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Abstract
Background

Accurate pretherapeutic estimation of invasion depth is essential for selecting appropriate treatment for
superficial esophageal squamous neoplasia (SESN). We aimed to evaluate endoscopic predictors of
pathological muscularis mucosae/submucosal (MM/SM) invasion and to develop an internally validated
model combining macroscopic type with intrapapillary capillary loop (IPCL) pattern.

Methods

This retrospective, single-center, lesion-based model-development study included 304 SESN lesions
treated by endoscopic submucosal dissection at Beijing Friendship Hospital between January 2020 and
October 2025. Pathological depth was dichotomized as epithelium/lamina propria mucosae (EP/LPM)
versus MM/SM invasion. Logistic regression was used to evaluate predictors, and a parsimonious model
combining macroscopic type and IPCL pattern was assessed by receiver operating characteristic
analysis and internally validated using 1000 bootstrap resamples.

Results

Among 304 lesions, 235 (77.3%) were EP/LPM and 69 (22.7%) were MM/SM. In multivariable analysis,
IPCL B2 pattern was independently associated with MM/SM invasion (odds ratio [OR] 6.25, 95%
confidence interval [CI] 2.80-13.97; P < 0.001). Compared with 0-lIb lesions, both 0-lla lesions (OR 8.77,
95% Cl 2.65-29.01; P <0.001) and O-lic lesions (OR 23.28,95% CI 9.71-55.82; P < 0.001) had higher
odds of MM/SM invasion. The combined model achieved an apparent area under the curve (AUC) of
0.915 (95% CI 0.877-0.953), with sensitivity of 84.06%, specificity of 91.91%, and accuracy of 90.13% at
the Youden-optimal cut-off. Bootstrap internal validation showed minimal optimism, with an optimism-
corrected AUC of 0.913, Brier score of 0.089, calibration intercept of -0.015, and calibration slope of
0.970.

Conclusions

Macroscopic type and IPCL pattern were complementary predictors of pathological MM/SM invasion in
SESN. A simple model combining these two features showed strong discrimination and acceptable
optimism-corrected performance, but external validation is required before routine clinical use.

Trial registration:

Not applicable.
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Background

Esophageal squamous cell carcinoma (ESCC) remains a major global malignancy and has a substantial
disease burden in China [1, 2]. With advances in endoscopic detection and minimally invasive treatment,
superficial esophageal squamous neoplasia (SESN) can often be managed by endoscopic resection
when the lesion is confined to the epithelium or lamina propria mucosae [3—5]. However, invasion into
the muscularis mucosae or submucosa is associated with a higher risk of lymph node metastasis or
non-curative resection and may require additional treatment after endoscopic submucosal dissection
(ESD) [4-6]. Accurate pretherapeutic depth assessment is therefore central to treatment selection and
patient counseling.

Macroscopic morphology is routinely documented according to the Paris classification [7], whereas
magnifying endoscopy with narrow-band imaging (ME-NBI) and the Japan Esophageal Society (JES)
intrapapillary capillary loop (IPCL) classification provide a standardized vascular framework for
estimating invasion depth [8—13]. Type B2 vessels are an important marker of deeper invasion, but they
can be hard to read in heterogeneous lesions, which has prompted work to refine how the B2-vessel area
and its morphology are assessed [9, 13, 14]. Lugol chromoendoscopy and the pink-color sign (PCS)
remain useful for detecting and characterizing squamous neoplasia [15-17]. In practice these features
overlap, and no single finding reliably captures the risk of MM/SM invasion.

Paris 0-ll subtypes are routinely documented during endoscopic assessment, but their value as
categorical predictors of MM/SM invasion has not been fully evaluated in simple, clinically interpretable
models. Previous prediction studies in superficial esophageal squamous carcinoma have addressed
adverse pathological outcomes, including lymph node metastasis or lymphovascular invasion [18] and
deeper submucosal infiltration [19]. However, model performance reported only in the development
dataset can be optimistic if internal validation is not performed [20, 21].

We hypothesized that macroscopic type provides complementary information to IPCL pattern for
predicting pathological MM/SM invasion in SESN. This retrospective lesion-based study aimed to
develop a simple, clinically interpretable model combining macroscopic type and IPCL pattern and to
evaluate both apparent and bootstrap optimism-corrected performance.

Methods
Study design and participants

This was a retrospective, single-center, lesion-based model-development study including consecutive

superficial esophageal squamous lesions treated by ESD at Beijing Friendship Hospital between January

2020 and October 2025. Lesions were eligible if pre-treatment endoscopic assessment, including Lugol

chromoendoscopy and/or magnifying endoscopic findings, and final pathological depth from the ESD

specimen were available. Lesions were excluded if pathological depth could not be confirmed, if key

endoscopic variables were missing, or if prior local treatment precluded reliable assessment. The final
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analytic cohort comprised 304 lesions. The study was approved by the Ethics Committee of Beijing
Friendship Hospital (approval No. BFH20260509004), and the requirement for written informed consent
was waived because this was a retrospective analysis of de-identified data.

Reporting followed relevant prediction-model reporting principles, including transparent description of
candidate predictors, outcome definition, model development, and validation [21].

Endoscopic variables

Macroscopic type was classified according to the Paris classification as 0-lla, 0-1Ib, or 0-lic [7]. The pink-
color sign (PCS) was recorded as positive or negative after Lugol iodine staining. IPCL pattern was
assessed according to the JES classification and categorized as B1 or B2 for the present analysis [9].
When more than one endoscopic feature was present, the predominant or clinically most suspicious
area documented before ESD was used for analysis.

Reference standard and outcome definition

The reference standard was the final histopathological assessment of the ESD specimen. Invasion depth
was dichotomized as epithelium/lamina propria mucosae (EP/LPM) versus muscularis
mucosae/submucosa (MM/SM). The target outcome for model development was MM/SM invasion.

Statistical analysis

Continuous variables are presented as mean * standard deviation (SD), and categorical variables as
number (%). Group comparisons between the EP/LPM and MM/SM groups were performed using the
independent-samples t test or Mann-Whitney U test for continuous variables, and the chi-square test or
Fisher exact test for categorical variables, as appropriate.

Univariable logistic regression was performed for each candidate predictor with pathological MM/SM
invasion as the dependent variable. Age was rescaled as per 10-year increase, and lesion area was
rescaled as per 5-cm? increase to improve interpretability. Macroscopic type was modeled as a nominal
categorical variable, with 0-llb as the reference category. Odds ratios were estimated for 0-lla versus 0-
lIb and O-llc versus 0-llb, and an overall P value for macroscopic type was reported.

Variables with univariable P < 0.20 were considered candidates for multivariable logistic regression,
together with clinically prespecified endoscopic predictors. To limit overfitting while preserving clinical
interpretability, the final diagnostic model for receiver operating characteristic (ROC) analysis and
internal validation was defined as the combination of macroscopic type and IPCL pattern, based on their
clinical relevance and multivariable associations.

Model discrimination was assessed using the area under the ROC curve (AUC). Sensitivity, specificity,
and accuracy were calculated at the optimal cut-off determined by the Youden index. Pairwise
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comparisons of AUCs were performed using the DeLong test. Calibration of the final model was
assessed using a grouped calibration plot, calibration intercept, calibration slope, and the Brier score.

Internal validation of the final macroscopic type plus IPCL model was performed using 1000 bootstrap
resamples. In each bootstrap sample, the final model specification was refitted, and optimism was
estimated by comparing model performance in the bootstrap sample with performance when the same
fitted model was applied to the original dataset. The average optimism was subtracted from the
apparent performance to obtain optimism-corrected estimates of the AUC, Brier score, calibration
intercept, and calibration slope.

The dataset was analyzed at the lesion level because the source worksheet recorded lesion-specific
pathological depth and endoscopic findings. No imputation was performed; only lesions with complete
data for the variables included in the final model were analyzed. All tests were two-sided, and P <0.05
was considered statistically significant. Statistical analyses were performed using IBM SPSS Statistics
version 26.0 (IBM Corp., Armonk, NY, USA) and R version 4.4.1 (R Foundation for Statistical Computing,
Vienna, Austria).

Results

Baseline characteristics and group comparisons

A total of 304 lesions were included. Pathological depth was EP/LPM in 235 lesions (77.3%) and
MM/SM in 69 lesions (22.7%). Age, sex, smoking history, alcohol history, and lesion area did not differ
significantly between the EP/LPM and MM/SM groups (all P > 0.05). PCS positivity was more frequent in
MMY/SM lesions than in EP/LPM lesions (60/69 [87.0%] vs 154/235 [65.5%], P = 0.001). Macroscopic
type also differed significantly between groups: EP/LPM lesions were predominantly 0-1lb (206/235
[87.7%]), whereas MM/SM lesions were more often 0-lic (49/69 [71.0%]) or O-lla (9/69 [13.0%)]) (P <
0.001). Likewise, the IPCL B2 pattern was more common in MM/SM lesions than in EP/LPM lesions
(52/69 [75.4%] vs 32/235[13.6%), P < 0.001) (Table 1).

Page 6/17



Table 1
Clinicopathologic and endoscopic characteristics according to pathological invasion depth

Variable EP/LPM (n = 235) MM/SM (n = 69) P value
Age, years, mean + SD 61.88 +8.47 61.70+7.73 0.871
Male sex, n (%) 166 (70.6) 53 (76.8) 0.394
Smoking history, yes, n (%) 119 (50.6) 42 (60.9) 0.174
Alcohol history, yes, n (%) 128 (54.5) 37 (53.6) >0.999
Lesion area, cm? mean + SD 4.11+5.39 4.56 +6.25 0.550
Pink-color sign positive, n (%) 154 (65.5) 60 (87.0) 0.001
Macroscopic type, n (%) <0.001
0-lla 11 (4.7) 9 (13.0)

0-l1b 206 (87.7) 11 (15.9)

0-lic 18 (7.7) 49 (71.0)

IPCL B2 pattern, n (%) 32(13.6) 52 (75.4) <0.001

EP/LPM, epithelium/lamina propria mucosae; MM/SM, muscularis mucosae/submucosa; IPCL,
intrapapillary capillary loop. Binary variables are shown as one-line positive/yes categories.

Logistic regression analysis

In univariable logistic regression, PCS positivity (OR 3.51,95% CI 1.66-7.43; P =0.001), IPCL B2 pattern
(OR 19.40,95% CI1 10.00-37.63; P < 0.001), and macroscopic type overall (P < 0.001) were associated with
pathological MM/SM invasion. With 0-lIb as the reference category, both 0-lla lesions (OR 15.32, 95% ClI
5.26-44.65; P <0.001) and 0-llc lesions (OR 50.98, 95% Cl 22.63-114.85; P < 0.001) had higher odds of
MM/SM invasion (Table 2).

Page 7/17



Table 2
Univariable and multivariable logistic regression for pathological MM/SM invasion

Variable Univariable OR P value Multivariable OR (95% P value
(95% ClI) cl)

Age (per 10-year increase)  0.97 (0.70-1.34) 0.870

Male sex (vs female) 1.38 (0.74-2.57) 0.316

ﬁrg)mking history (yes vs 1.52 (0.88-2.62) 0.136 1.34 (0.60-3.00) 0.473

Alcohol history (yesvsno)  0.97 (0.56-1.66) 0.901

Lesion area (per 5-cm? 1.07 (0.86-1.33) 0.549

increase)

Pink-color sign (positive vs  3.51 (1.66-7.43) 0.001 2.41 (0.85-6.86) 0.098

negative)

IPCL pattern (B2 vs B1) 19.40 (10.00-37.63)  <0.001  6.25 (2.80-13.97) <0.001

Macroscopic type overall <0.001 <0.001

0-lla vs O-lIb 15.32 (5.26-44.65) <0.001 8.77 (2.65-29.01) <0.001

O-lic vs O-lIb 15(1)225()2263 <0.001 23.28 (9.71-55.82) <0.001

OR, odds ratio; Cl, confidence interval; IPCL, intrapapillary capillary loop. Macroscopic type was modeled
as a nominal categorical variable with 0-1Ib as the reference category. Variables with univariable P < 0.20
were considered for multivariable regression.

Smoking history, PCS positivity, IPCL pattern, and macroscopic type met the prespecified P < 0.20
screening criterion for multivariable analysis. In the multivariable model, IPCL B2 pattern remained
independently associated with MM/SM invasion (OR 6.25, 95% Cl 2.80-13.97; P < 0.001). Compared with
0-llb lesions, both 0-lla lesions (OR 8.77,95% Cl 2.65-29.01; P < 0.001) and 0-lIc lesions (OR 23.28, 95%
Cl 9.71-55.82; P <0.001) had higher odds of MM/SM invasion. PCS positivity was not independently
associated with MM/SM invasion after adjustment (OR 2.41, 95% Cl 0.85-6.86; P = 0.098), and smoking
history was likewise not significant (OR 1.34,95% CI 0.60-3.00; P = 0.473).

Model discrimination and internal validation

The final diagnostic model combined macroscopic type and IPCL pattern. In apparent performance
analysis, the model achieved an AUC of 0.915 (95% Cl 0.877-0.953), with sensitivity of 84.06%,
specificity of 91.91%, and accuracy of 90.13% at the Youden-optimal cut-off. Its AUC was significantly
higher than that of macroscopic type alone (0.870, 95% CI 0.821-0.919; DeLong P = 0.003) and IPCL
pattern alone (0.809, 95% CI 0.753-0.864; DeLong P < 0.001), whereas the difference between
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macroscopic type alone and IPCL pattern alone was not statistically significant (P =0.079) (Tables 3 and
4; Fig. 1).

Table 3
Apparent diagnostic performance of individual models and the combined model
Model Optimal Sensitivity, %  Specificity, %  Accuracy, AUC (95% CI)
cut-off %

Macroscopic type 0.450 84.06 87.66 86.84 ?.870
0.821-
0.919)

IPCL pattern 0.619 75.36 86.38 83.88 0.809
(0.753-
0.864)

Macroscopic type 0.446 84.06 91.91 90.13 0.915

+|PCL (0.877-
0.953)

AUC, area under the receiver operating characteristic curve; Cl, confidence interval; IPCL, intrapapillary

capillary loop. Cut-offs were selected using the Youden index.

Table 4
Pairwise comparison of ROC curves using the DelLong test
Comparison z statistic P value
Macroscopic type + IPCL vs macroscopic type  2.942 0.003
Macroscopic type + IPCL vs IPCL pattern 4239 <0.001
Macroscopic type vs IPCL pattern 1.759 0.079
IPCL, intrapapillary capillary loop; ROC, receiver operating characteristic.

Bootstrap internal validation with 1000 resamples showed minimal optimism. The apparent AUC was
0.915, and the optimism-corrected AUC was 0.913. The apparent Brier score was 0.085, and the
optimism-corrected Brier score was 0.089. The optimism-corrected calibration intercept was - 0.015,
and the optimism-corrected calibration slope was 0.970, suggesting limited overfitting. The grouped
apparent calibration plot showed acceptable agreement in the low-risk range, mild underestimation in
the intermediate-risk range, and mild overestimation in the high-risk range. Figure 2 presents grouped
apparent calibration, whereas Table 5 reports optimism-corrected calibration metrics.
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Table 5
Bootstrap internal validation of the final macroscopic type plus IPCL model

Metric Apparent value Optimism-corrected value
AUC 0.915 0.913

Brier score 0.085 0.089

Calibration intercept 0.000 -0.015

Calibration slope 1.000 0.970

Bootstrap iterations 1000 1000

AUC, area under the receiver operating characteristic curve. The final model specification was refitted in
1000 bootstrap resamples to estimate optimism-corrected performance.

Discussion

In this retrospective lesion-based model-development study, macroscopic type and IPCL pattern
provided complementary information for predicting pathological MM/SM invasion in SESN. When
macroscopic type was modeled as a nominal categorical variable, both 0-lla and 0-lic lesions showed
higher odds of MM/SM invasion than 0-lIb lesions, with the strongest association observed for 0-lic
lesions. IPCL B2 pattern also remained independently associated with MM/SM invasion after
adjustment. A parsimonious model combining macroscopic type and IPCL pattern showed strong
apparent discrimination and maintained similar performance after bootstrap internal validation, with
limited evidence of overfitting.

Morphology and microvascular architecture reflect different aspects of tumor behavior, which may
explain why the two features carried complementary information. ME-NBI and the JES IPCL
classification are widely used for depth estimation, and type B vascular patterns have repeatedly been
linked to deeper invasion [8—13]. Interpretation of B2-vessel patterns is nonetheless sensitive to lesion
heterogeneity, image quality, and the size and morphology of the B2-vessel area, all of which remain
areas of active refinement [9, 13, 14]. Our results indicate that a simple, routinely recorded macroscopic
descriptor adds useful information to vascular assessment without the need for a more complex model.

PCS positivity was associated with MM/SM invasion on univariable analysis but lost significance after
adjustment for macroscopic type and IPCL pattern. This does not make Lugol-based assessment
unimportant: Lugol chromoendoscopy and PCS remain valuable for lesion detection, boundary
recognition, and characterization of squamous neoplasia during routine endoscopy [15-17]. In our data,
however, PCS added no independent predictive information beyond the two retained variables, so we
kept it out of the final model while recognizing its descriptive value.

Internal validation supported the stability of the two-predictor model within this dataset. The apparent
AUC fell only marginally after bootstrap optimism correction, from 0.915 to 0.913, and the optimism-
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corrected Brier score, calibration intercept, and calibration slope all pointed to acceptable performance
and limited overfitting. With a moderate sample size and only 69 MM/SM events, a random split-sample
approach would have shrunk both the development and validation sets and risked unstable estimates;
bootstrapping let us estimate optimism while keeping every observation for model development [20, 21].
Internal validation does not, however, establish generalizability, and the model should be externally
validated before broader clinical use.

The model is best used as a pre-ESD risk-stratification aid rather than a standalone decision rule.
Lesions with higher-risk combinations, such as 0-lic morphology and an IPCL B2 pattern, may warrant
closer pretherapeutic review, repeat magnifying endoscopy, and more cautious treatment planning, and
the predicted risk may help frame discussions with patients about deeper invasion and the possibility of
non-curative resection. A low predicted risk, together with otherwise favorable findings, may reinforce
confidence in endoscopic treatment. In all cases the model should complement, not replace, expert
endoscopic judgment and final pathology.

This study has several limitations. First, it was retrospective and conducted at a single tertiary center,
which may limit generalizability because case mix, referral patterns, endoscopic expertise, and
pathological assessment may differ across institutions. Second, the analysis was lesion-based; if some
patients contributed more than one lesion, within-patient correlation may not have been fully accounted
for. Third, endoscopic variables were derived from available clinical records and images, and formal
blinded multi-observer assessment was not performed; therefore, interobserver reproducibility could not
be evaluated. Fourth, the outcome was dichotomized as EP/LPM versus MM/SM invasion. This
distinction is clinically practical for pre-ESD risk stratification, but it does not distinguish finer levels of
submucosal invasion. Fifth, although bootstrap internal validation was performed, the model has not yet
been externally validated. Finally, calibration was assessed using grouped apparent calibration and
optimism-corrected summary metrics; larger independent datasets are needed to evaluate calibration
more precisely across the full range of predicted risk.

Conclusions

Macroscopic type and IPCL pattern are complementary endoscopic predictors of pathological MM/SM
invasion in SESN. A simple model combining the two showed strong discrimination and held up well
after bootstrap internal validation. Combining macroscopic and microvascular assessment may
therefore be a practical way to stratify risk before ESD, though external validation is needed before
routine use.

Abbreviations

AUC
area under the receiver operating characteristic curve
Cl
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confidence interval

EP/LPM

epithelium/lamina propria mucosae
ESCC

esophageal squamous cell carcinoma
ESD

endoscopic submucosal dissection
IPCL

intrapapillary capillary loop

JES

Japan Esophageal Society

ME-NBI

magnifying endoscopy with narrow-band imaging
MM/SM

muscularis mucosae/submucosa

OR

odds ratio

PCS

pink-color sign

ROC

receiver operating characteristic
SESN

superficial esophageal squamous neoplasia.
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Receiver operating characteristic curves for predicting pathological MM/SM invasion. ROC curves
compare macroscopic type alone, IPCL pattern alone, and the combined macroscopic type plus IPCL
model for discriminating MM/SM lesions from EP/LPM lesions.
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Figure 2

Grouped calibration plot for the final model. The dashed line represents ideal calibration. The grouped
apparent calibration curve shows acceptable agreement in the low-risk range, mild underestimation in
the intermediate-risk range, and mild overestimation in the high-risk range. This figure presents grouped
apparent calibration, whereas optimism-corrected calibration metrics are reported in Table 5.
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