:' frontiers ‘ Frontiers in Endocrinology

@ Check for updates

OPEN ACCESS

EDITED BY
Wenlin Yang,
University of Florida, United States

REVIEWED BY

Yanjng Zhang,

First Hospital of Shanxi Medical University,
China

Ruocen Song,

University of Florida, United States

*CORRESPONDENCE
Haitao Zhang
2805818798@qgqg.com

"These authors have contributed equally to
this work

RECEIVED 20 October 2025
REVISED 09 December 2025
ACCEPTED 18 December 2025
PUBLISHED 09 January 2026

CITATION

Wang L, Han Y, Wang C, Sun Z and Zhang H
(2026) Machine learning-based model for
predicting contralateral central lymph node
metastasis in papillary thyroid carcinoma with
isthmus proximity.

Front. Endocrinol. 16:1728945.

doi: 10.3389/fendo.2025.1728945

COPYRIGHT

© 2026 Wang, Han, Wang, Sun and Zhang.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Endocrinology

PUBLISHED 09 January 2026

TYPE Original Research
pol 10.3389/fendo.2025.1728945

Machine learning-based model
for predicting contralateral
central lymph node metastasis
in papillary thyroid carcinoma
with isthmus proximity

Lin Wang™, Yue Han', Chaohui Wang*, Zhenhua Sun*
and Haitao Zhang*

‘Department of Thyroid and Breast Surgery, Affiliated Hospital of Jiangsu University, Zhenjiang, China,
2Department of General Surgery, The First Affiliated Hospital of Soochow University, Suzhou, China

Background: Papillary thyroid carcinoma (PTC) originating from the isthmus
exhibits a marked tendency for contralateral central lymph nodes (Cont-CLNs)
metastasis. To accurately assess this risk, this study aims to establish and validate
an individualized predictive model for contralateral central zone lymph node
metastasis in PTC with isthmus proximity using machine learning algorithms.
Methods: This retrospective study analyzed 1,672 patients with PTC. Based on
tumor location, patients were categorized into a group with PTC with isthmus
proximity and a non-isthmic group to compare the incidence of Cont-CLNs
metastasis. Subsequently, we focused on 397 patients with PTC with isthmus
proximity, who were randomly allocated in a 7:3 ratio to a training set (n=279) and
a validation set (n=118). Feature selection was performed using the Boruta
algorithm and LASSO regression. Seven machine learning algorithms were then
employed to construct prediction models. Model performance was evaluated
using metrics including the AUC, sensitivity, and specificity. The optimal model
was interpreted using the shapley additive explanations (SHAP) method.
Results: This study included 1,672 patients with PTC. The rate of Cont-CLNs
metastasis was significantly higher in patients with unilateral PTC with isthmus
proximity (n=397) than in those with non-isthmic PTC (33% vs. 12%, P < 0.05).
Feature selection using LASSO regression and the Boruta algorithm identified five
key predictors: preoperative CT assessment, extrathyroidal extension, ipsilateral
central lymph node (Ipsi-CLNs) metastasis, preoperative ultrasound assessment,
and tumor size. Among the seven machine learning algorithms evaluated, the
random forest model demonstrated the best overall performance, achieving the
highest F1 score and AUC values of 0.942 in the training set and 0.861 in the
validation set. SHAP interpretability analysis confirmed that preoperative CT
assessment was the most influential predictor, and its impact pattern was
highly consistent with established clinical knowledge.
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Conclusion: The machine learning model developed in this study effectively
predicts the risk of Cont-CLNs metastasis in patients with unilateral PTC with
isthmus proximity, providing a valuable tool to support personalized surgical
decision-making regarding the extent of lymph node dissection.

KEYWORDS

contralateral central lymph node metastasis, isthmus proximity, machine learning,
papillary thyroid carcinoma, predictive model

1 Introduction

Thyroid cancer represents the most prevalent endocrine
malignancy, with its incidence continuing to rise globally (1).
Among its histologic subtypes, PTC is predominant, comprising
80-90% of all cases (2). Lymphatic spread is the principal metastatic
route for PTC, and cervical lymph node involvement is frequently
observed at initial diagnosis. The central compartment constitutes
the primary nodal basin for metastatic dissemination (3). Current
guidelines recommend prophylactic Ipsi-CLNs for high-risk
unilateral PTC (4); however, Cont-CLNs metastasis may also
occur (5). The necessity of routine Cont-CLNs dissection remains
clinically controversial (6).

Clinical observation suggests that patients whose dominant
tumor crosses the isthmus while remaining largely confined to
one lobe may exhibit a higher incidence of Cont-CLNs metastasis
compared to those with tumors in other locations—a finding
supported by prior reports (7) and further validated in this study.
Although bilateral central compartment dissection may improve
locoregional control, it concurrently elevates the risk of permanent
hypoparathyroidism and recurrent laryngeal nerve injury (8).

Consequently, determining the optimal extent of lymph node
dissection for PTC with isthmic involvement poses a significant
surgical dilemma. Given the paucity of systematic evidence on
Cont-CLNs metastasis in this anatomic subtype, a reliable
predictive tool is urgently needed. Machine learning methods,
which excel in modeling complex clinical relationships, offer a
promising approach. Therefore, this study aimed to develop and
validate a machine learning—based model to predict Cont-CLNs
metastasis in patients with unilateral PTC exhibiting isthmus
proximity, thereby informing individualized surgical planning.

2 Materials and methods

2.1 Anatomical and radiographic definitions
Preoperative neck CT scans were used to identify the thyroid

isthmus, the medial and lateral tumor margins, and the tumor

centroid. The following definitions were applied: the tumor centroid
was defined as the intersection of the tumor’s longest and shortest
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diameters; the thyroid isthmus was defined as the thyroid tissue
anterior to the trachea connecting both thyroid lobes. Tumor
location was classified according to the method described by Lim
et al. (9): on axial CT images, vertical projection lines were drawn
from the most lateral points of the trachea to the anterior skin
surface. Tumors were categorized as: isthmus thyroid cancer, if the
centroid fell between the two projection lines; isthmus-proximity
PTC, if the centroid lay outside the projection lines but the medial
tumor margin remained between them; or normally located thyroid
cancer, if both the centroid and medial margin lay outside the
projection lines (Figure 1). The central lymph node compartment
was defined in accordance with the 2015 American Thyroid
Association guidelines (10), which include the pretracheal,
paratracheal, and prelaryngeal nodal groups. For statistical
analysis, pretracheal and paratracheal lymph nodes were grouped
and analyzed as part of the Ipsi-CLNs region.

2.2 Research subjects

This retrospective study enrolled patients with solitary PTC
who underwent surgery at the Affiliated Hospital of Jiangsu
University between January 2012 and June 2025. Inclusion
criteria were: (1) postoperative pathological confirmation of PTC;
(2) presence of a single tumor focus; (3) first-time surgery
consisting of total or near-total thyroidectomy with bilateral
central lymph node dissection; and (4) availability of complete
preoperative imaging including thyroid ultrasound and neck CT.
Exclusion criteria comprised: (1) tumors located in both lobes or the
isthmus; (2) multifocal lesions within the same lobe; (3) previous
history of other malignant neck tumors; (4) locally advanced PTC
(stage T4a or higher) with invasion of critical structures such as the
trachea, esophagus, prevertebral fascia, carotid artery, or
mediastinal vessels; and (5) incomplete clinical or follow-up
records that would preclude accurate analysis.

2.3 Data collection and image assessment

The following clinical and pathological variables were recorded
and analyzed: age, gender, laterality of the tumor, presence of
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FIGURE 1
Schematic diagram illustrating PTC location classification based on CT imaging criteria. (A) Isthmus PTC: the tumor centroid lies between the
projection lines drawn from the lateral tracheal margins. (B) Isthmus-proximity PTC: the centroid lies outside the projection lines while the medial
tumor margin remains between them. (C) Non-isthmic (normally located) PTC: both the centroid and the medial tumor margin lie outside the
projection lines.

Hashimoto’s thyroiditis, BRAF V600E mutation status, findings
from preoperative ultrasound and CT assessments, status of Ipsi-
CLNss, aggressive pathological features (if present), tumor size, and
extrathyroidal extension (ETE) (11).For preoperative imaging
evaluation, lymph nodes were considered suspicious for
metastasis on ultrasound based on established criteria: loss of the
fatty hilum, cortical hyperechogenicity, calcifications, cystic
changes, or abnormal peripheral vascularity (12). On CT,
suspicion was raised by features including heterogeneous
enhancement, necrosis or cystic degeneration, short-axis diameter
>1.3 cm, clustering (=3 nodes), irregular contours, indistinct
margins, or fine granular calcifications (13).All ultrasound and
CT images were reviewed independently by two radiologists, each
with more than five years of subspecialty experience in thyroid
imaging. Interobserver agreement was assessed. Any discrepancies
in interpretation were resolved through a consensus review
involving a third senior radiologist, whose judgment served as the
final reference standard.

2.4 Model development and validation

Patients were first categorized as having isthmus-proximity or
non-isthmic PTC based on tumor location, and the rates of
contralateral central lymph node metastasis were compared
between the two groups. From the isthmus—proximity cohort,
patients were randomly divided into a training set (70%) and a
test set (30%). Feature selection was performed within the training
set using both LASSO regression and the Boruta algorithm.
Variables identified by both methods were included in the final
predictive model. Seven machine learning algorithms were
implemented: logistic regression, decision tree, random forest,
XGBoost, LightGBM, support vector machine (SVM), and
artificial neural network (ANN). During model development,
hyperparameters were optimized via five—fold cross—validation
coupled with grid search, aiming to maximize the AUC. To
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address class imbalance, the synthetic minority oversampling
technique (SMOTE) was applied separately within each cross
—validation training fold; the corresponding validation fold
remained unaltered to avoid data leakage. After hyperparameter
tuning, each model was refitted on the entire training set and
evaluated on the hold—out test set. Performance was assessed using
accuracy, sensitivity, precision, F1-score, and AUC. For the best
—performing model, SHAP (Shapley Additive Explanations)
analysis was used to interpret feature importance. SHAP
summary plots and dependence plots were generated to illustrate
the direction and magnitude of each variable’s contribution to
model predictions.

2.5 Statistical methods

Data were processed and analyzed using R (version 4.4.2).
Variables with missing values exceeding 30% were excluded from
the analysis. For the remaining variables with missing data, multiple
imputation was performed using the mice package in R. Continuous
variables with normal distribution are presented as mean + standard
deviation and were compared between groups using the independent
samples t—test. Non—normally distributed continuous variables are
reported as median (interquartile range) and were compared using the
Mann-Whitney U test. Categorical variables are expressed as
frequency (percentage) and were compared using the chi-square
test or Fisher’s exact test, as appropriate. All statistical tests were
two—sided, with a significance level set at o, = 0.05.

3 Result
3.1 Baseline characteristics

Between January 2012 and June 2025, a total of 2,711 patients
with papillary thyroid carcinoma (PTC) were initially assessed.
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After applying the exclusion criteria, 1,672 patients were included in
the final analysis (Figure 2). Reasons for exclusion were as follows:
bilateral or isthmic PTC (n=358), unilateral multifocal carcinoma
(n=129), previous history of neck malignancy (n=20), locally
advanced disease (n=4), and incomplete clinical data (n=528). Of
the 1,672 included patients, 397 were diagnosed with unilateral PTC
with isthmus proximity, and the remaining had PTC in a typical
(non-isthmic) location. The rate of Cont-CLNs metastasis was
significantly higher in the isthmus-proximity group than in the
non-isthmic group (P < 0.05; Table 1). These 397 patients with
unilateral isthmus-proximity PTC were then randomly divided into
a training set (n=278, 70%) and a test set (n=119, 30%) in a 7:3 ratio
(Table 2). No statistically significant differences were observed in
baseline characteristics between the training and test sets,
confirming the comparability of the split.

3.2 Feature selection: LASSO and Boruta

The feature selection results from both LASSO regression and
the Boruta algorithm consistently identified five key predictors:
preoperative CT assessment, extrathyroidal extension, preoperative
ultrasound assessment, Ipsi-CLNs metastasis, and tumor
size (Figure 3).

10.3389/fendo.2025.1728945

TABLE 1 Metastasis patterns of PTC in the isthmus vs. unilateral normal
position group.

Cont-CLNs
Groups Tumor Tumor non- X
(MEENEN EENENN

Normal

153 1122
group

94.659 | <0.001

I
sthmus 131 266
group

3.3 Machine learning model evaluation

Based on the five selected predictors, seven machine learning
algorithms were applied to build prediction models: logistic
regression, decision tree, random forest, XGBoost, LightGBM,
support vector machine, and artificial neural network. Model
performance was systematically evaluated on the test set using the
AUGC, sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV), precision, recall, and FI-
score (Table 3).

The random forest model showed the best overall performance,
attaining the highest Fl-score and AUC values of 0.942 in the

PTC patients(n=2731)

1039 Excluded:
(1) Bilateral/isthmus cancer foci (n=358)
(2) Unilateral multifocal cancer (n=129)

Patients were included in the study(n=1672)

(3) History of other neck malignancies (n=20)
(4) Locally advanced PTC (T4a+, invading key
structures) (n=4)

(5) Incomplete medical records (n=528)

Near-isthmus patients(n=397)

Non-isthmic patients(n=1295)

Training cohort(n=279)

Validation cohort(n=118)

FIGURE 2
Patient flowchart for this study.
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TABLE 2 Clinical and pathological characteristics of patients in the training and validation sets.

10.3389/fendo.2025.1728945

Characteristics Whole Cont-CLNs Cohort
Groups Patients \[e} Yes Training Validation
n 397 131 279 118
Age (median [IQR], years) | 42.00 [33.00,49.00] | 42.00 [33.00, 50.00] | 42.00 [32.50, 49.00] | 0334 42.00 [33.00, 50.00] | 42.00 [33.25,49.00] |  0.469
Gender (male/female, %) | 99/298(24.94/75.06) | 60/206(22.56/77.44) | 39/92(29.77/70.23) 0.15 68/211(24.37/75.63) | 31/87(26.27/73.73) |  0.689
Laterality (left/right, %) | 205/192(51.64/48.36) | 136/130(51.13/48.87) | 69/62(52.67/47.33) 0.855 | 144/135(51.61/48.39) | 61/57(51.69/48.31) 0.988
ETE (no/yes, %) 312/85(78.59/21.41) | 247/19(92.86/7.14) | 65/66(49.92/50.38) | <0.001 | 221/58(79.21/20.79) | 91/27(77.12/22.88) | 0.642
Ipsi (no/yes, %) 255/142(64.23/35.77) | 206/60(77.44/22.56) | 49/82(37.40/62.60) | <0.001 | 182/97(65.23/34.77) | 73/45(61.86/38.14) 0522
Pathology (no/yes,%) 372/25(93.70/630) | 256/10(96.24/3.76) | 116/15(88.55/11.45) |  0.006 260/19(93.19/6.81) 112/6(94.92/5.08) 0518
BRAF (no/yes, %) 22/375(5.54/94.46) 12/254(4.51/95.49) | 10/121(7.63/92.37) 0.296 16/263(5.73/94.27) | 6/112(5.08/94.92) 0.796
US (nolyes, %) 329/68(82.87/17.13) | 252/14(94.74/5.26) | 77/54(58.78/41.22) | <0.001 | 231/48(82.80/17.20) | 98/20(83.05/16.95) |  0.951
CT (nolyes, %) 319/78(80.35/19.65) | 255/11(95.86/4.14) | 64/67(48.85/51.15) | <0.001 | 223/56(79.93/20.07) | 96/22(81.36/18.64) | 0.744
HT(nolyes, %) 273/124(68.77/31.23) | 186/80(69.92/30.08) | 87/44(66.41/33.59) 0.552 198/81(70.97/29.03) | 75/43(63.56/36.44) 0.145
Tumor Size
(median [IQR], mm) 7.00 [6.00, 9.00] 6.00 [5.00, 8.00] 9.00 [7.00, 11.00] <0.001 7.00 [6.00, 9.00] 7.00 [5.00, 9.00] 0570

training set and 0.861 in the validation set. Furthermore, decision
curve analysis confirmed its favorable clinical net benefit across a
range of threshold probabilities, supporting its practical utility in
clinical decision-making (Figure 4).

3.4 Model interpretability analysis

To interpret how the random forest model predicts Cont-CLNs
metastasis in patients with isthmus-proximity PTC, SHAP analysis
was performed. The five most influential predictors, ranked in
descending order of SHAP importance, were: preoperative CT
assessment, extrathyroidal extension, Ipsi-CLNs metastasis,
preoperative ultrasound assessment, and tumor size (Figure 5A).
This order suggests that imaging and pathological markers of local

invasion and nodal involvement carry greater predictive weight
than tumor size alone.

SHAP summary and dependence plots (Figures 5B, C)
illustrated the direction and magnitude of each feature’s effect. A
clear “dose-response” pattern was observed for preoperative CT
assessment: negative findings corresponded to negative SHAP
values, lowering the predicted probability of metastasis, whereas
positive findings produced strongly positive SHAP values, making
this the strongest driver of the model’s risk prediction.
Extrathyroidal extension and Ipsi-CLNs metastasis showed a
similar directional influence, with presence of either feature
substantially increasing predicted risk, though the effect of Ipsi-
CLNs was slightly weaker. Preoperative ultrasound assessment
followed the same trend, with positive findings raising the
estimated probability of metastasis. By contrast, tumor size
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TABLE 3 Performance of seven models on the validation set.

10.3389/fendo.2025.1728945

912;/;:" gus;/;e? Accuracy Precision Sensitivity = Specificity Kappa Youden'sJ PPV
Logistic 0.883 0.806 0.948 0.831 0.806 0.641 0.924 0.714 0.596 0.565 0.806 | 0.839
Decision Tree | 0.840 0.750 0.918 0.839 0.813 0.667 0.924 0.732 0.619 0.591 0.813 | 0.849
Random
Forest 0.861 0.772 0.940 0.864 0.848 0.718 0.937 0.778 0.681 0.655 0.848 | 0.871
XGBoost 0.880 0.804 0.946 0.831 0913 0.538 0.975 0.677 0.573 0.513 0913 | 0.811
LightGBM 0.881 0.805 0.945 0.822 0.781 0.641 0911 0.704 0.579 0.552 0.781 | 0.837
SVM 0.827 0.726 0.916 0.805 0.682 0.769 0.823 0.723 0.573 0.592 0.682 | 0.878
ANN 0.882 0.805 0.947 0.830 0.806 0.641 0.924 0.714 0.596 0.565 0.806 | 0.839

exhibited a more complex, nonlinear relationship with predicted
risk. Although larger tumors (especially >10 mm) were weakly
associated with increased risk, size alone was not a stable or strong
independent predictor in this model. These interpretability findings
align closely with established clinical understanding, supporting the
biologic plausibility and practical relevance of the model.

4 Discussion

PTC, the most common malignant tumor of the thyroid,
generally carries a favorable prognosis. However, it has a
propensity for early lymphatic metastasis, particularly to the
central neck compartment. In addition to Ipsi-CLNs involvement,
Cont-CLNs metastasis is also clinically significant. In this study, the
Cont-CLNs metastasis rate reached 33% among patients with
unilateral PTC located near the thyroid isthmus. Currently,
ultrasound and neck CT exhibit relatively low sensitivity for
preoperative detection of Cont-CLNs metastasis (14), meaning
that only a subset of patients are accurately diagnosed prior to
surgery. Omitting Cont-CLNs dissection during initial surgery
substantially increases the technical difficulty of revision
procedures and raises the risk of complications such as recurrent

laryngeal nerve injury and hypoparathyroidism. Thus, developing
an accurate predictive model for Cont-CLNs metastasis is clinically
valuable, as it may inform the extent of lymph node dissection
during first-time surgery.

In this study, a prediction model was developed using machine
learning, and after comprehensive evaluation, the random forest
algorithm was selected as optimal. The model demonstrated strong
predictive performance, with AUC values of 0.942 in the training set
and 0.861 in the validation set. Interpretability analysis using SHAP
showed close alignment with clinical reasoning: preoperative CT and
ultrasound assessments emerged as highly important features,
highlighting the central role of imaging in surgical planning.
Furthermore, extrathyroidal extension and Ipsi-CLNs metastasis—
both strong predictors—reinforce the concept that local invasiveness
and regional nodal spread are key determinants of contralateral
metastasis. By quantifying the contribution of individual predictors,
the model offers a basis for personalized surgical strategy. For
instance, patients with positive preoperative CT findings,
extrathyroidal extension, or Ipsi-CLNs metastasis receive higher
composite risk scores and may be considered for more
comprehensive Cont-CLNs dissection. Such a transparent risk-
stratification tool may help clinicians balance the risks of under-
and over-treatment.

ROC Curve - Validation Set Model Comparison
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SHAP analysis results based on the RF model. (A) SHAP feature ranking plot. (B) SHAP feature honeycomb plot. (C) SHAP dependency plot.

Although preoperative CT and ultrasound are limited in
sensitivity for Cont-CLNs metastasis, they offer high specificity,
and the combination of contrast-enhanced CT with ultrasound is
particularly useful for identifying suspicious lymph nodes.
Therefore, routine preoperative neck CT and ultrasound are
recommended in thyroid cancer patients to thoroughly evaluate
local invasion and nodal disease, thereby guiding the selection of
surgical approach (15).

Extrathyroidal extension in thyroid cancer is associated with greater
aggressiveness and a higher likelihood of lymph node metastasis (16).
Isthmic PTC has been reported to show higher rates of bilateral central
neck metastasis compared with unilateral non-isthmic PTC (17),
possibly due to its inherently more invasive phenotype and greater
propensity for extrathyroidal extension (18). In the present study, the
rate of extrathyroidal extension was significantly higher in the isthmus-
proximity PTC group than in the non-isthmic group, and the Cont-
CLNs metastasis rate was also significantly different between the two
groups. This suggests that PTC situated near the isthmus may share
biological behavior with true isthmic PTC, thereby conferring an
elevated risk of Cont-CLNs metastasis.

Multiple studies have identified Ipsi-CLNs metastasis as a risk
factor for Cont-CLNs metastasis (19), a finding consistent with our
results. The underlying mechanism may involve lymphatic
communications between the bilateral central compartments (20).
Therefore, in patients with isthmus-proximity PTC, careful
assessment of Ipsi-CLNs status is warranted. If intraoperative
suspicion of metastasis exists, frozen-section analysis could help
determine the need for Cont-CLNs dissection (21). In addition,
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tumor size is a recognized predictor of Ipsi-CLNs metastasis (22), a
notion partly supported by our data: for tumors >10 mm, the risk of
Cont-CLNs metastasis tended to increase with increasing
tumor size.

Whether to perform bilateral central neck dissection in
unilateral PTC remains debated, largely due to concerns over
complications such as bilateral recurrent laryngeal nerve palsy
and permanent hypoparathyroidism. However, advances such as
nanocarbon tracing, intraoperative nerve monitoring, and
intraoperative parathyroid hormone assay—coupled with refined
surgical technique and heightened awareness of anatomical
preservation—have substantially lowered complication rates. For
patients with unilateral isthmus-proximity PTC, the proposed
prediction model can help estimate the risk of Cont-CLNs
metastasis. If the predicted risk is high, bilateral central neck
dissection may be recommended.

Several limitations of this study should be noted. First, its single-
center retrospective design and relatively modest sample size may
affect generalizability. Future multicenter studies with larger, more
diverse cohorts are needed to improve model robustness and
external validity. Second, confirmation of Ipsi-CLNs metastasis
relied on intraoperative frozen section, which is not universally
available and can prolong operative time. Third, preoperative CT
and ultrasound assessments are subject to inter-observer variability.
Developing more objective, standardized imaging criteria—
potentially assisted by artificial intelligence-based tools—would be
valuable. Although some predictive models already exist (23, 24),
further validation in broader clinical settings is necessary.
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