
This copy is for personal use only. To order copies, contact reprints@rsna.org

ORIGINAL RESEARCH• HEAD AND NECK IMAGING

L aryngeal and hypopharyngeal squamous cell carcinoma 
(LHSCC) are prevalent cancers that occur spatially close to 

each other (1–4). Cancer in the hypopharynx, located on the 
medial wall of the pyriform fossa, often spreads to the ipsilateral 
laryngeal structures. Additionally, laryngeal cancer can extend 
into the paraglottic region of the hypopharynx. According to 
cancer statistics, there were over 250 000 new LHSCC cases and 
over 130 000 LHSCC cancer deaths worldwide in 2022 (5,6). 
Nodal staging is crucial for the management and prognosis of 
LHSCC. Studies have shown that positive lymph nodes are as-
sociated with an increased risk of death in LHSCC, with the 
presence of up to five metastatic nodes associated with a 19% 
increase in mortality risk (7).

Additionally, lymph node extranodal extension (ENE) (ie, tu-
mor cells invading beyond the lymph node capsule into surround-
ing tissue) is one of the most negative prognostic factors (8). For 
example, 5-year overall survival for patients with laryngeal cancer 
is 32.9% with ENE compared with 56.7% without ENE (9), and 
3-year overall survival for patients with hypopharyngeal cancer is 
20% lower in those with ENE than in those without ENE (10). 

Accurate preoperative diagnosis of metastatic and ENE lymph 
nodes is key to precise treatment decisions. Identifying ENE in 
patients with locally advanced LHSCC would also facilitate and 
optimize clinical trials, allowing delivery of more advanced treat-
ment (11,12).

In current clinical practice, ENE can be definitively diagnosed 
only through postoperative pathologic examination because im-
aging findings can be subtle and inconsistent at preoperative di-
agnostic imaging. With contrast-enhanced CT, physician readers 
exhibit poor diagnostic performance for identifying ENE, with 
high interobserver variability (13). Area under the receiver op-
erating characteristic curve (AUC) values for physician readers 
are reported to be below 0.70, with sensitivities and specificities 
varying from less than 45% to 90% (13,14). These wide-ranging 
results suggest that human interpretation of “ill-defined nodal 
borders” (the imaging feature of ENE) (15,16) is neither reliable 
nor reproducible for accurate ENE detection.

Deep learning has demonstrated promising results in medi-
cal imaging. Recent studies have shown that well-developed deep 
learning models can match or surpass experts in various tasks 
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related to cancer screening, diagnosis, and treatment planning 
(17–20). For ENE detection, Kann et al (13,14) showed that us-
ing dual deep networks could increase the preoperative diagnostic 
AUC for positive cervical lymph nodes to 84%–90% at CT imag-
ing. However, these studies focused mainly on patients with oral 
cancer or human papilloma virus–associated oropharynx cancer, 
for which the lymph node metastasis region (neck stations I–II) 
differs from that of LHSCC (neck stations II–IV). Moreover, the 
architectures of these dual deep networks were not jointly opti-
mized to capture comprehensive ENE imaging features, and their 
three-dimensional convolutional kernel is not suitable for com-
mon diagnostic CT scans with 3–5-mm section thickness.

The aim of this retrospective study was to develop a new deep 
learning tool, DeepENE, for detecting metastatic lymph nodes 
with and without ENE on preoperative CT scans in patients with 
LHSCC, and to evaluate its diagnostic performance in a multi-
center cohort.

Materials and Methods

Patients
This retrospective multicenter study was reviewed and approved 
by the institutional review board of Zhongshan Hospital, Fu-
dan University (B2022-170R). The institutional review board 
waived the requirement for informed consent from patients due 
to the retrospective nature of the study and because all proce-
dures performed were part of standard care. This article follows 
TRIPOD (Transparent Reporting of a Multivariable Prediction 
Model for Individual Prognosis or Diagnosis) Statement guide-
lines (21).

Five retrospective cohorts were included in this study. The 
internal dataset consisted of patients with pathologically con-
firmed LHSCC treated between April 2011 and August 2022 at 
Zhongshan Hospital, Fudan University. This dataset comprised 
the training, validation, and internal test sets that were used to 
develop lymph node metastasis and ENE prediction models. Pa-
tients were included if they underwent tumor and neck lymph 
node dissection, underwent preoperative contrast-enhanced CT 

Abbreviations
AUC = area under the receiver operating characteristic curve,  
ENE = extranodal extension, LHSCC = laryngeal and hypopharyngeal 
squamous cell cancer

Summary
A deep learning diagnostic tool, DeepENE, accurately detected 
extranodal extension on preoperative CT scans in patients with 
laryngeal and hypopharyngeal squamous cell cancer, outperforming 
head and neck cancer specialists.

Key Results
	■ In this multicenter retrospective study of 289 patients, a deep 
learning model, DeepENE, identified extranodal extension 
(ENE) on preoperative CT scans in laryngeal and hypopharyngeal 
squamous cell cancer and achieved area under the receiver 
operating characteristic curve (AUC) values of 0.96, 0.87, and 0.90 
in three external test sets (total n = 117).

	■ DeepENE outperformed five head and neck specialists in 
predicting ENE, especially in early-stage ENE detection (AUC of 
0.87 for DeepENE vs mean AUC of 0.66 for physician readers;  
P < .001).

(Appendix S4) within 2 months before surgery, and had complete 
postoperative pathology reports that recorded the number, loca-
tion, and size of metastatic lymph nodes and whether there was 
extracapsular invasion. Patients with prior history of neck surgery, 
chemotherapy, or radiation therapy or who did not undergo neck 
dissection were excluded.

Deep learning prediction models were trained and internally 
examined in the internal dataset using standard nested fivefold 
cross-validation. Specifically, the data were randomly partitioned 
into five folds (ie, nonoverlapping subsets). For each of the five 
subsets in turn, the subset was reserved as the internal test set, 
and the remaining four subsets were combined for model training 
and hyperparameter tuning. Looping this process through all five 
subsets provided more comprehensive and statistically reliable in-
ternal evaluation results.

To evaluate the generalizability of the diagnostic model, four 
patient cohorts across institutions were collected to form four ex-
ternal test sets: (a) patients with LHSCC treated at the Eye & 
ENT Hospital of Fudan University between October 2018 and 
September 2024 (external test set 1), (b) patients with LHSCC 
treated at Chang Gung Memorial Hospital between February 
2018 and July 2023 (external test set 2), (c) patients with LHSCC 
selected from The Cancer Genome Atlas Head-Neck Squamous 
Cell Carcinoma Collection (The Cancer Imaging Archive) be-
tween May 1989 and July 2003 (external test set 3), and (d) pa-
tients with oral squamous cell carcinoma treated at Chang Gung 
Memorial Hospital between March 2018 and October 2019 (ex-
ternal test set 4). The inclusion and exclusion criteria for the three 
external LHSCC cohorts were the same as those for the internal 
cohort. For external test set 4, the inclusion and exclusion criteria 
were the same as those for the internal cohort, except that patients 
with oral squamous cell carcinoma were included. The patient 
flowchart is presented in Figure 1.

Lymph Node Metastasis Status Annotation
A physician-in-the-loop procedure was developed for lymph 
node labeling on CT scans. It involved semiautomatic lymph 
node segmentation using a recently developed transformer-based 
model, LN-DETR (22), and manual refinement by physicians 
(Table S1). A deep segmentation model (23) was developed to 
automatically delineate three-dimensional lymph node stations 
(I–V) in the neck region (Table S2). Two head and neck cancer 
surgeons (N.S. and X.H., with over 15 and over 25 years of expe-
rience, respectively) labeled the metastasis and ENE status of each 
lymph node based on refined lymph node masks, autosegmented 
stations, and pathology reports. Annotations were first made in-
dependently, and a review board resolved inconsistent annota-
tions, if consensus could not be reached after discussion. Detailed 
labeling procedures and criteria are provided in Appendix S1.

DeepENE Model Development
The overall model development workflow is shown in Figure 2. 
The developed model, DeepENE, is a two-stream 2.5-dimensional 
multiscale deep feature fusion network aiming to effectively fuse 
local and global lymph node characteristics to differentiate nega-
tive, metastasis-positive, and ENE-positive nodal status. Details on 
DeepENE model architecture, preprocessing, and network train-
ing can be found in Appendixes S2 and S3, Figure S1, and Table 
S3. The model was trained and internally evaluated using nested 
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fivefold cross-validation in the internal dataset. In external evalua-
tion, bootstrapping was used to perform the model ensemble, with 
the model predictions averaged across five individual folds, each 
with five nested runs. The codes used for model inference are pro-
vided at https://github.com/ENThuang/rtnet.

Reader Study
The reader study involved five board-certified physicians: two radi-
ologists (both with over 15 years of experience, one of whom was 
a specialized head and neck radiologist), two radiation oncologists 
(with over 5 and 10 years of experience, respectively), and one nu-
clear medicine physician (with over 15 years of experience). For all 
of these readers, clinical duties involved detection of lymph node 
metastasis. No readers were involved in annotation of the train-
ing set or algorithm development. Readers were provided with CT 
scans with preidentified and segmented masks of lymph nodes and 
asked to make independent judgments on the metastasis and ENE 
status of each node based on their professional experience using the 
preoperative clinical references 15 and 24 (Appendix S5). For each 
node, readers chose one of three categories: benign, metastasis with-
out ENE, or metastasis with ENE. In the reader study, no artificial 
intelligence predictions were provided to the readers.

Statistical Analysis
Statistical analysis was performed by one author (Y.W.) using R 
version 4.2.2 (R Foundation for Statistical Computing) and Stata 
version 17.0 (StataCorp). The primary metric used to evaluate 
the performance of DeepENE was the AUC. The 95% CIs were 

calculated, and the AUC of DeepENE was compared with that 
of each reader using the DeLong method (25), with P < .05 con-
sidered to indicate a statistically significant difference. The specific 
metrics of DeepENE were determined using various probability 
thresholds: the Youden index (optimizing the combined sensitiv-
ity and specificity) and thresholds that yielded clinically mean-
ingful false‐positive rates of 5%, 10%, 15%, 20%, and/or 30%. 
Categorical data were analyzed with the Pearson χ2 test or Fisher 
exact test, and continuous data were analyzed with the Student t 
test or Mann-Whitney U test. Fleiss κ was used to evaluate inter
observer agreement.

Results

Patient Characteristics
A total of 289 patients with LHSCC and 32 patients with oral 
squamous cell carcinoma (mean age, 61 years ± 9 [SD]; age range, 
33–89 years; 307 men) were included in the final study sample 
(internal dataset and all external test sets). From an initial 1099 
patients with LHSCC treated at the participating hospitals or 
selected from The Cancer Genome Atlas Head-Neck Squamous 
Cell Carcinoma Collection, patients were excluded for the fol-
lowing reasons: received treatments before CT imaging (n = 80), 
lacked preoperative contrast-enhanced neck CT (n = 84), poor-
quality CT scans (n = 59), surgical dissection performed in other 
hospitals (n = 25), or neck dissection not performed (n = 562). 
The dataset used for model training and internal testing included 
172 patients from Zhongshan Hospital, Fudan University. The 

Figure 1:  Patient flowchart for this study. External test sets 1–3 contained patients with laryngeal and hypopharyngeal squamous cell cancer (LHSCC): 
external test set 1 (Test-1) from Eye & ENT Hospital of Fudan University, external test set 2 (Test-2) from Chang Gung Memorial Hospital, and external 
test set 3 (Test-3) from The Cancer Genome Atlas Head-Neck Squamous Cell Carcinoma Collection (The Cancer Imaging Archive). External test set 4 
contained patients with oral squamous cell carcinoma from Chang Gung Memorial Hospital. ZHFU = Zhongshan Hospital, Fudan University.
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four external test sets consisted of 149 patients total, including 
65, 25, and 27 patients with LHSCC in external test sets 1, 2, 
and 3, respectively, and 32 patients with oral squamous cell car-
cinoma in external test set 4. Detailed patient characteristics are 
shown in Tables 1 and 2.

Lymph Node Characteristics
In the 172 patients in the internal set, 1011 lymph nodes were 
semiautomatically segmented and labeled on CT scans. Of these, 

226 (22.4%) were malignant nodes without ENE, and 94 (9.3%) 
were malignant nodes with ENE (Table 1). Median short-axis di-
ameter was 2.2 cm (range, 0.5–3.7 cm) for malignant nodes with 
ENE (Fig 3A), 1.0 cm (range, 0.4–2.7 cm) for malignant nodes 
without ENE, and 0.6 cm (range, 0.5–3.0 cm) for benign nodes.

In external test set 1, 471 lymph nodes were labeled on CT 
scans from 65 patients. Of segmented nodes, 92 (19.5%) were 
malignant without ENE, and 31 (6.6%) were malignant with 
ENE (Table 2). Median short-axis diameter was 2.2 cm (range, 

Figure 2:  The development workflow for the deep learning model consisted of two main stages: data collection and model development. Data were collected from patients with 
laryngeal and hypopharyngeal cancer who underwent contrast-enhanced preoperative CT. Pathology reports were collected after surgery to provide the reference standard for 
lymph node (LN) metastasis (Meta) status labeling. A human-in-the-loop lymph node mask delineation procedure was used, involving a lymph node station (LNS) autosegmentation 
deep network and a lymph node detection deep network, to produce initial lymph node candidates and instance-wise mask delineation. Two senior physicians with over 20 years of 
experience reviewed and refined the machine-generated masks. Then, matching between the pathology report and CT scan was conducted to label instance-wise metastasis status. 
For model development, a size-independent (size-indep.) and size-aware two-stream network architecture was adopted to simultaneously encode unaltered lymph node features 
and zoomed-in features that better accounted for subtle localized changes in textures and boundaries. Fivefold cross-validation was used to evaluate the developed model on the 
internal set. To examine model interpretability, integrated gradients were used to identify the contribution of the raw input pixels to extranodal extension (ENE)–positive predictions. 
Results showed that the model correctly focused on the boundary areas where ENE characteristics were present, as shown in the example CT images at the bottom of the figure. 
The dashed outlines on the CT images indicate the boundaries of the lymph nodes. To the right of each CT image is a magnified image of the lymph node showing the most salient 
region used to classify ENE. AUC = area under the receiver operating characteristic curve, 2.5D = 2.5-dimensional, YI = Youden index.
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1.1–4.2 cm) for malignant nodes with ENE (Fig 3A), 1.2 cm 
(range, 0.6–2.3 cm) for malignant nodes without ENE, and 0.7 
cm (range, 0.5–1.4 cm) for benign nodes.

In external test set 2, 194 lymph nodes were labeled on CT 
scans from 25 patients. Among the segmented nodes, 10 (5.2%) 
were malignant nodes without ENN, and 23 (11.9%) were ma-
lignant nodes with ENE (Table 2). The median short-axis diam-
eter was 1.1 cm (range, 0.5–3.8 cm) for malignant nodes with 
ENE (Fig 3A), 0.8 cm (range, 0.6–1.5 cm) for malignant nodes 
without ENE, and 0.6 cm (range, 0.5–1.9 cm) for benign nodes. 
Note that the size distribution of malignant nodes with ENE in 
external test set 2 was substantially smaller than that in the inter-
nal dataset and external test set 1 (Fig 3A), and the percentage of 
ENE lymph nodes at early pathologic stages in external test set 2 
was also much higher than that in external test set 1 (Table S4). 
This indicated a more challenging diagnostic task in patients in 
external test set 2.

For external test set 3, 278 lymph nodes were labeled on CT 
scans from 27 patients. Of the segmented nodes, 35 (12.6%) 
were malignant nodes without ENE, and 17 (6.1%) were malig-
nant nodes with ENE (Table 2). The median short-axis diameter 
was 1.3 cm for malignant nodes with ENE (range, 0.5–6.1 cm) 
(Fig 3A), 1.0 cm (range, 0.5–2.6 cm) for malignant nodes with-
out ENE, and 0.6 cm (range, 0.5–1.3 cm) for benign nodes.

For patients with oral squamous cell carcinoma in external 
test set 4, 409 lymph nodes were labeled on CT scans from 32 
patients. Among the segmented nodes, 39 (9.5%) were malig-
nant nodes without ENE, and 16 (3.9%) were malignant nodes 

with ENE (Table 2). The median short-axis diameter was 0.8 
cm (range, 0.5–1.3 cm) for malignant nodes with ENE, 0.7 cm 
(range, 0.4–2.0 cm) for malignant nodes without ENE, and 0.5 
cm (range, 0.2–1.8 cm) for benign nodes.

DeepENE Performance for ENE Prediction
DeepENE achieved an AUC of 0.93 (95% CI: 0.90, 0.96) for 
ENE identification at the lesion level in the internal dataset 
under fivefold cross-validation (Table 3). Sensitivity, specificity, 
and accuracy were all 89% when calculated using the Youden 
index threshold.

DeepENE achieved an overall AUC of 0.91 (95% CI: 0.86, 
0.95) in all external testing data (Fig 3B), substantially higher 
than that of the five readers (mean AUC, 0.75 [95% CI: 0.68, 
0.82]; P < .001). Specifically in external test set 1 (Fig 3C,  
Table 4), DeepENE had an AUC of 0.96 (95% CI: 0.94, 0.98), 
markedly higher than that of the five readers (mean AUC, 0.85 
[95% CI: 0.76, 0.93]; P < .001). There was large variation in 
readers’ sensitivity (mean sensitivity, 77%; range, 55%–90%), 
while they normally exhibited good specificity (mean speci-
ficity, 93%; range, 86%–97%). Interobserver agreement was 
moderate (Fleiss κ = 0.49). In comparison, DeepENE achieved 
a sensitivity of 97%, significantly higher than the mean sensi-
tivity of human readers (P = .003), at a specificity of 80%–90%.

In external test set 2 (Fig 3D, Table 4), physician readers 
encountered substantial difficulty in identifying nodal ENE 
and had lower sensitivities and AUCs compared with their per-
formance in external test set 1. Physician readers exhibited a 

Table 1: Patient and Lymph Node Characteristics in All Datasets and the Internal Dataset

Characteristic

All Datasets Internal Dataset

Patients (n = 321) Lymph Nodes (n = 2363) Patients (n = 172) Lymph Nodes (n = 1011)
Mean age (y)* 61 ± 9 NA 61 ± 8 NA
Sex
  Male 307 NA 170 NA
  Female 14 NA 2 NA
Primary cancer site
  Larynx 170 (53.0) 1091 (46.2) 108 (62.8) 589 (58.3)
  Hypopharynx 119 (37.1) 863 (36.5) 64 (37.2) 422 (41.7)
  Oral cavity 32 (10.0) 409 (17.3) NA NA
Pathologic T stage
  T1 17 (5.3) 172 (7.3) 5 (2.9) 30 (3.0)
  T2 94 (29.3) 640 (27.1) 54 (31.4) 306 (30.3)
  T3 114 (35.5) 748 (31.7) 73 (42.4) 427 (42.2)
  T4 96 (29.9) 803 (34.0) 40 (23.3) 248 (24.5)
Pathologic N stage
  N0 75 (23.4) 450 (19.0) 38 (22.1) 184 (18.2)
  N1 33 (10.3) 289 (12.2) 14 (8.1) 67 (6.6)
  N2 83 (25.9) 614 (26.0) 45 (26.2) 243 (24.0)
  N3 130 (40.5) 1010 (42.7) 75 (43.6) 517 (51.1)
Lymph node pathologic finding
  Benign 87 (27.1) 1780 (75.3) 49 (28.5) 691 (68.3)
  Metastasis without ENE 112 (34.9) 402 (17.0) 55 (32.0) 226 (22.4)
  Metastasis with ENE 122 (38.0) 181 (7.7) 68 (39.5) 94 (9.3)
Note.—Unless otherwise indicated, data are numbers of patients or lymph nodes, with percentages in parentheses. ENE = extranodal 
extension, NA = not applicable.
* Data are means ± SDs.
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mean AUC of 0.85 (95% CI: 0.76, 0.93) in external test set 1 
versus 0.66 (95% CI: 0.54, 0.79) in external test set 2 (mean 
decrease, 0.19; P < .001) and a mean sensitivity of 77% (24 of 
31) in external test set 1 versus 36% (eight of 23) in external 
test set 2 (mean decrease, 41%; P < .001). Interobserver agree-
ment was poor in external test set 2 (Fleiss κ = 0.33). DeepENE 
had higher performance than physician readers in external test 
set 2 (AUC of 0.87 [95% CI: 0.76, 0.97] for DeepENE vs 
mean AUC of 0.66 [95% CI: 0.54, 0.79] for physician read-
ers; P < .001). Using the Youden index threshold, the sensi-
tivity of DeepENE was 78% with a specificity of 90%. When 
the threshold was set to allow no more than a 5% false-positive 
rate, DeepENE still yielded a sensitivity of 70%, which is much 
higher than the sensitivity achieved by physician readers (mean 
sensitivity, 36%; sensitivity for individual readers: 17%, 35%, 
39%, 39%, 52%; all P < .001). Examples of correct and incor-
rect predictions made by DeepENE and physician readers are 
shown in Figure 4.

In external test set 3 (Fig 3E, Table 4), DeepENE yielded an 
AUC of 0.90 (95% CI: 0.82, 0.98), substantially higher than that 
of the five readers (mean AUC, 0.71; AUC range, 0.58–0.90;  
P < .001). Physician readers generally had low sensitivity (mean, 
46%; range, 18%–88%), but they exhibited high specificity 
(mean, 96%; range, 93%–99%). Interobserver agreement was 
fair (Fleiss κ = 0.41). In comparison, DeepENE achieved a bal-
anced performance with a sensitivity of 87% at a specificity of 

87% at the Youden index threshold, significantly higher than 
the mean sensitivity of the five readers (46%; P < .001). Confu-
sion matrices for DeepENE and the five human readers in the 
three external test sets are provided in Figure S2, further dem-
onstrating the performance consistency of DeepENE across dif-
ferent centers.

DeepENE Performance for Lymph Node  
Metastasis Prediction
The performance of DeepENE and physician readers in distin-
guishing metastatic and benign lymph nodes was evaluated in 
the three external LHSCC test sets (Fig 5, Table 5). DeepENE 
achieved AUCs of 0.91 (95% CI: 0.87, 0.94), 0.83 (95% CI: 
0.75, 0.92), and 0.83 (95% CI: 0.76, 0.89) in external test sets 1, 
2, and 3 respectively, markedly higher than those of the five read-
ers (external test set 1: mean AUC, 0.74 [95% CI: 0.69, 0.80], 
P < .001; external test set 2: mean AUC, 0.74 [95% CI: 0.63, 
0.84], P = .02; external test set 3: mean AUC, 0.74 [95% CI: 
0.65, 0.82], P = .003). Physician readers exhibited large perfor-
mance variation across datasets. For example, reader 1 had high 
sensitivity (83%) in external test set 1 but lower sensitivity in 
external test sets 2 and 3 (67% and 60%).

Quantitative results were also calculated for the perfor-
mance of DeepENE and physician readers in distinguishing 
between metastatic nodes without ENE and those with ENE 
in the three external LHSCC test sets (Fig 6, Table 6). In this 

Table 2: Patient and Lymph Node Characteristics in the External Datasets

Characteristic

External Test Set 1 External Test Set 2 External Test Set 3 External Test Set 4

Patients  
(n = 65)

Lymph Nodes  
(n = 471)

Patients  
(n = 25)

Lymph Nodes  
(n = 194)

Patients  
(n = 27)

Lymph Nodes  
(n = 278)

Patients  
(n = 32)

Lymph Nodes  
(n = 409)

Mean age (y)* 62 ± 9 NA 60 ± 10 NA 61 ± 8 NA 55 ± 11 NA
Sex
  Male 62 NA 24 NA 20 NA 31 NA
  Female 3 NA 1 NA 7 NA 1 NA
Primary cancer site
  Larynx 33 (51) 244 (51.8) 11 (44) 75 (38.7) 18 (67) 183 (65.8) NA NA
  Hypopharynx 32 (49) 227 (48.2) 14 (56) 119 (61.3) 9 (33) 95 (34.2) NA NA
  Oral cavity NA NA NA NA NA NA 32 (100) 409 (100)
Pathologic T stage
  T1 1 (2) 10 (2.1) 1 (4) 10 (5.2) 0 (0) 0 (0.0) 10 (31) 122 (29.8)
  T2 21 (32) 135 (28.7) 3 (12) 24 (12.4) 3 (11) 15 (5.4) 13 (41) 160 (39.1)
  T3 28 (43) 218 (46.3) 7 (28) 47 (24.2) 5 (19) 47 (16.9) 1 (3) 9 (2.2)
  T4 15 (23) 108 (22.9) 14 (56) 113 (58.2) 19 (70) 216 (77.7) 8 (25) 118 (28.9)
Pathologic N stage
  N0 12 (18) 48 (10.2) 12 (48) 81 (41.8) 12 (44) 130 (46.8) 1 (3) 7 (1.7)
  N1 0 (0) 0 (0.0) 2 (8) 36 (18.6) 2 (7) 14 (5.0) 15 (47) 172 (42.1)
  N2 27 (42) 222 (47.1) 0 (0) 0 (0.0) 5 (19) 64 (23.0) 6 (19) 85 (20.8)
  N3 26 (40) 201 (42.7) 11 (44) 77 (39.7) 8 (30) 70 (25.2) 10 (31) 145 (35.5)
Lymph node pathologic finding
  Benign 13 (20) 348 (73.9) 12 (48) 161 (83.0) 12 (44) 226 (81.3) 1 (3) 354 (86.6)
  Metastasis without ENE 27 (42) 92 (19.5) 2 (8) 10 (5.2) 7 (26) 35 (12.6) 21 (66) 39 (9.5)
  Metastasis with ENE 25 (38) 31 (6.6) 11 (44) 23 (11.9) 8 (30) 17 (6.1) 10 (31) 16 (3.9)
Note.—Unless otherwise indicated, data are numbers of patients or lymph nodes, with percentages in parentheses. External test set 1 was 
from the Eye & ENT Hospital of Fudan University. External test set 2 was from Chang Gung Memorial Hospital. External test set 3 was 
from The Cancer Genome Atlas Head-Neck Squamous Cell Carcinoma Collection. External test set 4 was from Chang Gung Memorial 
Hospital. ENE = extranodal extension, NA = not applicable.
* Data are means ± SDs.
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Figure 3:  Extranodal extension (ENE) classification performance of DeepENE and physician readers. (A) Distribution of short-axis diameters of lymph nodes with ENE in the 
internal dataset (training, validation, internal test sets from Zhongshan Hospital, Fudan University [ZHFU]) and three external test sets of patients with laryngeal and hypopharyngeal 
squamous cell carcinoma: external test set 1 (Test-1) from the Eye & ENT Hospital of Fudan University, external test set 2 (Test-2) from Chang Gung Memorial Hospital, and external 
test set 3 (Test-3) from The Cancer Genome Atlas Head-Neck Squamous Cell Carcinoma Collection. In addition to the smoothed distribution, individual short-axis values are shown 
as dots, and box and whisker plots along the distribution are shown (box, IQR; line, median; whiskers, 1.5 × IQR). Samples from external test sets 2 and 3 had overall smaller lymph 
nodes with ENE compared with the internal set and external test set 1, which suggests that external test sets 2 and 3 represent more challenging diagnostic cohorts. (B–E) Receiver 
operating characteristic (ROC) curves of DeepENE performance and comparison with five physician readers (R1, R2, R3, R4, R5) on (B) all data from external test sets 1–3,  
(C) external test set 1, (D) external test set 2, and (E) external test set 3. Note that DeepENE surpassed all five physician readers on external test set 2 (all P < .001). Years of experi-
ence for readers are given in brackets. AUC = area under the ROC curve, HN = head and neck, NM Phys. = nuclear medicine physician, Radiat. Oncol. = radiation oncologist, 
Radiol. = radiologist.
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task, DeepENE outperformed the five readers in external test 
sets 1 and 2 (by AUC margins of 0.11 and 0.15, respectively; 
both P < .05) but not in external test set 3 (P = .06). Physi-
cian readers showed significant performance variation across 
datasets. For instance, the mean sensitivity of physician read-
ers was 77%, 36%, and 46% in external test sets 1, 2, and 3, 
respectively, while the mean specificity was 72%, 94%, and 
79%, respectively.

The performance of DeepENE was compared with that of 
a recently developed deep learning–based ENE classification 
tool, DualNet, that was previously evaluated in patients with 
human papilloma virus–associated oropharyngeal cancer (14). 
In the three external LHSCC test sets, DeepENE had numeri-
cally higher AUCs than DualNet in most settings. For exam-
ple, DeepENE had a numerically higher AUC than DualNet in 
external test set 2 for ENE prediction (0.87 vs 0.82; P = .05), 
metastasis prediction (0.83 vs 0.80; P = .08), and distinguish-
ing between metastatic nodes with and without ENE (0.80 
vs 0.73; P = .07) (Table S5). In the diagnostically relatively 
easy external test set 1, DeepENE and DualNet had almost the 
same performance.

DeepENE Performance for Metastasis and ENE Prediction in 
Oral Cavity Cancer
To assess whether lymph node metastasis regions affected the 
nodal differentiation ability of the model, the performance of 
DeepENE was examined in external test set 4. Nodal metastasis 
regions in oral squamous cell carcinoma are mostly focused in 
neck stations I–II, unlike LHSCC, for which most metastatic 
lymph nodes are observed in neck stations II–IV. DeepENE 
yielded an AUC of 0.85 (95% CI: 0.80, 0.91) for metastasis 
and 0.82 (95% CI: 0.73, 0.90) for ENE prediction (Table S6). 
The AUC for metastasis identification in external test set 4 
(0.85 [95% CI: 0.80, 0.91]) was comparable to that in the LH-
SCC cohorts in external test set 2 (0.83 [95% CI: 0.75, 0.92]; 
P = .67) and external test set 3 (0.83 [95% CI: 0.76, 0.89]; P = 
.76), but ENE classification performance in external test set 4 
(AUC, 0.82 [95% CI: 0.73, 0.90]) was numerically decreased 
compared with performance in the LHSCC cohorts in external 
test set 2 (AUC, 0.87 [95% CI: 0.76, 0.97]; P = .23) and exter-
nal test set 3 (AUC, 0.90 [95% CI: 0.82, 0.98]; P = .08).

Discussion
Previous studies on applying deep learning models in extranodal 
extension (ENE) identification have focused mainly on oropha-
ryngeal cancer (14), oral cancer (26,27), or a mix of the two 
(13). In this work, we used multicenter datasets to develop and 
evaluate the diagnostic performance of a deep learning model, 
DeepENE, in predicting lymph node metastasis and ENE in pa-
tients with laryngeal and hypopharyngeal squamous cell cancer 
(LHSCC). External testing showed that DeepENE could identify 
lymph node metastasis and ENE with high accuracy in patients 
with LHSCC in different cohorts with different levels of ENE 
severity. Furthermore, the diagnostic performance of DeepENE 
for identifying ENE surpassed that of five physicians, including 
board-certified radiologists, oncologists, and a nuclear medicine 
physician, in three external test sets (external test set 1: AUC of 
0.96 for DeepENE vs mean AUC of 0.85 for readers, P < .001; 
external test set 2: 0.87 vs 0.66, P < .001; external test set 3: 0.90 
vs 0.71, P < .001). DeepENE had higher sensitivity (97%, 78%, 
and 87% in external test sets 1, 2, and 3, respectively) compared 
with the mean sensitivity for physician readers (external test set 
1: 77% [range, 55%–90%], P = .003; external test set 2: 36% 
[range, 17%–52%], P < .001; external test set 3: 46% [range, 
18%–88%], P < .001).

In addition to consistent improvements in diagnostic per-
formance, DeepENE offers the advantages of objectivity, repro-
ducibility, and flexibility in adjusting the probability threshold 
to fit different clinical scenarios. In external test set 2, experts 
encountered substantial difficulty in identifying nodal ENE ac-
curately, as reflected by lower sensitivities and AUCs compared 
with their performance in external test set 1 (a mean decrease of 
40% in sensitivity and 0.19 in AUC). They also exhibited poor 
interobserver agreement, with a Fleiss κ of 0.33. We believe this 
is because the majority of ENE lymph nodes in external test set 1 
(81%, 25 of 31) belonged to the most severe ENE grade (grade 
3), where the tumor had invaded beyond perinodal fat to encase 
surrounding structures, thus making ENE easier to identify. In 
contrast, lymph nodes in external test set 2 had early-stage ENE 
and showed more subtle CT findings, which proved more diffi-
cult for human observers (15,28). DeepENE detected most cases 
of early-stage ENE in the difficult external test set 2 (AUC, 0.87; 
sensitivity, 78%; specificity, 90%).

Table 3: Quantitative Performance of DeepENE for Lymph Node Metastasis and ENE Classification in the Internal Cohort 
under Fivefold Cross-validation

Analysis

Metastasis Identification ENE Identification

AUC* Sensitivity (%) Specificity (%) Accuracy (%) AUC* Sensitivity (%) Specificity (%) Accuracy (%)
DeepENE 0.84 (0.82, 

0.87)
0.93 (0.90, 

0.96)
Probability threshold
  Youden index 70 86 80 89 89 89
  FPR 30% 81 70 74 95 70 72
  FPR 20% 75 80 78 91 80 81
  FPR 10% 60 90 78 87 90 90
Note.—The numerators and denominators for sensitivity, specificity, and accuracy in the table are shown in Table S7. AUC = area under the 
receiver operating characteristic curve, ENE = extranodal extension, FPR = false-positive rate.
* Data in parentheses are 95% CIs.
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The superior performance of DeepENE may be attributed to 
the following factors. First, the training data were from a high-
volume tertiary hospital, encompassing diverse nodal ENE con-
ditions in patients with LHSCC of different severity. Second, 
our two-stream multiscale deep feature fusion network model 

effectively captured the intensity and texture patterns of nodal 
ENE status at both local and global perspectives. Third, human 
eyes may not generally be as sensitive as computerized models to 
subtle grayscale CT intensity differences, which is especially im-
portant for detecting early ENE signals. Lastly, there has been 

Table 4: Quantitative Results of ENE Classification in Three External Test Sets of Patients with Laryngeal and 
Hypopharyngeal Squamous Cell Cancer

Analysis AUC* P Value† Sensitivity Specificity Accuracy Fleiss κ‡

External test set 1 0.49
  DeepENE 0.96 (0.94, 0.98)
  Probability threshold
    Youden index 97 90 91
    FPR 20% 97 80 81
    FPR 10% 97 90 91
    FPR 5% 74 95 94
  Reader R1 0.79 (0.68, 0.90) <.001 55 97 94
  Reader R2 0.81 (0.71, 0.90) <.001 65 97 95
  Reader R3 0.92 (0.86, 0.99) <.001 90 94 94
  Reader R4 0.88 (0.80, 0.96) <.001 87 89 89
  Reader R5 0.87 (0.79, 0.95) <.001 87 86 86
  Reader mean 0.85 (0.76, 0.93) <.001 77 93 92
External test set 2 0.33
  DeepENE 0.87 (0.76, 0.97)
  Probability threshold
    Youden index 78 90 89
    FPR 20% 83 80 80
    FPR 10% 78 90 89
    FPR 5% 70 95 92
  Reader R1 0.59 (0.46, 0.72) <.001 17 100 90
  Reader R2 0.67 (0.55, 0.80) <.001 35 100 92
  Reader R3 0.69 (0.56, 0.82) <.001 39 99 92
  Reader R4 0.69 (0.57, 0.82) <.001 39 99 92
  Reader R5 0.68 (0.55, 0.80) <.001 52 83 79
  Reader mean 0.66 (0.54, 0.79) <.001 36 96 89
External test set 3 0.41
  DeepENE 0.90 (0.82, 0.98)
  Probability threshold
    Youden index 87 87 87
    FPR 20% 87 80 81
    FPR 10% 80 90 89
    FPR 5% 53 95 93
  Reader R1 0.58 (0.44, 0.73) <.001 18 99 94
  Reader R2 0.64 (0.49, 0.78) <.001 29 98 94
  Reader R3 0.66 (0.52, 0.81) <.001 35 97 93
  Reader R4 0.90 (0.81, 1.00) .05 88 93 92
  Reader R5 0.77 (0.64, 0.90) <.001 59 95 93
  Reader mean 0.71 (0.56, 0.86) <.001 46 96 93
Note.—External test set 1 (n = 65 patients) was from the Eye & ENT Hospital of Fudan University. External test set 2 (n = 25 patients) was 
from Chang Gung Memorial Hospital. External test set 3 (n = 27 patients) was from The Cancer Genome Atlas Head-Neck Squamous Cell 
Carcinoma Collection. Reader R1 was a radiologist with over 15 years of experience. Reader R2 was a radiologist specialized in head and 
neck cancer with over 15 years of experience. Reader R3 was a radiation oncologist with over 5 years of experience. Reader R4 was a radiation 
oncologist with over 10 years of experience. Reader R5 was a nuclear medicine physician with over 15 years of experience. The numerators 
and denominators for sensitivity, specificity, and accuracy in the table are shown in Table S8. AUC = area under the receiver operating 
characteristic curve, ENE = extranodal extension, FPR = false positive rate.
* Data in parentheses are 95% CIs.
† P value for comparison of performance (AUC) against DeepENE.
‡ Fleiss κ for interobserver agreement across readers.
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Figure 4:  Qualitative analysis of successes and failures of extranodal extension (ENE) classification by DeepENE and experts. All images are axial contrast-enhanced CT images 
using the soft-tissue window (window level, 50 HU; window width, 350–450 HU). First row, left: image in a 47-year-old male patient with hypopharyngeal cancer who underwent left 
neck dissection (from external test set 2). First row, right: image in a 60-year-old male patient with hypopharyngeal cancer who underwent bilateral neck dissection (from external test set 
2). Second row, left: image in a 64-year-old male with laryngeal cancer who underwent bilateral neck dissection (from external test set 1). Second row, right: image in a 69-year-old 
male patient with hypopharyngeal cancer who underwent bilateral neck dissection (from external test set 2). Third row, left: image in a 57-year-old male patient with hypopharyngeal 
cancer who underwent left neck dissection (from external test set 1). Third row, right: image in a 66-year-old male with hypopharyngeal cancer who underwent bilateral neck dissection 
(from external test set 1). Fourth row, left: image in a 60-year-old male patient with hypopharyngeal cancer who underwent bilateral neck dissection (from external test set 2). Fourth row, 
right: image in a 50-year-old male patient with laryngeal cancer who underwent left neck dissection (from external test set 2). Insets show enlargements, with arrows indicating relevant 
features described in each panel. External test set 1 was from the Eye & ENT Hospital of Fudan University. External test set 2 was from Chang Gung Memorial Hospital.
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Figure 5:  Nodal metastasis classification performance of DeepENE and physician readers. (A–C) Receiver operating characteristic (ROC) curves of DeepENE perfor-
mance and comparison with five physician readers (R1, R2, R3, R4, R5) in three external test sets of patients with laryngeal and hypopharyngeal squamous cell carcinoma: 
(A) external test set 1 (Test-1) from the Eye & ENT Hospital of Fudan University, (B) external test set 2 (Test-2) from Chang Gung Memorial Hospital, and (C) external test 
set 3 (Test-3) from The Cancer Genome Atlas Head-Neck Squamous Cell Carcinoma Collection. (D) Distribution of short-axis diameters of metastatic lymph nodes in the 
internal dataset (training, validation, internal test sets from Zhongshan Hospital, Fudan University [ZHFU]) and the three external test sets. In addition to the smoothed distribution, 
individual short-axis values are shown as dots, and box and whisker plots along the distribution are shown (box, IQR; line, median; whiskers, 1.5 × IQR). DeepENE generally 
outperformed the physician readers on nodal metastasis classification in the three external test sets. Years of experience for readers are given in brackets. AUC = area under the 
ROC curve, HN = head and neck, NM Phys. = nuclear medicine physician, Radiat. Oncol. = radiation oncologist, Radiol. = radiologist.
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no consensus on the diagnostic criteria for imaging-detected 
ENE. Hence, systematic training for experts in this task is lack-
ing. Only in July 2024 did the Head and Neck Cancer Inter-
national Group publish a consensus recommendation on the 
diagnostic criteria for imaging-detected ENE (29), which might 
help improve future performance of physician readers.

Previous studies have indicated the difficulty of preoperative 
ENE detection. Experts exhibited a wide range of sensitivity (45%–
96%) and specificity (43%–96%), with most experts’ sensitivity 
falling between 60% and 80% (15). Regarding deep learning– 
based approaches, Kann et al (13) reported AUC values of 0.9 
and 0.84 for their artificial intelligence model in two external test 

Table 5: Quantitative Results of Lymph Node Metastasis Classification in Three External Test Sets of Patients with 
Laryngeal and Hypopharyngeal Squamous Cell Cancer

Analysis AUC* P Value† Sensitivity Specificity Accuracy Fleiss κ‡

External test set 1 0.41
  DeepENE 0.91 (0.87, 0.94)
  Probability threshold
    Youden index 82 88 87
    FPR 30% 87 70 74
    FPR 20% 85 80 81
    FPR 10% 79 90 87
  Reader R1 0.80 (0.75, 0.85) <.001 83 77 78
  Reader R2 0.78 (0.73, 0.84) <.001 75 82 80
  Reader R3 0.68 (0.62, 0.74) <.001 92 45 57
  Reader R4 0.69 (0.63, 0.75) <.001 77 61 65
  Reader R5 0.77 (0.72, 0.82) <.001 82 72 75
  Reader mean 0.74 (0.69, 0.80) <.001 82 67 71
External test set 2 0.37
  DeepENE 0.83 (0.75, 0.92)
  Probability threshold
    Youden index 79 80 79
    FPR 30% 79 70 71
    FPR 20% 76 80 79
    FPR 10% 67 90 86
  Reader R1 0.76 (0.66, 0.86) .05 67 86 82
  Reader R2 0.82 (0.73, 0.92) .43 85 80 81
  Reader R3 0.68 (0.57, 0.78) <.001 76 60 62
  Reader R4 0.80 (0.70, 0.89) .22 73 87 85
  Reader R5 0.62 (0.43, 0.65) <.001 73 51 55
  Reader mean 0.74 (0.63, 0.84) .02 75 73 73
External test set 3 0.40
  DeepENE 0.83 (0.76, 0.89)
  Probability threshold
    Youden index 78 75 76
    FPR 30% 78 70 71
    FPR 20% 70 80 78
    FPR 10% 50 90 83
  Reader R1 0.75 (0.67, 0.83) <.001 60 90 85
  Reader R2 0.78 (0.70, 0.85) .07 71 84 82
  Reader R3 0.65 (0.56, 0.74) <.001 71 59 61
  Reader R4 0.78 (0.70, 0.86) .07 81 75 76
  Reader R5 0.73 (0.65, 0.81) .002 60 86 81
  Reader mean 0.74 (0.65, 0.82) .003 69 79 77
Note.—External test set 1 (n = 65 patients) was from the Eye & ENT Hospital of Fudan University. External test set 2 (n = 25 patients) was 
from Chang Gung Memorial Hospital. External test set 3 (n = 27 patients) was from The Cancer Genome Atlas Head-Neck Squamous Cell 
Carcinoma Collection. Reader R1 was a radiologist with over 15 years of experience. Reader R2 was a radiologist specialized in head and 
neck cancer with over 15 years of experience. Reader R3 was a radiation oncologist with over 5 years of experience. Reader R4 was a radiation 
oncologist with over 10 years of experience. Reader R5 was a nuclear medicine physician with over 15 years of experience. The numerators 
and denominators for sensitivity, specificity, and accuracy in the table are shown in Table S9. AUC = area under the receiver operating 
characteristic curve, ENE = extranodal extension, FPR = false positive rate.
* Data in parentheses are 95% CIs.
† P value for comparison of performance (AUC) against DeepENE.
‡ Fleiss κ for interobserver agreement across readers.
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sets of mostly oral and oropharyngeal cancer. They also evaluated 
the model’s performance in a multicenter cohort of patients with 
human papilloma virus–associated oropharyngeal cancer, achiev-
ing an AUC of 0.86 (sensitivity of 49% at specificity of 90%, or 
sensitivity of 72% at specificity of 80%) (14). Yet these studies 
did not specifically focus on patients with LHSCC. They mainly 
focused on identifying ENE in nodes of larger sizes, with large 
lymph nodes selected and annotated in their training and test 
sets. Hence, the model’s performance in identifying smaller nodes 
is unknown. In contrast, we annotated both large and small 
lymph nodes and demonstrated consistent high performance of 
DeepENE in patients with a wide range of lymph node sizes (me-
dian short-axis diameter for nodes with ENE was 2.2 and 1.1 cm 
in external test sets 1 and 2, respectively).

ENE status has been found to be a high-risk prognostic fac-
tor in laryngeal and hypopharyngeal cancer (8–10). The latest 
American Joint Committee on Cancer guidelines for head and 
neck cancers have updated pathologic N stage with positive ENE 
to N3b and stage IVB, regardless of the primary tumor status and 
number or size of lymph node metastases (28). Therefore, the de-
veloped model has the potential to help optimize cancer manage-
ment: When ENE can be identified preoperatively, personalized 
precision treatment decisions can be made, such as functional 

neck dissection for N1–N3a or radical neck dissection for ENE if 
patients qualify for surgical resection. Moreover, DeepENE could 
contribute to the design of clinical trials by helping researchers 
accurately recruit patients with and those without ENE (30). Re-
liable and accurate preoperative diagnosis of ENE will facilitate 
effective clinical trials for patients with LHSCC (28).

Our study had some limitations. First, although our study 
involved a large number of patients with LHSCC, testing in 
more external patient cohorts would further benefit evalu-
ation of the algorithm’s performance. Second, our deep 
learning model should be integrated into the current clinical 
workflow to allow prospective examination of its role in real-
world clinical decision-making processes. We have started 
preparation for model deployment in the hospital. Third, 
clinical data could be combined with imaging data to build 
a multimodal diagnostic model to further improve perfor-
mance. Finally, contrast-enhanced MRI is a suitable alter-
native imaging technique for ENE diagnosis, as it provides 
superior soft-tissue contrast compared with CT. We plan to 
further explore the multimodal approach and incorporate 
MRI in future work.

In conclusion, we developed a new deep learning diagnostic 
tool, DeepENE, that accurately detected extranodal extension 

Figure 6:  Predictive performance of DeepENE and physician readers in distin-
guishing malignant lymph nodes with extranodal extension (ENE) (ENE positive) from 
those without ENE (ENE negative). (A–C) Receiver operating characteristic (ROC) 
curves of DeepENE performance and comparison with five physician readers (R1, R2, 
R3, R4, R5) in three external test sets of patients with laryngeal and hypopharyngeal 
squamous cell carcinoma: (A) external test set 1 (Test-1) from the Eye & ENT Hospital 
of Fudan University, (B) external test set 2 (Test-2) from Chang Gung Memorial Hos-
pital, and (C) external test set 3 (Test-3) from The Cancer Genome Atlas Head-Neck 
Squamous Cell Carcinoma Collection. Years of experience for readers are given 
in brackets. AUC = area under the ROC curve, HN = head and neck, NM Phys. = 
nuclear medicine physician, Radiat. Oncol. = radiation oncologist, Radiol. = radiologist.
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on preoperative CT scans in patients with laryngeal and hypo-
pharyngeal squamous cell cancer (LHSCC) and outperformed 
head and neck cancer specialists. Our deep learning model will 
be prospectively evaluated as a second-opinion assist tool for 
precise and personalized pretreatment assessment in patients 
with LHSCC.
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Table 6: Quantitative Performance of DeepENE in Distinguishing Nodal Metastasis with ENE from Metastasis without ENE 
in Three External Test Sets

Analysis AUC* P Value† Sensitivity Specificity Accuracy
External test set 1
  DeepENE 0.85 (0.77, 0.92)
  Probability threshold
    Youden index 81 75 76
    FPR 30% 81 70 73
    FPR 20% 71 80 78
    FPR 15% 65 85 80
  Reader R1 0.69 (0.58, 0.81) <.001 55 84 76
  Reader R2 0.76 (0.66, 0.87) .02 65 88 82
  Reader R3 0.82 (0.73, 0.92) .30 90 74 78
  Reader R4 0.78 (0.67, 0.88) .03 87 68 73
  Reader R5 0.66 (0.55, 0.78) <.001 87 46 56
  Reader mean 0.74 (0.64, 0.85) .004 77 72 73
External test set 2
  DeepENE 0.80 (0.65, 0.95)
  Probability threshold
    Youden index 65 100 76
    FPR 30% 78 70 76
    FPR 20% 78 80 79
    FPR 15% 70 85 74
  Reader R1 0.59 (0.38, 0.79) .003 17 100 42
  Reader R2 0.67 (0.48, 0.86) .05 35 100 55
  Reader R3 0.65 (0.45, 0.84) .02 39 90 55
  Reader R4 0.69 (0.51, 0.88) .09 39 100 58
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  Reader mean 0.65 (0.45, 0.85) .03 36 94 54
External test set 3
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  Probability threshold
    Youden index 80 71 74
    FPR 30% 80 70 73
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    FPR 15% 33 85 68
  Reader R1 0.56 (0.39, 0.73) .009 18 94 69
  Reader R2 0.60 (0.44, 0.77) .03 29 91 71
  Reader R3 0.59 (0.42, 0.76) .02 35 83 67
  Reader R4 0.71 (0.56, 0.87) .30 88 54 65
  Reader R5 0.67 (0.50, 0.83) .10 59 74 69
  Reader mean 0.63 (0.45, 0.80) .06 46 79 68
Note.—External test set 1 (n = 65 patients) was from the Eye & ENT Hospital of Fudan University. External test set 2 (n = 25 patients) was 
from Chang Gung Memorial Hospital. External test set 3 (n = 27 patients) was from The Cancer Genome Atlas Head-Neck Squamous Cell 
Carcinoma Collection. Reader R1 was a radiologist with over 15 years of experience. Reader R2 was a radiologist specialized in head and 
neck cancer with over 15 years of experience. Reader R3 was a radiation oncologist with over 5 years of experience. Reader R4 was a radiation 
oncologist with over 10 years of experience. Reader R5 was a nuclear medicine physician with over 15 years of experience. The numerators 
and denominators for sensitivity, specificity, and accuracy in the table are shown in Table S10. AUC = area under the receiver operating 
characteristic curve, ENE = extranodal extension, FPR = false positive rate.
* Data in parentheses are 95% CIs.
† P value for comparison of performance (AUC) against DeepENE.
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