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A B S T R A C T

Background: Traditional risk assessment for tongue cancer relies on clinicopathological parameters. Although 
tumor-infiltrating lymphocytes (TILs) are promising prognostic markers, their evaluation lacks standardization. 
This study aimed to validate established prognostic factors and introduce an artificial intelligence (AI)-based TIL 
assessment method.
Methods: We analyzed 139 tongue cancer cases from a single institution (2010–2017) to establish prognostic 
factors and developed an AI model for TIL quantification. Clinicopathological characteristics including AI- and 
manually assessed TILs were evaluated.
Results: The AI-assessed stromal TIL ratio exerted protective effects across all stages and demonstrated superior 
discriminative capability compared to manual evaluation (C-index: 0.649 vs. 0.604 for overall survival [OS]), 
with substantial inter-method agreement (Intraclass Correlation Coefficient → 0.796). In the multivariate anal-
ysis, a statistical model incorporating the lymph node ratio, AI-assessed stromal TIL ratio, depth of invasion 
grade, perineural invasion, lymphovascular invasion, and a close surgical resection margin (ω5 mm) showed 
superior prognostic performance, with excellent discriminative power (OS area under the curve [AUC]: 0.851; 
recurrence-free survival [AUC]: 0.826). Stage-specific analysis revealed that advanced-stage patients were 
significantly affected by adverse factors and stromal TIL levels, whereas early stage patients showed trends but 
no statistically significant associations.
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Conclusions: AI-based stromal TIL assessment outperformed manual TIL assessment as a prognostic marker. This 
AI approach robustly predicts survival when combined with factors such as the lymph node ratio and a close 
resection margin status (ω5 mm). Our findings may enhance risk stratification, particularly in advanced-stage 
disease.

Introduction

Various histopathologic features including worst pattern of invasion 
(WPOI), tumor budding, lymphovascular invasion (LVI), perineural in-
vasion (PNI), and extranodal extension (ENE) have been suggested as 
prognostic indicators in oral tongue squamous cell carcinoma (SCC) 
[1,2]. Among these factors, the lymph node ratio (LNR) has demon-
strated superior prognostic value compared to conventional N staging 
[3,4]. In addition to traditional histopathologic parameters, tumor- 
infiltrating lymphocytes (TILs) have emerged as critical determinants 
of prognosis and treatment response. However, current TIL assessment 
methods lack standardization and suffer from significant inter-observer 
variability [5,6]. The subjective nature of manual TIL evaluation limits 
its clinical implementation and reproducibility across institutions.

Recent advances in artificial intelligence (AI) and digital pathology 
offer promising objective, reproducible quantification of histopatho-
logic features, potentially overcoming the limitations of manual 
assessment. However, the comparative effectiveness of AI-based versus 
traditional pathologist-assessed TIL evaluation in oral tongue SCC re-
mains unclear.

This study aimed to: (1) validate prognostic significance of estab-
lished factors; (2) evaluate AI-based TIL assessment; and (3) develop an 
integrated prognostic model in 139 tongue SCC cases.

Materials and methods

Patient cohort

We analyzed 139 patients with pathologically confirmed primary 
oral tongue SCC who underwent surgical resection at Asan Medical 
Center, Seoul, Korea, between 2010 and 2017. The exclusion criteria 
included the presence of distant metastasis during the operation, pre-
vious treatment for head and neck cancer, undetermined lymph node 
status, and unavailability of pathological hematoxylin and eosin (H&E)- 
stained slides. This study was approved by the Ethics Committee of Asan 
Medical Center (approval number #2022–1429; August 2022). The 
requirement for written informed consent was waived by the Ethics 
Committee because of the retrospective nature of the study.

Histopathological assessment

All samples were independently evaluated by two investigators (J. L. 
and K. C.) using light microscopy, followed by a joint consensus review. 
Microscopic analysis focused on tumor differentiation, tumor size, depth 
of invasion (DOI), WPOI, tumor budding, TILs, tumor-stromal ratio 
(TSR), LVI, PNI, ENE, and LNR [7].

DOI was graded as: 0 (↑5 mm), 1 (ε5–10 mm), and 2 (ε10 mm). 
LNR was calculated as the number of positive lymph nodes divided by 
the total number of harvested lymph nodes [8]. However, raw LNR 
values are often small, making them potentially difficult to interpret in 
the context of statistical analysis. To improve interpretability and enable 
a more meaningful statistical evaluation, the LNR values were multi-
plied by 100, which rescaled the data without altering the relative ratios. 
WPOI was dichotomized into groups 1–4 versus 5. (Fig. 1A–E) [9].

Lymph node evaluation was performed in 129 patients (92.8 %, 129/ 
139). Ten patients (7.2 %, 10/139) did not undergo lymph node 
assessment: seven underwent partial glossectomy without lymph node 
dissection because of clinically N0 disease (n → 6) or comorbidities (n →
1), and three underwent glossectomy with selective lymph node 

dissection but the lymph nodes could not be harvested during the 
procedure.

According to AJCC guidelines recommending examination of at least 
10 lymph nodes in selective neck dissection, harvested lymph nodes 
were categorized as follows: not harvested (n → 10, 7.2 %), ω10 nodes 
(n → 4, 2.9 %), 10–19 nodes (n → 17, 12.2 %), and ↓ 20 nodes (n → 108, 
77.7 %), as presented in Table 1. Four patients had a suboptimal but 
adequate lymph node yield (2–8 nodes) because of patient age, surgical 
complexity, or anatomical factors.

For lymph node-related analyses (LNR, metastatic lymph nodes, 
ENE, AJCC N category, and overall stage), patients with any lymph node 
harvest were included (n → 129), while the 10 patients without lymph 
node assessment were excluded from these specific analyses to maintain 
analytical validity.

Surgical margin status was evaluated and classified into three cate-
gories based on the 2024–2025 National Comprehensive Cancer 
Network guidelines: positive margin (tumor involvement), close margin 
(ω5 mm from tumor), and clear margin (↓5 mm from tumor). Margin 
distance was determined by measuring the shortest distance from the 
invasive tumor edge to the nearest resection margin using standard 
histopathological methods. Among the 139 surgically resected tongue 
cancer cases, complete slide sets with comprehensive resection margin 
assessment were available for 117 cases. All margin assessments were 
confirmed by consensus meetings between two pathologists (J. L. and K. 
J. C.).

Tumor budding was assessed at 200x magnification and categorized 
as low-grade (↑4 buds/HPF), intermediate-grade (5–9 buds/HPF), and 
high-grade (↓10 buds/HPF) (Fig. 1F) [10]. The TSR was calculated with 
↑ 50 % categorized as “low” (stroma-rich) and ε 50 % as “high” 
(stroma-poor) (Fig. 1C) [11,12].

Manual TIL assessment was performed by experienced pathologists 
(J. L. and K. C.) using a standardized 10-tier grading system. Stromal 
TILs at the invasive tumor front (‘Stromal TIL’) and TILs evaluated at 
tumor center (‘Central TIL’) were evaluated in representative HPFs 
(↔400 magnification) and scored on a 10-tier grading system, corre-
sponding to TIL percentages in 10 % increments (0: 0–10 %, 1: 10–20 %, 
…, 9: 90–100 %).

LVI, PNI, and ENE were recorded as present or absent [13]. Tumor 
size was categorized using 2-cm cut-offs, following the AJCC 8th T 
stages: group 1: ↑2 cm, group 2: ε2 cm and ↑ 4 cm, and group 3: ε4 cm 
[14].

Ai-based TIL Detection system

We developed an AI-based system for automated TIL quantification 
using transfer learning methodology. Detailed methodology and vali-
dation results are provided in Supplementary Methods.

Statistical analysis

Overall survival (OS) was calculated from surgery to death or last 
follow-up, with survival status confirmed for all 139 patients through 
national health insurance records. Recurrence-free survival (RFS) was 
analyzed in 96 patients with available data. Univariate and multivariate 
Cox proportional hazards regression analyses were performed. Four 
model versions were developed to compare ENE vs. LNR and AI vs. 
pathologist TIL assessment. Model performance was evaluated using 
time-dependent ROC curves and validated using bootstrap resampling. 
Detailed statistical methodology is provided in Supplementary Methods. 
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Statistical significance was set at p ω 0.05.

Results

Patient characteristics and clinicopathological comparison

The clinicopathological characteristics of 139 patients are summa-
rized in Table 1. During follow-up, 75 patients (75/139, 54.0 %) 
remained alive and 64 patients (64/139, 46.0 %) died. Among the 
deceased patients, 49 (76.6 % of deaths, 35.3 % of total cohort) died 
from confirmed cancer-related causes, while 15 (15/139, 23.4 %) died 
from unknown causes, with 13 of these patients having advanced-stage 
disease and dying within 20 months of last contact.

Deceased patients had significantly larger tumors (3.3 ↗ 1.5 cm vs. 
2.1 ↗ 1.1 cm, p ω 0.001), greater DOI (12.1 ↗ 7.0 mm vs. 7.2 ↗ 4.9 mm, 
p ω 0.001), and higher prevalence of adverse features: LVI (29.7 % vs. 
13.3 %, p → 0.031), PNI (39.1 % vs. 13.3 %, p → 0.001), and ENE (39.1 % 
vs. 5.3 %, p ω 0.001). Nodal disease burden was substantially higher 
with more metastatic lymph nodes (3.0 ↗ 3.5 vs. 0.5 ↗ 1.1, p ω 0.001) 
and higher LNRs (6.3 ↗ 7.1 vs. 0.9 ↗ 1.9, p ω 0.001).

Both AI-assessed and pathologist-assessed (manual) TIL parameters 
demonstrated significant differences between groups. AI-assessed stro-
mal TIL ratios were lower in deceased patients (53.1 ↗ 15.8 % vs. 63.3 
↗ 17.6 %, p → 0.001), as were central TIL ratios (45.2 ↗ 12.5 % vs. 52.4 
↗ 14.9 %, p → 0.003). Similarly, the number of pathologist-assessed 
stromal TILs was lower in deceased patients (4.8 ↗ 2.2 vs. 5.9 ↗ 2.0, 
p → 0.002), along with central TILs (3.4 ↗ 2.2 vs. 4.8 ↗ 2.1, p ω 0.001). 
Intratumoral TIL ratios showed no significant difference between groups 
(p → 0.188).

Advanced disease staging was more prevalent in the deceased group, 
with higher proportions of T3-4 tumors (59.4 % vs. 17.3 %, p ω 0.001), 
N2-3 nodal disease (59.4 % vs. 12.0 %, p ω 0.001), and overall stages III- 
IV (65.6 % vs. 30.6 %, p ω 0.001). No significant differences were 
observed in tumor budding, the tumor-stroma ratio, WPOI, differentia-
tion grade, age, or sex distribution between groups.

Correlation analysis and variable selection

Correlation analysis was performed to guide variable selection and 
avoid multicollinearity in multivariate modeling (Fig. 2). The normal-
ized Spearman correlation matrix (Fig. 2A) revealed several critical re-
lationships. Among nodal parameters, LNR demonstrated extremely 
high correlation with metastatic lymph node count (r → 0.98), leading to 
LNR selection as the representative nodal parameter. Given the estab-
lished clinical importance of ENE as an independent predictor, separate 
ENE-based and LNR-based model versions were developed.

Key correlations informing variable selection included DOI contin-
uous measurement with DOI grade (r → 0.94), leading to DOI grade 
selection for ordinal prognostic categorization; tumor size showing 
moderate correlations with invasion parameters (r → 0.45–0.71), 
resulting in exclusion due to multicollinearity concerns; and AI-assessed 
central TIL ratio with stromal TIL ratio (r → 0.60), with stromal TIL 
selected based on established literature emphasizing invasive front im-
mune infiltration. The intratumoral TIL ratio demonstrated weaker 
correlations with other immune parameters (ω0.30) and showed no 

significant prognostic associations in univariate analysis, leading to its 
exclusion.

AI- and pathologist-assessed TIL parameters demonstrated substan-
tial inter-method correlation (r → 0.661, Intraclass Correlation Coeffi-
cient [ICC] → 0.796, Table 2), validating automated assessment 
reliability. Point-biserial correlation analysis revealed important asso-
ciations: surgical margin status (ω5 mm) with T category (r → 0.41), DOI 
(r → 0.30), and DOI grade (r → 0.30) (Fig. 2B); ENE with multiple 
continuous parameters including LNR, metastatic lymph node count, 
and invasion depth (Fig. 2C); and PNI with DOI (r → 0.43), tumor size (r 
→ 0.37), and DOI grade (r → 0.35) (Sup. Fig. 1A).

Variables with high correlations (|r| ↓ 0.7) included metastatic 
lymph nodes and LNR (r → 0.975), DOI and DOI grade (r → 0.944), and 
tumor size with DOI (r → 0.746) and DOI grade (r → 0.740). Analysis of 
LNR distribution across harvested lymph node categories (Fig. 2D) 
demonstrated the critical importance of adequate nodal sampling. 
Traditional prognostic parameters including tumor budding, TSR, and 
WPOI showed generally weak correlations with other variables, 
consistent with their lack of statistical significance in subsequent ana-
lyses. Based on these findings, four multivariate model versions were 
constructed: ENE ↘ AI stromal TIL, LNR ↘ AI stromal TIL, ENE ↘
pathologist stromal TIL, and LNR ↘ pathologist stromal TIL.

TIL distribution patterns and risk stratification

Analysis of AI-assessed stromal TIL ratios across AJCC 8th Edition 
stages demonstrated a progressive decrease with advancing stage 
(Fig. 3A). Early stage tumors (stages I-II) showed higher TIL infiltration 
with greater variability compared to advanced-stage disease (stages III- 
IV), indicating heterogeneous immune responses that become more 
uniformly suppressed in advanced disease. This inverse relationship 
between stage and TIL infiltration was consistent across both AI-assessed 
and pathologist-assessed parameters.

Quartile-based risk stratification effectively distinguished prognostic 
groups for both assessment methods, specifically chosen to enhance 
reproducibility across different institutions and patient populations, 
avoiding dataset-specific overfitting inherent in ROC-derived optimal 
cutoffs (Fig. 3B, Table 2). AI-assessed stromal TIL ratios using a median 
cutoff demonstrated significant survival advantages, with high TIL pa-
tients showing superior OS (hazard ratio [HR] → 0.40, 95 % confidence 
interval [CI]: 0.24–0.66) and RFS (HR → 0.53, 95 % CI: 0.29–0.97). 
Using the more conservative 75th percentile cutoff (66.0 %), the high 
TIL group comprised 25.2 % of patients with maintained prognostic 
significance (OS HR → 0.44, 95 % CI: 0.22–0.87).

Similarly, pathologist-assessed stromal TIL demonstrated compara-
ble prognostic stratification (Fig. 3C). Using the median cutoff (6.0 on 
the 10-point scale), patients with high TIL scores showed significant 
survival benefits for both OS (HR → 0.52, 95 % CI: 0.32–0.86) and RFS 
(HR → 0.55, 95 % CI: 0.30–1.00). The 75th percentile approach (7.0 
cutoff) identified 38.8 % of patients as high-risk with sustained prog-
nostic discrimination.

Comparative performance analysis revealed that AI-based assess-
ment demonstrated superior prognostic discrimination compared to 
manual assessment (Fig. 3D, Table 2). AI achieved higher C-index values 
for both OS (0.649 vs. 0.604) and RFS (0.631 vs. 0.608), indicating 

Fig. 1. Histopathological parameters and AI model development. (A) WPOI Grade 1: Tumor exhibits expansile invasion (40x). (B) WPOI Grade 2: tumor invading in 
solid cords and strands (40x). (C) WPOI Grade 3: invasive islands of the tumor with ε15 cell clusters (arrows). In this case, the tumor to stromal ratio is high (40x). 
(D) WPOI Grade 4: invasive tumor islands with ω15 cell clusters (40x). (E) WPOI Grade 5: tumor islands more than 1 mm away from the progressive end of the tumor 
(40x). (F) High tumor budding at the invasive front (200x). (G) End-to-end deep learning framework for tumor-infiltrating lymphocyte (TIL) detection. (H) 
Representative images demonstrating AI-based TIL assessment in different tumor compartments. The lower left panel shows a whole slide image with annotated 
regions of interest. Three distinct compartments were analyzed: stromal (invasive front) TILs, intratumoral TILs, and central TILs with original hematoxylin and eosin 
images (left) and corresponding AI annotations (right). AI annotations highlight tumor areas (purple), stromal regions (green), and identified TILs (red bounding 
boxes). Stromal TILs show lymphocytic infiltration at the tumor-stroma interface, intratumoral TILs represent lymphocytes within tumor nests, and central TILs 
indicate lymphocytic infiltration in the central portion of the tumor. Original magnification: whole slide image 10↔, detailed images 200↔. WPOI, worst pattern of 
invasion; AI, artificial intelligence; TIL, tumor-infiltrating lymphocyte; H&E, hematoxylin and eosin.
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Table 1 
Clinicopathologic Characteristics of Patients with Tongue Cancer Based on 
Survival Status (n → 139).

Characteristics Category Total 
n →
139 
(%)

Alive n 
→ 75 
(54.0)

Deceased7 

n → 64 
(46.0)

P-value

Demographics ​ ​ ​ ​ ​
Age at diagnosis, 

years
Mean ↗ SD 60.6 

↗ 14.4
59.5 ↗
14.4

62.0 ↗
14.5

0.295

Sex Female 56 
(40.3)

33 
(44.0)

23 (35.9) 0.428

​ Male 83 
(59.7)

42 
(56.0)

41 (64.1) ​

Tumor 
Characteristics

​ ​ ​ ​ ​

Tumor size, cm Mean ↗ SD 2.7 ↗
1.4

2.1 ↗
1.1

3.3 ↗ 1.5 ω0.001

DOI, mm Mean ↗ SD 9.4 ↗
6.4

7.2 ↗
4.9

12.1 ↗ 7.0 ω0.001

DOI grade ↑5 mm 42 
(30.2)

31 
(41.3)

11 (17.2) ω0.001

​ 5 mm–10 mm 47 
(33.8)

30 
(40.0)

17 (26.6) ​

​ ε10 mm 50 
(36.0)

14 
(18.7)

36 (56.2) ​

Histopathologic 
Features

​ ​ ​ ​ ​

Differentiation Well 
differentiated

77 
(55.4)

48 
(64.0)

29 (45.3) 0.087

​ Moderately 
differentiated

53 
(38.1)

23 
(30.7)

30 (46.9) ​

​ Poorly 
differentiated

9 (6.5) 4 (5.3) 5 (7.8) ​

Tumor budding ω5 92 
(66.2)

48 
(64.0)

44 (68.8) 0.203

​ 5–9 30 
(21.6)

20 
(26.7)

10 (15.6) ​

​ ↓10 17 
(12.2)

7 (9.3) 10 (15.6) ​

Tumor-stroma 
ratio

↑50 % 36 
(25.9)

21 
(28.0)

15 (23.4) 0.676

​ ε50 % 103 
(74.1)

54 
(72.0)

49 (76.6) ​

WPOI 1 1 (0.7) 1 (1.3) 0 (0.0) 0.117
​ 2 9 (6.5) 7 (9.3) 2 (3.1) ​
​ 3 42 

(30.2)
27 
(36.0)

15 (23.4) ​

​ 4 68 
(48.9)

30 
(40.0)

38 (59.4) ​

​ 5 19 
(13.7)

10 
(13.3)

9 (14.1) ​

WPOI grade 1–4 120 
(86.3)

65 
(86.7)

55 (85.9) 1.000

​ 5 19 
(13.7)

10 
(13.3)

9 (14.1) ​

LVI Not identified 110 
(79.1)

65 
(86.7)

45 (70.3) 0.031

​ Present 29 
(20.9)

10 
(13.3)

19 (29.7) ​

PNI Not identified 104 
(74.8)

65 
(86.7)

39 (60.9) 0.001

​ Present 35 
(25.2)

10 
(13.3)

25 (39.1) ​

ENE1 Not identified 100 
(71.9)

62 
(82.7)

38 (59.4) ω0.001

​ Present 29 
(20.9)

4 (5.3) 25 (39.1) ​

​ Not assessed 10 
(7.2)

9 
(12.0)

1 (1.6) ​

TIL Parameters ​ ​ ​ ​ ​
AI-assessed 

Parameters
​ ​ ​ ​ ​

Stromal TIL ratio Mean ↗ SD 58.6 
↗ 17.4

63.3 ↗
17.6

53.1 ↗
15.8

0.001

Central TIL ratio Mean ↗ SD 49.2 
↗ 14.2

52.4 ↗
14.9

45.2 ↗
12.5

0.003

Table 1 (continued )

Characteristics Category Total 
n →
139 
(%) 

Alive n 
→ 75 
(54.0) 

Deceased7 

n → 64 
(46.0) 

P-value

Intratumoral 
ratio

Mean ↗ SD 21.0 
↗ 8.5

21.9 ↗
8.0

20.0 ↗ 9.1 0.188

Pathologist- 
assessed 
Parameters

​ ​ ​ ​ ​

Stromal TIL Mean ↗ SD 5.4 ↗
2.2

5.9 ↗
2.0

4.8 ↗ 2.2 0.002

Central TIL Mean ↗ SD 4.2 ↗
2.3

4.8 ↗
2.1

3.4 ↗ 2.2 ω0.001

Lymph Node 
Parameters

​ ​ ​ ​ ​

Metastatic LNs1 Mean ↗ SD 1.7 ↗
2.8

0.5 ↗
1.1

3.0 ↗ 3.5 ω0.001

Lymph node 
ratio1′2

Mean ↗ SD 3.4 ↗
5.6

0.9 ↗
1.9

6.3 ↗ 7.1 ω0.001

Harvested LN 
count1′3

Mean ↗ SD 41.2 
↗ 26.4

36.2 ↗
25.9

46.9 ↗
26.1

0.017

Harvested LN 
categories

Not harvested 10 
(7.2)

9 
(12.0)

1 (1.6) 0.079

​ ω10 4 (2.9) 1 (1.3) 3 (4.7) ​
​ 10–19 8 (5.8) 4 (5.3) 4 (6.2) ​
​ ↓20 117 

(84.2)
61 
(81.3)

56 (87.5) ​

Surgical 
Approach

​ ​ ​ ​ ​

Operation Name Excision, 
Partial 
glossectomy

8 (5.8) 7 (9.3) 1 (1.6) ω0.001

​ Glossectomy 
and SLND

73 
(52.5)

54 
(72.0)

19 (29.7) ​

​ Glossectomy 
and MRND

57 
(41.0)

14 
(18.7)

43 (67.2) ​

​ Others4 1 (0.7) 0 (0.0) 1 (1.6) ​
Surgical Margins ​ ​ ​ ​ ​
Surgical margin 

status
Not involved 133 

(95.7)
74 
(98.7)

59 (92.2) 0.032

​ Involved by 
carcinoma

5 (3.6) 0 (0.0) 5 (7.8) ​

​ Involved by 
LGD

1 (0.7) 1 (1.3) 0 (0.0) ​

Margin distance5 ω5 mm from 
tumor

58 
(41.7)

26 
(34.7)

32 (50.0) ω0.001

​ ↓5 mm from 
tumor

53 
(38.1)

41 
(54.7)

12 (18.8) ​

​ Not assessed 28 
(20.1)

8 
(10.7)

20 (31.2) ​

Staging ​ ​ ​ ​ ​
AJCC 8th T 

Category
1 36 

(25.9)
28 
(37.3)

8 (12.5) ω0.001

​ 2 52 
(37.4)

34 
(45.3)

18 (28.1) ​

​ 3 18 
(12.9)

6 (8.0) 12 (18.8) ​

​ 4 33 
(23.7)

7 (9.3) 26 (40.6) ​

AJCC 8th N 
Category1

0 67 
(48.2)

49 
(65.3)

18 (28.1) ω0.001

​ 1 15 
(10.8)

8 
(10.7)

7 (10.9) ​

​ 2 25 
(18.0)

6 (8.0) 19 (29.7) ​

​ 3 22 
(15.8)

3 (4.0) 19 (29.7) ​

​ Not assessed 10 
(7.2)

9 
(12.0)

1 (1.6) ​

Overall stage1 I 24 
(17.3)

19 
(25.3)

5 (7.8) ω0.001

​ II 30 
(21.6)

24 
(32.0)

6 (9.4) ​

​ III 20 
(14.4)

10 
(13.3)

10 (15.6) ​

​ IV 55 
(39.6)

13 
(17.3)

42 (65.6) ​

(continued on next page)
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better discriminative capability. However, 5-year AUC analysis showed 
comparable predictive performance between methods (AI: 0.682, 95 % 
CI: 0.573–0.764; manual: 0.636, p → 0.759), suggesting that both ap-
proaches provide clinically meaningful prognostic information. Inter- 
method validation demonstrated substantial agreement between AI 
and pathologist assessment (r → 0.661, ICC → 0.796, 95 % CI: 
0.72–0.85), confirming the reliability of automated quantification while 
highlighting the complementary value of expert pathologist 

interpretation.

Univariate and multivariate Cox Regression analysis

Univariate Cox proportional hazard analysis identified multiple 
significant prognostic factors (Sup. Table 1). Traditional tumor char-
acteristics including the DOI grade (OS: HR → 2.67, 95 % CI: 1.86–3.83, 
p ω 0.001), surgical margin ω 5 mm (OS: HR → 3.45, 95 % CI: 1.79–6.67, 
p ω 0.001), and histopathologic features such as LVI (OS: HR → 2.45, 95 
% CI: 1.41–4.23, p → 0.001) and PNI (OS: HR → 2.63, 95 % CI: 
1.59–4.36, p ω 0.001) demonstrated strong associations with both OS 
and RFS.

Among nodal parameters, ENE (OS: HR → 3.91, 95 % CI: 2.33–6.55, 
p ω 0.001; RFS: HR → 3.27, 95 % CI: 1.72–6.23, p ω 0.001) and LNR (OS: 
HR → 1.10, 95 % CI: 1.06–1.13, p ω 0.001; RFS: HR → 1.12, 95 % CI: 
1.07–1.17, p ω 0.001) emerged as particularly strong predictors. The AI- 
assessed stromal TIL ratio demonstrated significant protective effects for 
both endpoints (OS: HR → 0.97, 95 % CI: 0.95–0.98, p ω 0.001; RFS: HR 
→ 0.97, 95 % CI: 0.94–0.99, p → 0.004).

Multivariate analysis systematically addressed the correlation be-
tween ENE and LNR while comparing AI and pathologist stromal TIL 
assessment approaches. Following comprehensive four-model compar-
ison analysis with OS and RFS (Sup. Tables 2 and 3), two representative 
models were selected: (1) a traditional approach using ENE ↘ manual 
stromal TIL assessment, and (2) a novel approach employing LNR ↘ AI- 
based stromal TIL ratio quantification (Table 3).

Using baseline variables with confirmed statistical independence 
(DOI grade, differentiation, LVI, PNI, and resection margin status), both 
models demonstrated robust predictive performance across survival 
endpoints. The novel LNR ↘ AI stromal TIL model demonstrated supe-
rior performance for both survival endpoints (OS AUC → 0.851, RFS 
AUC → 0.826). For OS, the LNR exhibited the strongest prognostic as-
sociation among all variables (HR → 4.44, 95 % CI: 2.01–9.81, p ω
0.001), while the AI-assessed stromal TIL provided robust independent 
prognostic value (HR → 0.61, 95 % CI: 0.42–0.88, p → 0.009) alongside 
close surgical margins ω 5 mm (HR → 2.13 95 % CI: 1.05–4.35, p →
0.03). For RFS, the model maintained strong performance with the LNR 
(HR → 3.90, 95 % CI: 1.77–8.59, p → 0.001) and AI stromal TIL (HR →
0.66, 95 % CI: 0.46–0.95, p → 0.02) both achieving independent 
significance.

In contrast, the traditional ENE ↘ pathologist-assessed stromal TIL 
model achieved strong but marginally lower discrimination (OS AUC →
0.842, RFS AUC → 0.799). For OS, ENE emerged as a significant pre-
dictor (HR → 3.09, 95 % CI: 1.75–5.47, p ω 0.001) alongside close 
surgical margins ω 5 mm (HR → 2.22, 95 % CI: 1.09–4.55, p → 0.03), 
while pathologist-assessed stromal TIL showed borderline significance 
(HR → 0.71, 95 % CI: 0.50–1.01, p → 0.05). Notably, pathologist- 
assessed stromal TIL failed to achieve statistical significance in RFS 
analysis across both ENE- (HR → 0.76, 95 % CI: 0.54–1.07, p → 0.12) and 
LNR-based models (HR → 0.78, 95 % CI: 0.56–1.10, p → 0.15), while AI- 
assessed parameters maintained consistent prognostic value across both 
survival endpoints.

Stage-Specific analysis and t-distributed Stochastic Neighbor Embedding 
validation

To address potential stage mixture bias affecting prognostic variable 
interpretation, comprehensive stage-specific analyses were performed 
(Sup. Tables 4 and 5). Stage-specific analyses were conducted on 129 
patients with available lymph node data, excluding the 10 patients 
without adequate lymph node harvest. Early stage disease (stages I-II, n 
→ 54 for OS, n → 39 for RFS) demonstrated markedly different prog-
nostic patterns compared to advanced-stage disease (stages III-IV, n → 75 
for OS, n → 50 for RFS). In early stage tumors, univariate analysis 
revealed minimal prognostic discrimination, with only age emerging as 
a significant factor for OS (HR → 1.06, 95 % CI: 1.01–1.11, p ω 0.05), 

Table 1 (continued )

Characteristics Category Total 
n →
139 
(%) 

Alive n 
→ 75 
(54.0) 

Deceased7 

n → 64 
(46.0) 

P-value

​ Not assessed 10 
(7.2)

9 
(12.0)

1 (1.6) ​

Clinical 
Outcomes

​ ​ ​ ​ ​

Survival, months Mean ↗ SD 52.2 
↗ 37.4

74.7 ↗
34.0

23.1 ↗
28.7

ω0.001

Recurrence*8 No 53 
(38.1)

53 
(70.7)

0 (0.0) ω0.001

​ Yes 43 
(30.9)

7 (9.3) 36 (56.2) ​

​ Unknown 43 
(30.9)

15 
(20.0)

28 (43.8) ​

Time to 
recurrence, 
months

Mean ↗ SD 31.2 
↗ 42.8

102.2 
↗ 31.4

8.1 ↗ 8.0 ω0.001

Follow-up 
period, months

Mean ↗ SD 52.2 
↗ 37.4

74.7 ↗
34.0

23.1 ↗
28.7

ω0.001

1Variables with missing data (7.2%, 10/139 cases): ENE, Metastatic LNs, LNR, 
AJCC 8th N Category, and Overall stage were marked as not assessed in cases 
where LN harvest was not performed or failed to harvest LNs after dissection, 
primarily in early stage patients.
2Lymph node ratio (LNR) was calculated as the number of positive lymph nodes 
divided by the total number of harvested lymph nodes. To ensure the validity of 
LNR as a prognosticator, analyses were performed only on a subgroup with 
adequate lymph node yield (↓10 nodes).
3Harvested LN was categorized into 4 groups according to the AJCC guidelines 
which indicate that at least 10 lymph nodes should be examined in selective neck 
dissection for adequate staging.
4Others: Glossectomy, mandibulectomy with modified radical neck dissection.
5The 111 patients with cancer who had uninvolved surgical margins and 
available margin status evaluation were classified as having margins ↓5mm or 
ω5mm according to the 2024–2025 updated NCCN guidelines.
⁶Missing values in the statistical analysis were handled by excluding cases with 
missing data from the specific analyses (complete case analysis). This approach 
was chosen to maintain the integrity of the survival models while maximizing 
the use of available data.
7Among the 64 deceased patients, 49 (76.6%) died from confirmed cancer- 
related causes, while 15 (23.4%) died from unknown causes. Of the 15 pa-
tients with unknown cause of death, 13 had advanced-stage disease (Stage III-IV) 
and died within 20 months of last contact, while 2 had early-stage disease (Stage 
I).
8*Recurrence status was determined based on complete clinical and imaging 
follow-up data. Patients categorized as ’Unknown’ (43 out of 139 patients, 31%) 
had confirmed survival status through national health insurance records but 
insufficient clinical follow-up to determine recurrence status definitively. To 
maintain analytical integrity, these patients were excluded from all recurrence- 
free survival analyses but were retained in overall survival analyses where their 
vital status was known with certainty.
Abbreviations: DOI, depth of invasion; WPOI, worst pattern of invasion; LVI, 
lymphovascular invasion; PNI, perineural invasion; ENE, extranodal extension; 
LN, lymph node; LNR, lymph node ratio; SLND, selective neck dissection; MRND, 
modified radical neck dissection; TIL, tumor-infiltrating lymphocytes; AJCC, 
American Joint Committee on Cancer; LGD, low grade dysplasia.
Notes: Data are presented as n (%) for categorical variables and mean ↗ stan-
dard deviation for continuous variables. P-values were calculated using the Chi- 
square test or Fisher’s exact test for categorical variables and the Student’s t-test 
or Mann-Whitney U test for continuous variables.
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while no variables achieved significance for RFS. Traditional patholog-
ical parameters including the tumor size, DOI, and histopathologic 
features showed no significant associations with either survival 
endpoint in early stage disease.

Conversely, advanced-stage disease exhibited multiple significant 
prognostic factors across both survival endpoints. For OS, tumor size 
(HR → 1.53, 95 % CI: 1.24–1.90, p ω 0.001), PNI (HR → 2.13, 95 % CI: 
1.22–3.74, p ω 0.01), and AI-assessed stromal TIL parameters (HR →
0.64, 95 % CI: 0.49–0.84, p ω 0.01) demonstrated significant associa-
tions. For RFS, the AI stromal TIL (HR → 0.62, 95 % CI: 0.44–0.86, p ω
0.01), metastatic lymph node count (HR → 1.12, 95 % CI: 1.03–1.23, p ω
0.05), and LNR (HR → 2749.25, 95 % CI: 21.22–356117.09, p ω 0.01) 
emerged as significant predictors. This stage-specific analysis revealed 
that TIL-based prognostic value is primarily driven by advanced-stage 
disease, where immune microenvironment characteristics become crit-
ically important for both OS and recurrence prediction.

Five-fold cross-validation of stage-specific multivariate models 
demonstrated adequate performance for advanced-stage disease (C- 
index → 0.343 for OS, 0.266 for RFS) with stable coefficient estimates 
(Coefficient of Variation [CV] ω 1.0 for core variables), while early stage 
disease models showed limited discriminative ability due to low event 

rates (11 deaths in 54 patients for OS, 11 recurrences in 39 patients for 
RFS), supporting the clinical observation that early stage tongue cancer 
generally has favorable outcomes regardless of traditional prognostic 
markers. Five-fold cross-validation of stage-specific multivariate models 
demonstrated adequate performance for advanced-stage disease (C- 
index → 0.343 for OS, 0.266 for RFS) with stable coefficient estimates 
(CV ω 1.0 for core variables), while early stage disease models showed 
limited discriminative ability because of low event rates (11 deaths in 54 
patients), supporting the clinical observation that early stage tongue 
cancer generally has favorable outcomes regardless of traditional 
prognostic markers.

To address concerns about the low number of samples and stage 
mixture bias affecting tumor budding and TSR results as prognostic 
variables, t-SNE dimensional reduction analysis was performed (Sup. 
Fig. 2). Overall cohort t-SNE analysis (Sup. Fig. 2A) revealed hetero-
geneous clustering patterns when analyzed without stage stratification. 
Stage-specific t-SNE analysis revealed markedly different clustering 
behaviors between disease stages. Early stage disease (stages I-II, Sup. 
Fig. 2B) demonstrated relatively homogeneous clustering patterns, with 
patients showing minimal separation by traditional risk factors, 
including the budding level and TSR status. The compact clustering in 

Fig. 2. Correlation Analysis and Variable Selection Strategy. (A) Spearman correlation matrix of normalized continuous variables demonstrating key relationships 
that informed variable selection for multivariate modeling. High correlations (|r| ↓ 0.7) between variables such as the LNR and metastatic lymph nodes (r→0.98) and 
DOI and DOI grade (r→0.94) necessitated careful variable selection to avoid multicollinearity. The color scale represents the correlation strength from -1.0 (blue) to 
↘1.0 (red). (B) Point-biserial correlations with the surgical margin status (ω5 mm), showing significant associations with the T category, DOI, and DOI grade. Red 
bars indicate positive correlations while blue bars represent negative correlations. Asterisks (*) denote statistically significant correlations (p ω0.05). (C) Point- 
biserial correlations with ENE, demonstrating strong associations with multiple continuous parameters including the LNR, metastatic lymph node count, and in-
vasion depth, supporting the interconnected nature of aggressive tumor features. (D) LNR distribution across harvested lymph node categories, validating the critical 
importance of adequate nodal sampling. Patients with 10-19 harvested nodes showed higher mean LNR values compared to those with ↓20 nodes, supporting 
analytical restriction to cases with adequate nodal harvest per the AJCC guidelines. AJCC, American Joint Committee on Cancer; DOI, depth of invasion, ENE, 
extranodal extension; LNR, lymph node ratio; TIL, tumor infiltrating lymphocyte; AI, artificial intelligence; LN, lymph node.
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early stage disease reflected the generally favorable prognosis and 
limited prognostic heterogeneity in this population, explaining why 
these parameters show reduced discriminative value.

Advanced-stage disease (stages III-IV, Sup. Fig. 2C) exhibited 
distinct clustering patterns with clear separation between different risk 
groups. Patients clustered more distinctly based on the budding levels 
and TSR status, demonstrating meaningful prognostic heterogeneity. 
The more dispersed clustering pattern in advanced disease validated the 
increased relevance of traditional prognostic markers in this population, 
where tumor biology becomes more aggressive and variable.

Comparison of model performance and validation analysis

Comparative analysis of the four multivariate model versions 
revealed that LNR-based models demonstrated superior predictive per-
formance compared to ENE-based models (Fig. 3E, F; Sup. Tables 2 and 
3). For OS, the LNR ↘ AI stromal TIL model achieved the highest 
discrimination (AUC → 0.851), followed by ENE ↘ AI stromal TIL (AUC 
→ 0.850), ENE ↘ pathologist stromal TIL (AUC → 0.842), and LNR ↘
pathologist stromal TIL (AUC → 0.844). For RFS, the LNR ↘ pathologist 
TIL model performed best (AUC → 0.831), followed by the LNR ↘ AI TIL 
model (AUC → 0.826).

Bootstrap validation with 2000 replicates confirmed model stability 
across all versions, with optimism-corrected AUC values maintaining 
statistical significance. Five-fold cross-validation demonstrated consis-
tent coefficient stability (CV ω 1.0) for core prognostic variables, sup-
porting model robustness and generalizability. To address concerns 
about stage mixture bias affecting prognostic variables, comprehensive 
stage-specific analyses were performed (Sup. Tables 3 and 4). Early 
stage disease (I-II) showed distinct prognostic patterns with age as the 
primary predictor, while advanced-stage disease (III-IV) demonstrated 
significant associations with traditional pathological parameters and TIL 
ratios.

External validation was conducted using an independent cohort of 
21 patients with primary tongue SCC from another institution (Korea 
University Guro Hospital, Sup. Fig. 2D). Despite the limited sample size, 
AI-assessed TIL measurements demonstrated a consistent inverse cor-
relation with the disease stage (Spearman ρ → -0.217), replicating the 
pattern observed in the primary cohort. t-SNE analysis of the validation 
cohort showed clustering patterns consistent with the development 
dataset, supporting the biological relevance and institutional trans-
ferability of AI-based TIL quantification.

Discussion

This study demonstrated that AI-based digital pathology can provide 
objective TIL quantification in tongue cancer, addressing traditional 
subjective interpretation challenges. LNR and AI-quantified TIL mea-
surements emerged as robust prognostic indicators, outperforming 
traditionally emphasized parameters such as WPOI, TSR, and tumor 
budding. These factors demonstrated a significant prognostic value in 
advanced-stage disease.

The significance of TILs in tongue cancer has been increasingly 
recognized, with recent studies emphasizing the importance of stromal 
inflammation [5,6,15]. Our AI-based approach revealed distinct spatial 
patterns of immune cell infiltration and their prognostic implications. 
The moderate stromal-central TIL correlation and progressive decrease 
in advanced stages suggests complex immune dynamics, consistent with 
multicenter investigations demonstrating stromal TIL prognostic value 
at the invasive front [5].

Our multivariate analysis yielded a parsimonious prognostic model 
incorporating AI-assessed stromal TIL ratio and LNR. LNR has emerged 
as a standardized prognostic marker across malignancies compared to 
pN category, ENE, and metastatic deposit size [3,4,16–18]. The robust 
model performance, validated through bootstrap resampling, demon-
strated how AI-quantified immune parameters combined with 

Table 2 
AI vs Manual Stromal TIL Assessment: Validation and Clinical Implementation (Part A: Method Agreement and Correlation Part B: Quartile-based Risk Stratification 
Performance Part C: Predictive Performance Comparison).

Assessment Method Mean ↗ SD Correlation (r) ICC (95 % CI) Agreement Level

AI Stromal TIL ratioa 58.3 ↗ 17.2 0.661 0.796 (0.72–0.85) Substantial
Manual Stromal TILb 5.3 ↗ 2.1 ​ ​ ​

Method & Cutoff High TIL Group OS HR (95% CI) RFS HR (95% CI) Clinical Utility

AI Stromal TIL ratio ​ ​ ​ ​
Median 

(Q2: 5.6↔10≃4)
70/139 (50.4%) 0.40 (0.24–0.66) 0.53 (0.29–0.97) Balanced groups, optimal sensitivity

75th percentile 
(Q3: 6.6↔10≃4)

35/139 (25.2%) 0.44 (0.22–0.87) 0.61 (0.28–1.31) Conservative approach, high specificity

Manual Stromal TIL ​ ​ ​ ​
Median 

(Q2: 6)
78/139 (56.1%) 0.52 (0.32–0.86) 0.55 (0.30–1.00) Standard clinical approach

75th percentile 
(Q3: 7)

54/139 (38.8%) 0.45 (0.26–0.79) 0.51 (0.27–0.98) Selective high-risk identification

Performance Metric AI Stromal TIL Manual Stromal TIL Statistical Comparison Clinical Advantage

C-index (OS) 0.649 0.604 AI superior Better discrimination capability
C-index (RFS) 0.631 0.608 AI superior Consistent prognostic advantage
5-year AUC (95% CI) 0.682 (0.573–0.764) 0.636 p → 0.759 Comparable predictive performance
Reproducibility Excellent Good AI consistent Objective, standardized quantification
Clinical interpretation Objective Contextual Complementary Both methods provide clinical value

Abbreviations
TIL, tumor-infiltrating lymphocytes; OS, overall survival; RFS, recurrence-free survival; HR, hazard ratio; CI, confidence interval; ICC, intraclass correlation coefficient; 
AUC, area under the curve.
Key Finding: AI demonstrates superior prognostic discrimination compared to manual assessment (C-index: 0.649 vs 0.604 for OS; 0.631 vs 0.608 for RFS).
Clinical Translation: Both methods show significant protective effects with substantial inter-method correlation (r → 0.661, ICC → 0.796).
Quartile Strategy: Percentile-based cutoffs enhance reproducibility across institutions and avoid dataset-specific overfitting.
Implementation: AI provides objective, standardized quantification; manual assessment contributes clinical expertise and contextual interpretation.
External Validation: Independent cohort validation confirms biological relevance and clinical applicability of AI-based measurements.

a AI Stromal TIL: Tumor-infiltrating lymphocytes quantified using artificial intelligence-based stromal analysis, values scaled ↔ 100,000 for clinical interpretation.
b Manual Stromal TIL: Tumor-infiltrating lymphocytes assessed by pathologist using 1–9 scale at invasive tumor front, values scaled ↔ 10.
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Fig. 3. TIL Distribution Patterns and Prognostic Performance Analysis. (A) Stromal TIL ratio distribution across AJCC 8th Edition stages (I-IV) showing a progressive 
decrease with advancing stage. Box plots demonstrate considerable variation within each stage, with notable outliers particularly in stages I and IV, indicating 
heterogeneous immune responses even within same stage groups. (B) Kaplan–Meier survival curves for overall survival stratified by AI-assessed stromal TIL using 
quartile-based cutoffs. Patients with high TIL infiltration (above median) demonstrated significantly superior survival outcomes compared to low TIL groups, 
validating the prognostic value of AI-based immune assessment. (C) Kaplan–Meier survival curves for recurrence-free survival stratified by AI-assessed stromal TIL 
quartile groups. Similar to overall survival, patients with higher TIL levels showed significantly better recurrence-free outcomes, supporting the protective role of 
immune infiltration. (D) ROC curve comparison between AI-based and manual TIL assessment methods for 5-year survival prediction. AI-based assessment achieved 
superior discriminative performance (AUC→0.682) compared to manual evaluation (AUC→0.636), demonstrating the enhanced precision of automated quantifi-
cation. (E) Time-dependent ROC curves at 5 years for overall survival across four multivariate model versions incorporating different combinations of ENE/LNR and 
AI/manual TIL assessment. The LNR ↘ AI TIL model achieved optimal performance (AUC→0.851), validating the superior prognostic value of this combination. (F) 
Time-dependent ROC curves at 5 years for recurrence-free survival across the same four model combinations. Consistent with overall survival findings, LNR-based 
models outperformed ENE-based approaches, with the LNR ↘ AI TIL model achieving excellent discrimination (AUC→0.826). AJCC, American Joint Committee on 
Cancer; LNR, lymph node ratio; TIL, tumor infiltrating lymphocyte; AI, artificial intelligence; ROC, receiver operating characteristic; ENE, extranodal extension; LVI, 
lymphovascular invasion; PNI, perineural invasion; DOI, depth of invasion; AUC, area under the ROC curve.
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clinicopathological factors enhance risk stratification.
Traditionally emphasized parameters such as WPOI did not maintain 

multivariate significance, contrasting previous reports [12,19]. This 
discrepancy highlights potential subjective histological assessment 
limitations and underscores the need for objective, quantifiable pa-
rameters, possibly using the help of AI models. AI-quantified parameters 
combined with established clinical factors may provide more reliable 
prognostic information in the future.

The limitations of our study include its retrospective nature and 
single-institutional design. Additionally, 10.1 % of patients had a sub-
optimal lymph node yield (ω10 nodes), which may affect the reliability 
of the LNR as a prognostic factor according to the AJCC guidelines. 
However, this reflects real-world clinical practice where patient age, 
comorbidities, early stage disease, and surgical factors influence the 
lymph node harvest.

In conclusion, our comprehensive analysis demonstrated that AI- 
based stromal TIL assessment may be a robust predictive factor for 

tongue cancer survival, along with the LNR and a very close surgical 
margin. AI-based TIL assessment performed better than pathologist 
assessed TILs, as evidenced by multiple survival analyses. Further, 
although future prospective multicenter studies are needed to establish 
universally validate the generalizability of the findings, our results 
demonstrate substantial progress toward more accurate prognostic 
assessment with the potential to guide personalized treatment strategies 
and improve patient outcomes through enhanced risk stratification.
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Involved 4.03 (1.34–12.07), 0.83 4.00 (1.33–12.00), 0.71
NA 5.58 (3.04–10.26), 0.53 6.18 (3.27–11.67), 0.49
LVI3 ​ ​
Absent 1.0 (reference) 1.0 (reference)
Present 1.70 (0.95–3.02), 0.07 1.69 (0.95–3.00), 0.07
PNI4 ​ ​
Absent 1.0 (reference) 1.0 (reference)
Present 1.13 (0.63–2.01), 0.69 1.11 (0.62–1.98), 0.72
Nodal Status ​ ​
ENE5 ​ ​
Present — 3.09 (1.75–5.47), ω0.001
NA — 0.56 (0.07–4.31), 0.58
LNR⁶ 4.44 (2.01–9.81), 

ω0.001
—

TIL Assessment7 ​ ​
AI Stromal TIL 0.61 (0.42–0.88), 0.009 —
Pathologist Stromal TIL — 0.71 (0.50–1.01), 0.05
Model Performance ​ ​
Model AUC 0.851 0.842

Multivariate Cox Regression Models
1DOI: Depth of invasion grade categorized as ↑5 mm, 5–10 mm, and ε10 mm 
according to AJCC 8th edition guidelines.
2Resection margin status: reference category changed to ω5 mm to show 
increased risk with inadequate margins.
3LVI: Lymphovascular invasion.
4PNI: Perineural invasion.
5ENE: Extranodal extension.
⁶LNR: Lymph node ratio (positive lymph nodes/total harvested lymph nodes).
7TIL: Tumor-infiltrating lymphocytes assessed via AI-based analysis or pathol-
ogist evaluation.
Abbreviations
HR denotes hazard ratio, CI confidence interval, DOI depth of invasion, LVI 
lymphovascular invasion, PNI perineural invasion, ENE extranodal extension, 
LNR lymph node ratio, TIL tumor-infiltrating lymphocytes, AUC area under the 
curve, and NA not applicable.
Notes: OS analysis included n→129 patients with adequate number of harvested 
lymph nodes. Bold indicates statistically significant results and highest per-
forming model (AUC → 0.851).
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