Discovery Medicine 2026; 38(209): 1732—1743

Article https://doi.org/10.24976/Discov.Med.202638209.135

Beyond Morphology: A Nomogram Integrating CT Net
Arterial Enhancement and Serum Biomarkers for
Preoperative N-Staging in Colorectal Cancer

Yinghong Zhou'!, Wanglin Bao!'*

IRadiology Department, Wuyi First People’s Hospital, 321200 Jinhua, Zhejiang, China

*Correspondence: 13758908925@139.com (Wanglin Bao)
Submitted: 11 March 2026 Revised: 20 April 2026  Accepted: 22 May 2026  Published: 20 June 2026

Background: Accurate preoperative assessment of lymph node (LN) metastasis dictates treatment strategies in colorectal cancer
(CRC), yet traditional morphological criteria (e.g., size) lack sensitivity. We aimed to develop a diagnostic nomogram integrating
functional hemodynamics and serum biomarkers to overcome these limitations.

Methods: Data from 130 CRC patients undergoing radical resection were retrospectively analyzed. Preoperative multi-phase
computed tomography (CT) features, specifically Net Arterial Enhancement (AA) and morphological metrics, along with serum
carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) levels, were evaluated. A diagnostic nomogram was
constructed based on multivariate logistic regression, with performance assessed using Area Under the Curve (AUC), bootstrap
validation, and Decision Curve Analysis (DCA).

Results: Multivariate analysis revealed that traditional morphological features (size, shape, margin) were not independent predic-
tors of metastasis. In contrast, AA (p=0.001), CEA (p < 0.001), and CA19-9 (p = 0.024) were identified as significant independent
predictors. The novel nomogram integrating these three variables achieved an AUC of 0.925 (95% CI 0.877-0.972), significantly
outperforming both the conventional CT model incorporating short-axis diameter, short/long axis ratio, and AA (AUC 0.778,
95% CI 0.699-0.857; p < 0.001) and a pure morphology model combining short-axis diameter, short/long axis ratio, and margin
status (AUC 0.734, 95% CI 0.649-0.819; p < 0.001). The model demonstrated excellent calibration (bias-corrected C-index:
0.917) and provided superior clinical net benefit across a wide range of threshold probabilities compared to standard strategies.
Conclusion: Within an integrated multivariable framework, functional hemodynamic parameters (AA) and biological markers
offer preoperative predictive information that is not fully captured by size-based criteria alone, supporting their complementary
role in nodal assessment. This nomogram provides a non-invasive and quantitative tool for patient-level preoperative N-staging
based on index-node imaging surrogates, facilitating personalized surgical decision-making. Given that the model was developed
in a modest single-center retrospective cohort and evaluated only through internal bootstrap validation, external validation in
independent, preferably prospective, multi-center cohorts is required before the nomogram can be considered robust or adopted
in routine clinical practice.
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Introduction covery, and the toxicities associated with overtreatment [8].
Therefore, developing a highly accurate, non-invasive pre-
operative prediction tool is of paramount importance to tai-
lor personalized oncology regimens and improve survival

outcomes.

Colorectal cancer (CRC) remains one of the most
prevalent malignancies globally and a leading cause of
cancer-related mortality [1,2]. Accurate preoperative as-

sessment of regional lymph node (LN) metastasis, which Currently, multi-detector computed tomography

dictates the clinical N-stage, is fundamentally critical for
determining the optimal therapeutic strategy [3—5]. In clin-
ical practice, the confirmed presence of LN metastasis not
only guides the extent of surgical resection, such as the ne-
cessity for extended lymphadenectomy or total mesorectal
excision (TME) in rectal cancers, but also serves as a pri-
mary indication for neoadjuvant [6,7]. Conversely, over-
estimation of LN involvement can subject patients to un-
warranted surgical morbidity, prolonged postoperative re-

(MDCT) remains the cornerstone imaging modality for
the preoperative staging of CRC [9]. Routine radiological
evaluation predominantly relies on morphological and
size-based criteria, such as the short-axis diameter (SAD),
shape ratio, and margin contour, to differentiate metastatic
from benign nodes [10,11]. However, this morphology-
centric paradigm is fraught with diagnostic uncertainty.
Extensive clinical literature indicates that relying solely on
size criteria yields suboptimal sensitivity and specificity,
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often failing to exceed 70% [12]. The fundamental flaw of
this approach lies in the complex biological reality of tumor
progression: enlarged lymph nodes frequently result from
benign reactive hyperplasia secondary to tumor-induced in-
flammation, whereas morphologically normal-sized nodes
may already harbor microscopic metastases [13,14]. This
discrepancy highlights a critical clinical gap, necessitating
a paradigm shift from purely anatomical measurements to
functional and biological characterization.

To bridge this diagnostic gap, integrating functional
imaging parameters with systemic tumor biomarkers offers
a robust scientific avenue. Tumor-induced angiogenesis is
a well-established hallmark of metastasis [15]. As CRC
cells colonize regional lymph nodes, they stimulate the for-
mation of a chaotic, hyperpermeable microvascular net-
work to sustain their metabolic demands [16]. Multi-phase
contrast-enhanced CT provides a non-invasive window into
these profound hemodynamic alterations [17]. Specifically,
net arterial enhancement (AA), quantifying the absolute in-
crease in CT attenuation during the arterial phase relative to
the unenhanced phase, serves as a macroscopic surrogate
for tumor hypervascularity and microvessel density [18].
Unlike anatomical size, which changes slowly and unreli-
ably, altered hemodynamics and hyperperfusion often pre-
cede macroscopic morphological enlargement, offering an
earlier and more specific indicator of metastatic infiltration
[19].

Concurrently, systemic serum biomarkers directly re-
flect the biological tumor burden and its invasive phenotype
[20]. Carcinoembryonic antigen (CEA) and carbohydrate
antigen 19-9 (CA19-9) are widely validated, standard-of-
care glycoproteins involved in intercellular adhesion and
metastatic dissemination in gastrointestinal tumors [21].
While individually these markers may lack the spatial speci-
ficity required for precise LN staging, their integration with
localized functional imaging parameters can synergistically
capture both the systemic biological aggressiveness and
the regional pathophysiological changes of the tumor [22].
We hypothesize that a multidimensional approach combin-
ing local hemodynamic functional imaging (AA) with sys-
temic biological markers (CEA, CA19-9) will inherently
overcome the limitations of traditional anatomical measure-
ments.

Therefore, this study aimed to develop and internally
validate a quantitative diagnostic nomogram that integrates
multi-phase CT hemodynamic parameters and routine pre-
operative serum biomarkers. By shifting the diagnostic fo-
cus from subjective morphological assessment to objective
functional and biological quantification, we sought to pro-
vide clinicians with a robust, reproducible, and easily im-
plementable tool for the precise preoperative prediction of
lymph node metastasis in patients with colorectal cancer.
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Methods

Study Design and Population

The study was approved by the Ethics Committee of
Wuyi First People’s Hospital (approval number: 2026-03-
02), and all procedures adhered to the principles outlined in
the Declaration of Helsinki. Due to the retrospective design
and the use of anonymized clinical data, the requirement for
informed consent was waived by the ethics committee.

Patients with pathologically confirmed CRC who un-
derwent radical resection between January 2023 and Febru-
ary 2026 were screened for eligibility. The inclusion crite-
ria were as follows: (1) pathologically confirmed colorec-
tal adenocarcinoma; (2) availability of complete preopera-
tive multi-phase contrast-enhanced CT images and serum
tumor marker data (CEA, CA19-9) within two weeks prior
to surgery; and (3) standard radical resection with regional
lymph node dissection performed.

Patients were excluded if they: (1) received preop-
erative neoadjuvant radiochemotherapy, which could alter
lymph node status and imaging features; (2) had distant
metastasis (M1 stage) confirmed by imaging or exploration;
(3) had a history of other malignancies; or (4) had poor CT
image quality due to artifacts affecting quantitative mea-
surement. Finally, a total of 130 patients were included in
the analysis.

Image Acquisition Protocol

All patients underwent abdominal and pelvic CT scans
using a 128-slice multi-detector CT scanner (Revolution
EVO, GE Healthcare, Waukesha, WI, USA; SOMATOM
Definition AS+, Siemens Healthineers, Erlangen, Bavaria,
Germany). The scanning parameters were standardized as
follows: tube voltage, 120 kVp; tube current, automatic ex-
posure control; slice thickness, 5 mm; and reconstruction
interval, 5 mm.

After non-enhanced scanning, a non-ionic iodinated
contrast agent (Iohexol, 350 mgl/mL; Yangtze River Phar-
maceutical Group, Taizhou, China) was injected intra-
venously at a rate of 3.0 mL/s (1.5 mL/kg body weight),
followed by a 20-mL saline flush. Multi-phase imaging
was triggered using a bolus-tracking technique. The arte-
rial phase (AP) and venous phase (VP) were acquired at
approximately 25-30 seconds and 60—70 seconds after in-
jection, respectively.

Radiologic Feature Analysis

Two radiologists with more than 10 years of experi-
ence in abdominal imaging, who were blinded to the patho-
logical N-stage and laboratory results, independently re-
viewed the CT images. Any discrepancies were resolved
through consensus discussion. The largest regional lymph
node in the drainage area of the tumor was selected as the
target node for measurement. For patients with no visibly
enlarged lymph nodes, the largest detectible node in the re-
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gional lymphatic drainage area was measured. If multiple
nodes of similar size were present, the one with the most
suspicious features (e.g., largest SAD or highest density)
was selected.

We acknowledge that the unit of radiologic analysis, a
single target lymph node per patient, differs from the patho-
logical reference standard, the patient-level N stage derived
from the entire surgical specimen. We adopted this node-to-
patient design for the following three reasons. Firstly, retro-
spective multi-phase CT datasets do not permit reliable one-
to-one spatial co-registration between individual nodes on
imaging and their corresponding histological counterparts
after en bloc mesenteric or mesorectal resection, a limita-
tion inherent to the majority of published CT- and MRI-
based nodal staging studies. Additionally, clinical deci-
sions, including the indication for neoadjuvant therapy and
the extent of lymphadenectomy, are made at the patient
level rather than the nodal level. A patient-level predic-
tion model therefore has direct translational relevance. Fur-
thermore, the largest or most morphologically suspicious
node within the regional drainage territory is convention-
ally regarded as the “index node”, most likely to reflect
the metastatic status of the entire nodal basin, a convention
consistent with prior CT- and MRI-based N-staging liter-
ature. Accordingly, all radiologic predictors in this study
should be interpreted as index-node surrogates for patient-
level nodal status, rather than as strictly node-specific mea-
surements.

Quantitative measurements of CT attenuation were
performed using a standardized Region of Interest (ROI)
placement protocol. For each target lymph node, the ROI
was manually drawn on the axial image slice displaying
the maximum cross-sectional area. To minimize measure-
ment bias, the ROI was maximized to cover approximately
two-thirds to three-quarters of the nodal area, while strictly
maintaining a margin of at least 1-2 mm from the nodal
edge to avoid the partial volume effect from surrounding
perinodal fat. Areas of cystic necrosis, coarse calcification,
or artifacts were carefully excluded from the ROI to en-
sure the measurement reflected viable tumor tissue. To en-
sure consistency in hemodynamic assessment, the ROI po-
sition was electronically co-registered or carefully matched
across the unenhanced, arterial, and venous phases on the
same anatomical level. The mean attenuation value (in
Hounsfield Units, HU) within the ROI was recorded for
each phase.

Key morphological and hemodynamic parameters
were defined as follows:

* Short-axis Diameter (SAD): The shortest diameter of
the lymph node measured in the transverse plane.

* Shape Ratio: Calculated as the ratio of the short-axis
diameter to the long-axis diameter (S/L ratio). A ratio closer
to 1.0 indicates a rounder shape, suggesting malignancy.

* Net Arterial Enhancement (AA): Defined as the ab-
solute increase in CT attenuation value during the arterial

phase relative to the non-enhanced phase. The formula used
was: AA = CTareriat — CTplain. This parameter quantifies
the hypervascularity of the lymph node, reflecting tumor-
induced angiogenesis.

» Margin Status: Categorized as smooth (well-defined
border) or irregular (spiculated or indistinct border).

To assess inter-observer variability, a subset of 30 pa-
tients was randomly selected and re-evaluated by a second
radiologist, blinded to the clinical information and the first
radiologist’s measurements. The inter-observer agreement
for continuous variables (SAD, net arterial enhancement)
was evaluated using the Intraclass Correlation Coefficient
(ICC), and for categorical variables (margin status) using
Cohen’s Kappa coefficient.

Clinical and Pathological Variables

Baseline demographic data (age, gender) and clin-
ical characteristics (tumor location) were collected from
electronic medical records. Preoperative serum levels of
carcinoembryonic antigen (CEA) and carbohydrate anti-
gen 19-9 (CA19-9) were measured within 14 days be-
fore surgery using electrochemiluminescence immunoas-
say (ECLIA) kits (CEA: Elecsys® CEA; CA19-9: Elec-
sys® CA19-9; Roche Diagnostics GmbH, Mannheim, Ger-
many). All assays were performed in accordance with the
manufacturer’s instructions and routine laboratory quality-
control procedures.

The histopathological N-stage was determined ac-
cording to the 8th edition of the AJCC/UICC TNM staging
system [23]. Patients were classified into a non-metastatic
group (pNO stage) and a metastatic group (pN+, compris-
ing pN1 and pN2 categories) based on the final pathology
report.

Statistical Analysis

All statistical analyses were performed using R soft-
ware (version 4.5.2; The R Foundation for Statistical Com-
puting, Vienna, Austria).

Continuous variables were tested for normality using
the Shapiro-Wilk test. As all continuous variables exam-
ined in this study deviated significantly from a normal dis-
tribution, they were uniformly summarized as median [in-
terquartile range, IQR] and compared between groups using
the Mann-Whitney U test. Categorical variables were pre-
sented as frequencies (percentages) and compared using the
Chi-square test or Fisher’s exact test, as appropriate.

Model Construction and Validation

Univariate logistic regression analysis was performed
to identify significant predictors of lymph node metasta-
sis. Before multivariate modeling, a multicollinearity di-
agnosis was conducted for all candidate variables using the
Variance Inflation Factor (VIF). A VIF value of >5 was
considered indicative of severe multicollinearity. Variables
with a p-value < 0.1 in the univariate analysis were entered
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into a multivariate logistic regression model using a back-
ward stepwise selection method based on the Akaike Infor-
mation Criterion (AIC). To clearly delineate the incremen-
tal contribution of each category of predictor and to avoid
conceptual overlap between morphological and functional
domains, three models were constructed:

* Model 1, Morphological Model: Incorporating only
conventional morphological features (short-axis diameter,
short/long axis ratio, and margin status). This model repre-
sents the classical size- and shape-based paradigm of radi-
ologic nodal assessment.

* Model 2, Conventional CT Model: Incorporating
short-axis diameter, short/long axis ratio, and net arterial
enhancement (AA). This model represents the commonly
adopted size-shape-plus-enhancement paradigm in routine
multi-phase CT interpretation. Margin status is intention-
ally excluded from Model 2 because its contribution is
already captured in Model 1 (the purely morphological
model). This specification allows the Model 1 vs Model 2
comparison to isolate the incremental value of AA beyond
size and shape alone.

* Model 3, Combined Model: Incorporating the inde-
pendent predictors identified by multivariate analysis, in-
cluding AA, CEA, and CA19-9, representing the proposed
integrated functional and biological paradigm.

The incremental discriminative value across the three
models was compared using pairwise DeLong tests, thereby
isolating the gain attributable to adding functional hemo-
dynamic information to pure morphology (from Model 1
to Model 2), and the gain attributable to further integrating
systemic biological markers (from Model 2 to Model 3).

The discrimination performance of the models was
evaluated using the Receiver Operating Characteristic
(ROC) curve and the Area Under the Curve (AUC). The
DeLong test was used to compare the AUCs of the two
models to determine the incremental value of the combined
approach.

Based on the Combined Model, a quantitative nomo-
gram was constructed using the rms package (version 7.0-
0) in R. To evaluate the predictive accuracy and robustness
of the established nomogram, internal validation was per-
formed using a bootstrap resampling method with 1000 it-
erations. This resampling technique is particularly critical
for mitigating the risk of overfitting and estimating the ex-
pected optimism in cohorts with modest sample sizes. The
discriminative ability of the model was quantified using
Harrell’s concordance index (C-index), and a bias-corrected
C-index was reported to reflect the model’s generalized per-
formance. Furthermore, model calibration, the degree of
agreement between the nomogram-predicted probability of
lymph node metastasis and the actual observed incidence,
was visually assessed using a calibration curve derived from
the resampled cohorts.
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To translate the statistical performance of the nomo-
gram into tangible clinical value, Decision Curve Analy-
sis (DCA) was conducted using the dcurves package (ver-
sion 0.5.0). While traditional metrics like the Area Un-
der the Curve (AUC) evaluate diagnostic accuracy, DCA
specifically quantifies the clinical net benefit across a con-
tinuous spectrum of threshold probabilities. The net ben-
efit was calculated by subtracting the proportion of false
positives from the proportion of true positives, weighted
according to the relative harm of false-positive and false-
negative results. In this study, the clinical utility of our
novel combined nomogram was compared with the Con-
ventional CT Model, as well as the default baseline strate-
gies of “treat-all” (assuming all patients have metastasis)
and “treat-none” (assuming no metastasis), thereby iden-
tifying the optimal threshold range for clinical decision-
making.

Results

Baseline Demographic and Clinicopathologic
Characteristics

A total of 130 patients with colorectal cancer were in-
cluded in this study, comprising 73 patients (56.2%) in the
non-metastatic group (pNO) and 57 patients (43.8%) in the
metastatic group (pN+). The baseline characteristics of the
study cohort are summarized in Table 1. There were no sta-
tistically significant differences between the two groups re-
garding age (Z=-0.998, p =0.319), gender distribution (x>
=0.060, p = 0.806), or primary tumor location (x2 = 0.968,
p =0.915), indicating a well-balanced study population.

In contrast, significant differences were observed in
both serum biomarkers and CT radiologic features. Patients
with lymph node metastasis exhibited significantly higher
levels of preoperative serum CEA (median: 11.3 vs. 2.6
ng/mL, Z=-6.742, p < 0.001) and CA19-9 (median: 19.6
vs. 11.3 U/mL, Z = —4.258, p < 0.001). Regarding mor-
phological features, metastatic lymph nodes presented with
larger short-axis diameters (median: 9.6 vs. 8.0 mm, Z =
—4.200, p < 0.001) and a rounder shape, as indicated by
a higher short/long axis ratio (median: 0.80 vs. 0.73, Z =
—2.800, p = 0.005). Notably, the hemodynamic parameter,
the net arterial enhancement, was significantly higher in the
pN+ group (median: 35 HU) compared to the pNO group
(median: 26 HU) (Z =-5.317, p < 0.001), reflecting the
hypervascular nature of metastatic nodes.

Inter-Observer Agreement and Multicollinearity
Assessment

To ensure the reliability of the radiologic measure-
ments, inter-observer agreement was assessed in a ran-
domly selected subset of patients. The reproducibility of
quantitative measurements was excellent, with an intra-
class correlation coefficient (ICC) 0f 0.989 (95% CI: 0.984—
0.992) for short-axis diameter and 0.984 (95% CI: 0.977—
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Table 1. Baseline demographic, clinical, and radiologic characteristics of the study population stratified by lymph node

metastasis status.

Variable Non-Metastatic (pNO) (N = 73) Metastasis (pN+) (N=157)  Statistic  p-value
Age (years), median [IQR] 63.0[57.0, 69.0] 63.0[59.0, 73.0] Z=-0.998 0.319
Gender, n (%) x2=0.060 0.806

Female 33 (45.2%) 27 (47.4%)

Male 40 (54.8%) 30 (52.6%)
Tumor Location, n (%) x2=0.968 00915

Ascending 18 (24.7%) 13 (22.8%)

Descending 12 (16.4%) 8 (14.0%)

Rectum 17 (23.3%) 16 (28.1%)

Sigmoid 17 (23.3%) 11 (19.3%)

Transverse 9 (12.3%) 9 (15.8%)
CEA (ng/mL), median [IQR] 2.6[1.7,4.0] 11.3 6.8, 16.0] Z=-6.742 <0.001
CA19-9 (U/mL), median [IQR] 11.3[7.3,21.2] 19.6 [14.5,30.0] Z=-4.258 <0.001
LN Short-axis Diameter (mm), median [IQR] 8.0[6.6,9.2] 9.6 7.9, 10.6] Z=-4200 <0.001
Short/Long Axis Ratio, median [IQR] 0.73 [0.67, 0.82] 0.80[0.72, 0.86] Z=-2.800 0.005
Net Arterial Enhancement (HU), median [IQR] 26 [18, 32] 35[28, 43] Z=-5317 <0.001

LN Margin, n (%)
Irregular
Smooth

31 (42.5%)
42 (57.5%)

Y2 =11.245 <0.001
41 (71.9%)
16 (28.1%)

Note: Continuous variables, all of which deviated from a normal distribution based on the Shapiro-Wilk test, were presented as median

[interquartile range, IQR] and compared between groups using the Mann-Whitney U test (reported as tie-corrected Z statistics based

on the normal approximation). Categorical variables were presented as frequencies (percentages) and compared using Pearson’s

Chi-square test (reported as x? statistics) without continuity correction. A two-sided p-value < 0.05 was considered statistically

significant. Abbreviations: pNO, pathologically node-negative group; pN+, pathologically node-positive group (comprising pN1 and

pN2 categories); CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9; LN, lymph node; HU, Hounsfield unit.

0.988) for net arterial enhancement. For the qualitative
evaluation of margin status, the agreement between the
two radiologists was substantial, yielding a Kappa value of
0.907 (p < 0.001).

Furthermore, prior to multivariate modeling, a
collinearity diagnosis was performed to rule out redundancy
among predictors. The variance inflation factors (VIF) for
all candidate variables ranged from 1.10 to 2.82, which
were well below the threshold of 5, indicating no severe
multicollinearity among the imaging and clinical parame-
ters included in the analysis (Table 2).

Predictors of Lymph Node Metastasis and Model
Construction

Univariate logistic regression analysis identified sev-
eral significant predictors of lymph node metastasis (Ta-
ble 3). Specifically, morphological features, such as larger
short-axis diameter (odds ratio [OR] = 1.56, 95% confi-
dence interval [CI]: 1.26-1.94, p < 0.001), irregular margin
status (OR = 3.47, 95% CI: 1.65-7.28, p < 0.001), and a
rounder shape (Short/Long axis ratio per 0.1-unit increase:
OR =1.64, 95% CI: 1.16-2.31, p = 0.005), were associated
with an increased risk of metastasis. Additionally, hemo-
dynamic parameters and serum biomarkers showed strong
predictive value.

Table 2. Collinearity diagnosis of candidate predictors using
variance inflation factors (VIF).

Variable VIF
Short-axis Diameter (mm) 1.89
Net Arterial Enhancement (HU) 2.75
Short/Long Axis Ratio 2.82
CEA (ng/mL) 1.17
CA19-9 (U/mL) 1.10
Margin Status (Irregular) 2.38

Note: A VIF value <5 indicates no severe mul-
VIF, Variance
Inflation Factor; CEA, carcinoembryonic anti-
gen; CA19-9, carbohydrate antigen 19-9; HU,
Hounsfield unit.

ticollinearity. ~ Abbreviations:

To adjust for confounding factors and identify inde-
pendent predictors, a multivariate logistic regression anal-
ysis was performed using a stepwise selection method. In-
terestingly, traditional morphological features (size, shape,
and margin) were not retained in the final model. Instead,
the analysis identified Net Arterial Enhancement (OR =
1.09,95% CI: 1.04-1.16, p=0.001), CEA (OR =1.41, 95%
CIL: 1.23-1.62, p < 0.001), and CA19-9 (OR = 1.04, 95%
CI: 1.01-1.08, p = 0.024) as the three independent predic-
tors of lymph node metastasis. This finding indicates that,
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Table 3. Univariate and multivariate logistic regression analysis of predictors for lymph node metastasis.

Variable Univariate OR (95% CI)  pvalue  Multivariate OR (95% CI) Adj. p value
Short-axis diameter (mm) 1.56 (1.26-1.94) <0.001 - -

Net arterial enhancement (HU) 1.10 (1.06-1.15) <0.001 1.09 (1.04-1.16) 0.001
Short/long axis ratio (per 0.1 unit) 1.64 (1.16-2.31) 0.005 - -

CEA (ng/mL) 1.46 (1.28-1.67) <0.001 1.41 (1.23-1.62) <0.001
CA19-9 (U/mL) 1.05 (1.02-1.08) <0.001 1.04 (1.01-1.08) 0.024
Margin status (Irregular) 3.47 (1.65-7.28) <0.001 - -

Note: The Odds Ratio for Short/Long Axis Ratio is calculated per 0.1-unit increment. Variables included in the multivariate

analysis were selected based on a p-value < 0.1 in the univariate analysis and finalized using stepwise selection based on

AIC. Dash (-) indicates variables not retained in the final multivariate model during stepwise selection. Abbreviations: CI,

Confidence Interval, OR, Odds Ratio; HU, Hounsfield Unit.

once AA and the serum biomarkers are jointly accounted
for, the morphological variables no longer provide addi-
tional independent predictive information in this cohort. It
should not be interpreted as evidence that morphological
features are clinically irrelevant. Rather, their diagnostic
signal appears to overlap substantially with that of the re-
tained functional and biological predictors.

Diagnostic Performance and Incremental Value

To dissect the incremental diagnostic value con-
tributed by each conceptual domain, including morphology,
functional hemodynamics, and systemic biology, three hi-
erarchical models were constructed and compared. The Re-
ceiver Operating Characteristic (ROC) curves for all three
models are presented in Fig. 1. The Morphological model
(Model 1), comprising short-axis diameter, shape ratio, and
margin status, yielded a modest discriminative performance
with an Area Under the Curve (AUC) of 0.734 (95% CI.
0.649-0.819), reflecting the well-recognized limitations of
size- and contour-based criteria alone. The Conventional
CT Model (Model 2), which combined short-axis diameter,
short/long axis ratio, and net arterial enhancement (AA),
yielded an AUC of 0.778 (95% CI: 0.699-0.857). Notably,
pairwise DelLong testing indicated that the incremental im-
provement achieved by adding AA to the pure morphol-
ogy model did not reach statistical significance (AAUC =
0.044, p = 0.161). This finding suggests that, within an
exclusively CT-based framework, functional hemodynamic
information alone yields only a limited and statistically non-
significant improvement over morphological assessment.
In contrast, the New Combined Model (Model 3), inte-
grating AA with the serum biomarkers CEA and CA19-9,
demonstrated a substantial improvement in discrimination,
achieving an AUC of 0.925 (95% CI: 0.877-0.972). This
improvement was highly statistically significant relative to
both comparator models (AAUC = 0.147 over Model 2, p
< 0.001; AAUC =0.191 over Model 1, p < 0.001).

These hierarchical comparisons reveal a clinically im-
portant pattern. Neither morphology alone nor morphology
combined with intra-CT functional information is sufficient
for accurate preoperative nodal assessment, whereas the in-

tegration of localized hemodynamic imaging with systemic
biological markers produces a decisive and statistically sig-
nificant leap in diagnostic performance. This decomposi-
tion clarifies the conceptual architecture of the proposed ap-
proach, from morphology to combined morphology-plus-
function, to an integrated functional-biological paradigm,
and supports Model 3 as the optimal framework for preop-
erative nodal risk stratification.

1.0

0.8

0.6

Delong Test:

0.4

Model 2 vs Model 3: P < 0.001
| Model 1 vs Model 2: P = 0.161
Model 1 vs Model 3: P < 0.001

Sensitivity (True Positive Rate)

0.2
1

Model 3: Combined Functional-Biological
AUC: 0.925 (95% CI: 0.877-0.972)
Model 2: Conventional CT

AUC: 0.778 (95% CI: 0.699-0.857)
Model 1: Morphological

AUC: 0.734 (95% CI: 0.649-0.819)

0.0

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity (False Positive Rate)

Fig. 1. Comparison of receiver operating characteristic (ROC)
curves. The Morphological Model (Model 1; brown dot-dashed
line) incorporated short-axis diameter, shape ratio, and margin sta-
tus. The Conventional computed tomography (CT) Model (Model
2; blue long-dashed line) combined short-axis diameter, short/long
axis ratio, and net arterial enhancement (AA). The Combined
Functional-Biological Model (Model 3; red solid line) integrated
AA with serum carcinoembryonic antigen (CEA) and carbohy-
drate antigen 19-9 (CA19-9).
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At the Youden index-derived optimal cut-off values,
the three models exhibited markedly different classifica-
tion performance. The Morphological Model (Model 1)
yielded an optimal cut-off of 0.618, corresponding to a sen-
sitivity of 45.6% (95% CI 32.4%-59.3%) and a specificity
of 89.0% (95% CI 79.5%-95.1%), indicating that size-
and shape-based criteria alone missed more than half of
the metastatic cases. The Conventional CT Model (Model
2), with an optimal cut-off of 0.423, achieved a more
balanced but still modest performance (sensitivity 70.2%,
95% CI 56.6%—81.6%; specificity 72.6%, 95% CI 60.9%—
82.4%). In contrast, the Combined Functional-Biological
Model (Model 3), at an optimal cut-off of 0.373, pro-
duced the most favorable joint profile, with both sensitiv-
ity (84.2%, 95% CI 72.1%-92.5%) and specificity (90.4%,
95% CI 81.2%-96.1%) exceeding 80%, and a correspond-
ingly higher Youden’s J statistic (0.746) compared with
Model 1 (0.347) and Model 2 (0.428).

Construction and Validation of the Nomogram

Based on the multivariate logistic regression analysis,
a quantitative nomogram was developed to predict the indi-
vidual probability of lymph node metastasis (Fig. 2). In this
updated scoring system, net arterial enhancement, CEA,
and CA19-9 were integrated to calculate the risk score,
with net arterial enhancement and CEA identified as the
strongest contributors.

Internal validation was performed using the bootstrap
method with 1000 resamples to assess the model’s stabil-
ity. The bias-corrected C-index was 0.917, which was
very close to the apparent C-index (0.925), indicating min-
imal overfitting and robust predictive power. The calibra-
tion curve (Fig. 3) demonstrated excellent agreement be-
tween the nomogram-predicted probabilities and the ob-
served rates, with the bias-corrected curve adhering closely
to the ideal 45-degree reference line.

Clinical Usefulness

Decision Curve Analysis (DCA) was conducted to
evaluate the clinical utility of the nomogram (Fig. 4). The
DCA demonstrated that using the New Combined Nomo-
gram to predict lymph node metastasis provided a higher
net benefit than either the “treat-all” or “treat-none” strate-
gies across a wide range of threshold probabilities (ap-
proximately 10% to 85%). Crucially, the New Combined
Nomogram consistently outperformed the Conventional CT
Model throughout most of the probability range. This
finding suggests that a decision-making strategy based on
hemodynamic parameters and serum biomarkers is superior
to relying on traditional morphological features, potentially
preventing unnecessary lymph node dissections while en-
suring high-risk patients are correctly identified.

Points

Net Arterial Enhancement
(HU) 5 10 15 20 25 30 35 40 45 50 55 60 65 70

CEA Level (ng/mL)

CA19-9 Level (U/mL) ———————
0 10 20 30 40 50 60 70 80

Total Points

Probability of LN

Fig. 2. Clinical-hemodynamic nomogram for preoperative
prediction of lymph node metastasis. The nomogram incor-
porates three independent predictors: net arterial enhancement,
CEA, and CA19-9. To use the nomogram, the value of each vari-
able was located on its respective axis, and a vertical line was
drawn upwards to the “Points” axis to assign a score. The scores
for all variables were then summed, and the total score was lo-
cated on the “Total Points” axis to determine the corresponding
probability of metastasis.
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Fig. 3. Calibration curve of the nomogram. The x-axis repre-
sents the predicted probability of metastasis, and the y-axis repre-
sents the actual observed rate. The diagonal line represents perfect
prediction, where predicted probabilities match observed rates.

Discussion

In this study, we developed and internally validated a
novel, quantitative nomogram for the preoperative predic-
tion of lymph node (LN) metastasis in patients with colorec-
tal cancer (CRC). Through hierarchical comparison of three
models—a pure morphological model, a conventional CT
model that additionally incorporates net arterial enhance-
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Fig. 4. Decision curve analysis (DCA). The y-axis measures the
net benefit, and the x-axis represents the threshold probability.
The New Combined Nomogram (red solid line), incorporating net
arterial enhancement, CEA, and CA19-9, demonstrates the high-
est net benefit across a wide range of threshold probabilities. It
consistently outperforms the Conventional CT Model (blue solid
line). The gray lines represent the reference strategies of “Treat-

all” and “Treat-none”.

ment (AA), and a combined functional-biological model
that further integrates serum CEA and CA19-9—we were
able to delineate the distinct diagnostic contributions of
morphology, functional hemodynamics, and systemic biol-
ogy. The results revealed a clinically meaningful stepwise
pattern. Morphology alone provided only modest discrimi-
nation, the addition of AA yielded a numerically higher but
statistically non-significant increment, and only the further
integration of systemic biomarkers produced a substantial
and highly significant leap in performance. This decompo-
sition addresses the conceptual architecture of our approach
and demonstrates that the proposed paradigm shift does not
rest on CT information alone, but rather on the synergis-
tic integration of localized hemodynamic imaging with sys-
temic biological signals.

An important observation from our multivariate anal-
ysis is that, when functional hemodynamic parameters and
biological tumor markers were jointly considered, tradi-
tional morphological features, such as short-axis diameter,
shape ratio, and margin status, were not retained as inde-
pendent predictors of metastasis. This finding should be
interpreted with appropriate caution rather than as evidence
that morphological assessment is clinically obsolete. Sev-
eral plausible explanations merit consideration. Morpho-
logical features and AA may share a substantial portion of
the diagnostic signal, since enlarged and irregularly shaped
nodes tend also to exhibit increased tumor-driven perfu-
sion. The statistical power of a modest single-center cohort
to detect small-to-moderate independent effects of multi-
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ple correlated morphological variables is limited, and step-
wise AIC-based variable selection is known to be sensitive
to sample size and model specification. Morphological as-
sessment therefore remains the indispensable first step in
radiological nodal evaluation and is what allows a target
node to be identified in the first place.

The hierarchical model comparison adds a comple-
mentary quantitative perspective on this issue. Moving
from pure morphology (Model 1) to a conventional CT as-
sessment that additionally incorporates AA (Model 2) pro-
duced only a modest and statistically non-significant im-
provement in AUC. This observation warrants careful in-
terpretation. It does not imply that AA, which emerged
as an independent predictor in the multivariable analysis,
is biologically uninformative. Rather, within an exclu-
sively CT-based framework, functional hemodynamic in-
formation appears to be partially confounded by, and to
share diagnostic signal with, coexisting morphological fea-
tures. In other words, enlarging and more irregular nodes
tend also to be hypervascular, so simply layering AA onto
morphology does not substantially extend the intrinsic in-
formational content of CT-only assessment. A more sub-
stantial and statistically significant improvement in AUC
was observed only when AA was combined with systemic
biomarkers reflecting tumor burden and invasiveness (CEA
and CA19-9), with the AUC increasing from 0.778 to 0.925.
Taken together, these hierarchical results suggest that im-
proving preoperative N-staging in this cohort is unlikely to
be achieved by adding further imaging descriptors alone,
and that the integration of localized functional imaging with
systemic biological information provides predictive value
that complements, rather than replaces, conventional mor-
phological assessment.

For decades, the short-axis diameter (SAD) has been
the cornerstone of preoperative N-staging [24]. The pre-
vailing logic assumes that metastatic deposits inevitably in-
crease lymph node volume. However, a growing body of
literature suggests that size alone, while informative, is an
imperfect surrogate for metastatic status [25,26]. In our
univariate analysis, while SAD was statistically associated
with metastasis, it did not retain independent significance
in the multivariate model once functional and biological
predictors were included. Two concurrent biological phe-
nomena likely contribute to this limited incremental value
of size in the multivariable setting.

First, the phenomenon of “benign enlargement” of-
ten confounds diagnosis [27]. The primary tumor creates
alocal inflammatory microenvironment, leading to reactive
lymphoid hyperplasia and sinus histiocytosis in the regional
draining lymph nodes [28]. These benign immune re-
sponses can cause significant nodal enlargement, mimick-
ing malignancy and leading to false positives (over-staging)
[29]. Second, and perhaps more dangerously, is the issue of
“microscopic metastasis” [30]. Early-stage metastatic in-
filtration often occurs without immediate gross anatomical
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distortion [31]. Tumor clusters can colonize a lymph node
while maintaining a normal SAD, typically <5 mm or <8
mm [26]. Consequently, a diagnostic strategy that relies
solely on a size threshold (e.g., >10 mm) inherently lacks
the sensitivity to detect these small but clinically significant
metastases. Our findings corroborate the limitations of size
criteria reported in previous studies, reinforcing the urgent
need for biomarkers that transcend mere physical dimen-
sions.

The superior predictive power of Net Arterial En-
hancement (AA) in our model is not accidental; it is rooted
in the fundamental pathophysiology of tumor angiogenesis.
Metastasis is an angiogenesis-dependent process [32,33].
When CRC cells detach from the primary tumor and lodge
in regional lymph nodes, their survival and proliferation
depend on the induction of a new vascular supply [34].
These tumor-induced neovessels are structurally and func-
tionally distinct from the mature vasculature of normal
lymph nodes.

Normal lymph nodes typically exhibit a balanced, cen-
trifugal blood supply with moderate enhancement [35]. In
contrast, metastatic nodes are characterized by high mi-
crovessel density (MVD) and immature, leaky vessels lack-
ing a complete basement membrane [36]. This “chaotic”
vascular architecture leads to a rapid and intense wash-in
of contrast agents during the arterial phase [37]. The pa-
rameter AA effectively captures this hypervascular physi-
ological state. A higher AA value serves as a macroscopic
radiologic surrogate for microscopic tumor angiogenesis
[38]. Importantly, these hemodynamic changes often pre-
cede morphological enlargement. A metastatic node may
still be small in size, but its “metabolic hunger”, reflected
by increased arterial perfusion, betrays its malignant na-
ture [39]. By capturing this functional alteration, AA pro-
vides a complementary window into nodal status that, in
our cohort, contributed independent predictive information
beyond what was provided by morphological descriptors.

While AA provides specific regional information, LN
metastasis is also a manifestation of the tumor’s systemic
biological aggressiveness [40]. This study highlights the
independent predictive value of CEA and CA19-9. Car-
cinoembryonic antigen (CEA), an intercellular adhesion
molecule, is integral to the mechanism of metastatic dis-
semination [41]. Elevated preoperative CEA levels corre-
late with a higher tumor burden and a propensity for lym-
phatic invasion [41]. Similarly, CA19-9, though more com-
monly associated with pancreaticobiliary malignancies, has
shown prognostic relevance in CRC, particularly in muci-
nous adenocarcinomas [42].

Our results demonstrate a powerful synergy between
imaging and biology. The combined nomogram integrates
the “local functional view” (hemodynamic enhancement
of the specific node) with the “systemic biological view”
(serum tumor burden). This multi-dimensional approach
minimizes the blind spots of using either modality in iso-

lation. For instance, a patient with a small, equivocal
lymph node might be accurately flagged as high-risk by our
nomogram if they exhibit both high AA and elevated CEA,
thereby preventing under-staging.

Statistical significance does not always translate to
clinical utility. However, our Decision Curve Analysis
(DCA) confirms that the proposed nomogram offers a tangi-
ble net benefit across a wide range of threshold probabilities
(10% to 85%). This has profound implications for surgical
planning.

In the context of locally advanced CRC, accurate iden-
tification of N-stage determines the necessity for neoadju-
vant therapies [43]. For rectal cancer specifically, the deci-
sion to proceed with Total Mesorectal Excision (TME) ver-
sus a more limited resection, or the decision to administer
preoperative chemoradiotherapy, hinges on N-status [43].
A “treat-all” strategy exposes pNO patients to the toxicity of
chemotherapy and radiation, while a “treat-none” strategy
risks local recurrence in pN+ patients. Our nomogram pro-
vides a personalized risk score that can aid multidisciplinary
teams (MDT) in navigating these complex decisions. For
example, a high nomogram score might prompt a surgeon
to perform a more extensive lymphadenectomy or suggest
a radiologist revisit the scan for subtle signs of extra-nodal
extension, thereby tailoring the treatment to the individual
patient’s risk profile.

Despite the promising results, this study is not with-
out limitations. First, the retrospective design inherently
introduces potential selection bias. Although we adhered
to strict inclusion criteria, patients with incomplete clini-
cal data were excluded, which may affect the generaliz-
ability of the findings. Most importantly, a methodologi-
cal caveat must be acknowledged regarding the mismatch
between the imaging unit of analysis and the pathological
reference standard. Our radiologic measurements, includ-
ing Net Arterial Enhancement (AA), short-axis diameter,
shape ratio, and margin status, were performed on a single
representative target node (the largest or most morphologi-
cally suspicious node in the regional drainage area) identi-
fied on preoperative CT. In contrast, the pathological end-
point was the patient-level N stage determined from the en-
tire surgical specimen, which typically contained twelve or
more dissected nodes per patient. Consequently, we can-
not definitively confirm that the specific node measured on
CT corresponds one-to-one to the histologically metastatic
node(s) identified in the pathology report. This node-to-
patient mismatch is an inherent limitation of retrospective
CT-based nodal staging studies, because en bloc mesen-
teric or mesorectal resection precludes reliable spatial co-
registration between individual imaging nodes and their his-
tological counterparts. Several considerations partially mit-
igate, but do not eliminate, this concern. Biologically, re-
gional lymphatic drainage within a common mesenteric ter-
ritory is contiguous, and the hemodynamic milieu of the
draining basin is shaped by the angiogenic activity of the
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primary tumor. The AA of the index node may there-
fore serve as a macroscopic surrogate for the perfusion sta-
tus of the entire nodal basin rather than a strictly node-
specific measurement. Treatment decisions such as neoad-
juvant therapy or extended lymphadenectomy are made at
the patient level, aligning the unit of prediction with the
unit of clinical action. Nevertheless, we explicitly cau-
tion that our findings should be interpreted as patient-level
risk stratification based on an index-node imaging surro-
gate, rather than as direct node-by-node diagnostic accu-
racy. Future prospective studies employing ex vivo speci-
men CT, intraoperative node marking, or radio-pathological
co-registration protocols are warranted to establish true
node-level correspondence and to determine whether AA
retains its predictive power at the individual nodal level.
Also, our measurement of AA was based on a 2D Region
of Interest (ROI) on the largest cross-section of the target
node. While this is the standard clinical approach, it may
not capture the heterogeneity of the entire lymph node vol-
ume. Future studies could explore 3D volumetric analy-
sis or radiomics texture analysis, which might extract even
more subtle features of intranodal heterogeneity that are in-
visible to the naked eye. Additionally, the integration of
dual-energy CT (DECT) parameters, such as iodine con-
centration maps, could provide an even more direct quan-
tification of blood volume, potentially further refining the
accuracy of hemodynamic assessment.

A further and particularly important limitation con-
cerns the generalizability and true robustness of the pro-
posed nomogram. Our model was developed in a rela-
tively modest single-center retrospective cohort of 130 pa-
tients, and its predictive performance was assessed only
through internal bootstrap resampling with 1000 iterations.
Although the bootstrap resampling yielded a bias-corrected
C-index of 0.917, closely approximating the apparent C-
index of 0.925 and suggesting minimal optimism within the
development cohort, it is important to emphasize that inter-
nal bootstrap validation cannot substitute for independent
external validation. Bootstrap resampling, by construction,
draws repeatedly from the same underlying sample and is
therefore unable to detect systematic biases related to the
specific patient population, scanner vendor, contrast injec-
tion protocol, radiologist reading practice, or laboratory as-
say platform represented in our single-center cohort. Con-
sequently, the high discrimination performance reported
here (AUC 0.925) should be interpreted with caution and
regarded as an upper-bound, best-case estimate obtained
under training-set conditions, rather than as a guaranteed
indicator of real-world performance. External validation
in geographically and institutionally independent cohorts
is therefore an essential prerequisite before the nomogram
can be considered genuinely robust or translated into rou-
tine clinical practice.
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Conclusion

In conclusion, this study demonstrates that, within an
integrated multivariable framework, the combination of CT
net arterial enhancement (AA), CEA, and CA19-9 pro-
vides preoperative predictive information for lymph node
metastasis in colorectal cancer that extends beyond what is
captured by morphological features alone. We have con-
structed and internally validated a clinical-hemodynamic
nomogram based on these three independent predictors,
which achieved favorable discrimination and clinical net
benefit. Rather than replacing conventional morphological
assessment, the proposed nomogram is intended to comple-
ment it by refining patient-level risk stratification, particu-
larly in cases where morphology alone is equivocal. Im-
portantly, these findings should be regarded as preliminary
and hypothesis-generating. Prospective, multi-center exter-
nal validation in independent cohorts with heterogeneous
imaging platforms and clinical workflows is an essential
prerequisite before the nomogram can be considered gen-
uinely robust or translated into routine clinical practice.
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