0.001), remained independently associated with
death. Conversely, NG (P for trend=0.5), stage (P for trend=0.1), and histological subtypes (P for trend=0.1) failed to
maintain their independent prognostic roles after multiple data adjustments.

Prognostic LNR-Based Survival Scoring System for Overall Survival
Next, based on the multivariable results, we calculated the LNR-derived survival risk scores for OS (referred to as LNR-
SRScre, see Supplementary Table 1) in 603 cases from no risk to maximum risk exposure. Subsequently, cases were

divided into four distinct risk categories: a low-risk group with 250 cases (41.4%); an intermediate-risk group comprising
159 cases (26.4%); an intermediate-high-risk group containing 138 cases (22.9%); and a high-risk group, with 56 cases
(9.3%) (Figure 3). The 3- and 6-year OS probabilities were 94.4% and 86.9% for low-risk (HR=1, reference group),
76.7% and 57.1% for intermediate-risk (HR=4.7, 95% CI 3.0-7.4, P<0.001), 57.2% and 36.1% for intermediate-high-risk
(HR=7.8, 95% CI 5.1-12.1, P<0.001), and 18.3% and 4.7% for high-risk (HR=24.4, 95% CI 15.2-39.4, P<0.001). Unlike
the low-risk which did not reach the median timeline, the estimated median OS was 6.1 years (+ 0.457 SEM) for
intermediate-risk groups, 4.0 years (= 0.471) for intermediate-high risk, and 1.0 years (£ 0.295 SEM) for high-risk cases.
Of note, the LNR-SRScrc had a Harrell C-index of 75.6% and an explained variation of 45.8% to predict mortality.

Validation of LNR-SRScrc

This study included an additional validation cohort of 987 cases. Prognostic indicators based on the LNR-SRScgc
classification were assessed in 575 patients, with OS outcomes illustrated in Figure 4. Of these, 235 (40.9%) patients
were categorized as low risk, 156 (27.1%) as intermediate risk, 143 (24.9%) as intermediate-high risk, and 41 (7.1%) as
high risk. The 3- and 6-year OS probabilities were 92.3% and 82.8% for the low-risk group (HR=1, reference), 74.3%
and 47.6% for the intermediate-risk group (HR=3.8, 95% CI: 2.5-5.7, P<0.001), 55.6% and 36.0% for the intermediate-
high-risk group (HR=5.8, 95% CI: 3.9-8.7, P<0.001), and 26.8% and 22.0% for the high-risk group (HR=11.1, 95% CI.:
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Figure 3 Kaplan-Maier curve of overall survival of 603 colorectal cancer (training cohort) clustered by the final LNR-derived survival risk score for colorectal cancer (LNR-
SRScrc). Low risk group: score=0; Intermediate risk group: score=20 p<0.001; Intermediate high risk group: score>20 <=55 p=0.002; high risk group: score >55 p<0.001.
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Figure 4 Kaplan-Maier curve of overall survival of 575 colorectal cancer (validation cohort) clustered by the final LNR-derived survival risk score for colorectal cancer
(LNR-SRScgc). Intermediate risk group p<0.001; Intermediate high risk group p=0.002; high risk group p<0.001.

6.8-17.9, P<0.001). Examining the survival curves, the estimated median OS was 5.7 years (£ 0.448 SEM) for the
intermediate-risk group, 3.4 years (+ 0.500 SEM) for the intermediate-high-risk group, and 1.8 years (+ 0.265 SEM) for
the high-risk group, while the OS curve for the low-risk group did not reach the median OS. Remarkably, the LNR-
SRScrc had a Harrell C-index of 71.4% and an explained variation of 30.4% to predict mortality.

Ancillary Analyses

We conducted ancillary analyses on the entire cohort, focusing on the impact of KRAS, NRAS, and BRAF mutations,
and MDT management on mortality, and their potential to refine stratification within the LNR-SRScrc. Due to limited
complete data, findings should be interpreted cautiously.

Univariable analysis Cox analysis indicated that NRAS mutations (n=313) had an HR of 0.9 (95% CI: 0.7-1.2, P=0.7),
KRAS mutations (n=361) had an HR of 1.7 (95% CI: 0.7-4.2, P=0.2), and BRAF mutations (n=310) showed an HR of 1.0
(95% CI: 0.7-1.6, P=0.9). These findings suggest that none of these mutations were associated with mortality in our cohort.

Among 619 evaluable cases, 365 received MDT care, which was linked to better survival (HR 2.6, 95% CI 2.0-3.3,
P<0.001). In the multivariable model (n=232) including LNR-SRScrc and MDT, the score stratified risk effectively:
intermediate- (HR 4.5), intermediate-high- (HR 9.1), and high-risk (HR 22.1) groups showed significantly increased
mortality versus baseline (all P<0.001). MDT also retained independent prognostic value (HR 1.626; 95% CI:
1.006-2.629; p = 0.047).

Discussion

Evaluating lymph node involvement is pivotal in CRC staging and prognosis, with the current N classification serving as
a central determinant of the TNM system to predict patient outcomes and treatment decisions. However, the N classification,
based solely on the absolute number of metastatic lymph nodes (NO-N2), has some limitations. It fails to consider variability
in lymphadenectomy quality and the total lymph node yield, both of which significantly impact staging accuracy and
prognostic reliability. Recent research suggests that alternative metrics, such as total LNY and LNR should be taken into
consideration.'* '3

Emerging evidence highlights the lymph node ratio (LNR)—the ratio of metastatic to total examined lymph nodes—

as a more refined metric LNR captures not only the extent of nodal metastasis but also the adequacy of surgical lymph
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node harvest, providing a more accurate reflection of tumor burden and surgical quality.'>*>** The Rosenberg et al
study*® identified different LNR cut-off values that stratify patients into distinct prognostic groups. Schiffmann et al®’
demonstrated that LNR allows for superior stratification of CRC patients compared to N staging, particularly when
comprehensive lymphadenectomy ensures a sufficient total lymph node yield. LNR allows for finer stratification of
patient outcomes compared to N staging alone, addressing the variability in total lymph node yield. This finding
underscores the importance of establishing optimal cutoffs for LNR to ensure its broad applicability across clinical
and research settings.

Our data confirm and extend these observations. The LNR-based T-LNR-M model outperformed both the traditional
TNM and the LNY-based T-LNY-M models in prognostic accuracy, achieving higher discrimination (Harrell’s C-index
71% vs 70%) and explained variation (31.2% vs 29.5%). Moreover, the net reclassification improvement (NRI) of 4.7%
(P=0.002) compared to TNM highlights the added value of LNR in refining risk predictions. Remarkably, the analysis of
Akaike weights reveals that the model including LNR (AIC=5721.27) has >95% chance to be the best model when
compared to the other two candidate models (TMN, AIC=5736.29; LNY, AIC=5738.90). These results are consistent
with studies such as Naidu et al,>® which found that LNR provided superior survival predictions across both early and
late-stage CRC, particularly in stage IV patients. The study calls for integrating LNR into staging systems to improve risk
stratification in advanced CRC.

Building on the insights provided by LNR, we developed and validated a LNR-based survival risk score (LNR-
SRScrc) incorporating age as the sole additional prognostic factor. This score categorizes patients into four risk groups—
low, intermediate, intermediate-high, and high risk—each with distinct survival trajectories. Validation in an independent,
population-based cohort reinforced the robustness of this system, with 3-year OS rates ranging from 94.4% in the low-
risk group to 18.3% in the high-risk group, providing a tool that can more accurately stratify patients based on OS
outcomes. The distinct risk categories identified by the score are highly informative, allowing clinicians to predict
survival trajectories with greater precision. For example, the low-risk group exhibited 3- and 6-year OS probabilities of
94.4% and 86.9%, respectively, with no median OS reached, signaling an excellent prognosis. On the other hand, patients
in the high-risk group had significantly worse survival probabilities, with a 3-year OS rate of just 18.3% and an estimated
median OS of only 1.0 year. This stark difference in survival underscores the model’s potential to identify patients who
may benefit from more aggressive interventions as well as those who can safely avoid unnecessary treatments.

The intermediate- and intermediate-high-risk groups also revealed clear distinctions in outcomes, with median OS for
these groups estimated at 6.1 years and 4.0 years, respectively. These results demonstrate that the LNR-SRSz¢ goes beyond
the simplicity of traditional staging systems by providing a more refined, personalized risk assessment. The model’s ability to
stratify patients within these groups based also on a simple yet powerful metric like lymph node ratio significantly enhances
prognostic accuracy. Moreover, the calculated HRs—4.7 for the intermediate-risk group and up to 24.4 for the high-risk group
—further validate the model’s strength in predicting mortality, highlighting its clinical applicability.

Validation of the LNR-SRS ¢ in a separate cohort of 987 cases adds to the robustness of the model, confirming its ability
to generalize across diverse patient populations. In the validation cohort, the OS probabilities remained consistent with the
initial findings, supporting the tool’s reliability. The Harrell C-index of 71.4% in the validation cohort demonstrates that the
LNR-SRSxc is effective in distinguishing between patients at different levels of risk, while the explained variation of 30.4%
indicates that the model can account for a substantial portion of the variance in mortality risk. These findings further strengthen
the credibility of the LNR-SRSx¢ and its potential as a clinically useful prognostic tool.

Despite its strengths, the LNR-SRSx¢ has areas for potential optimization. The reliance on lymph node yield (LNY)
for calculating LNR highlights the need to standardize lymphadenectomy techniques across institutions. Variability in
lymph node harvesting quality can impact LNR accuracy, and the incomplete reporting of LNY further complicates its
use; in our cohort, LNY data were unavailable for approximately 30% of cases. Harmonizing surgical practices and
improving reporting standards are essential to enhance the model’s reliability and reproducibility.

As an ancillary observation, this study reaffirms the association between MDT participation and improved CRC outcomes.
Consistent with our previous findings,”’ patients managed within an MDT framework demonstrated significantly improved
OS. The analysis of the process indicators suggests that the better outcomes are attributable to coordinated treatment planning,
timely interventions, and comprehensive follow-up care. In this new analysis, we have shown that MDT management retained
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its independent prognostic value even when integrated into a multivariable model that included our scoring system. On the
other hand, the LNR-SRS (¢ scoring system maintained its granular ability to stratify patients across different risk levels in
this multivariable analysis, further enhancing its predictive accuracy for prognosis. Moreover, the lack of association between
NRAS, and BRAF mutations and OS in this study should be considered in light of the relatively small sample size, as well as
the rather imprecise estimate of the KRAS effect. Furthermore, while these mutations are well-established prognostic markers
in CRC,?*’ the limited and extremely selected number of cases analyzed here may have introduced a selection bias possibly
hindering meaningful associations. The decision to test patients is probably a negative prognostic factor itself, thus not
allowing to correctly assess the prognostic value of the mutations in the population of all CRC patients. Additionally, treatment
heterogeneity, including the use of targeted therapies, may have influenced survival outcomes and confounded the relationship
between these mutations and OS. These limitations highlight the need for further research on the prognostic role of molecular
markers in CRC.

Conclusion

In conclusion, this study underscores the clinical utility of LNR and the LNR-SRS ¢ in CRC management, introducing
a refined TNM staging system that substitutes the N component with LNR and integrates age as a key prognostic factor.
Looking forward, the adoption of LNR-based metrics and risk scores into clinical guidelines will require international
consensus on optimal cutoffs and standardization of lymphadenectomy practices and reporting. Exploring the integration
of LNR-based tools into electronic health records and decision-support systems could also enhance their adoption in
clinical practice. Incorporating emerging biomarkers and leveraging digital health technologies will also be crucial for
enhancing the precision and scalability of these tools.
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