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Abstract 

Background Immunotherapy has significantly improved survival of esophageal squamous cell cancer (ESCC) 
patients, however the clinical benefit was limited to only a small portion of patients. This study aimed to perform 
a deep learning signature based on H&E-stained pathological specimens to accurately predict the clinical benefit 
of PD-1 inhibitors in ESCC patients.

Methods ESCC patients receiving PD-1 inhibitors from Shandong Cancer Hospital were included. WSI images 
of H&E-stained histological specimens of included patients were collected, and randomly divided into training (70%) 
and validation (30%) sets. The labels of images were defined by the progression-free survival (PFS) with the inter-
val of 4 months. The pretrained ViT model was used for patch-level model training, and all patches were projected 
into probabilities after linear classifier. Then the most predictive patches were passed to RNN for final patient-level 
prediction to construct ESCC-pathomics signature (ESCC-PS). Accuracy rate and survival analysis were performed 
to evaluate the performance of ViT-RNN survival model in validation cohort.

Results 163 ESCC patients receiving PD-1 inhibitors were included for model training. There were 486,188 patches 
of 1024*1024 pixels from 324 WSI images of H&E-stained histological specimens after image pre-processing. There 
were 120 patients with 227 images in training cohort and 43 patients with 97 images in validation cohort, with bal-
anced baseline characteristics between two groups. The ESCC-PS achieved an accuracy of 84.5% in the valida-
tion cohort, and could distinguish patients into three risk groups with the median PFS of 2.6, 4.5 and 12.9 months 
(P < 0.001). The multivariate cox analysis revealed ESCC-PS could act as an independent predictor of survival from PD-1 
inhibitors (P < 0.001). A combined signature incorporating ESCC-PS and expression of PD-L1 shows significantly 
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improved accuracy in outcome prediction of PD-1 inhibitors compared to ESCC-PS and PD-L1 anlone, with the area 
under curve value of 0.904, 0.924, 0.610 for 6-month PFS and C-index of 0.814, 0.806, 0.601, respectively.

Conclusions The outcome supervised pathomics signature based on deep learning has the potential to enable 
superior prognostic stratification of ESCC patients receiving PD-1 inhibitors, which convert the images pixels 
to an effective and labour-saving tool to optimize clinical management of ESCC patients.

Keywords Pathomics, Esophageal cancer, Immunotherapy, Deep learning, Survival

Introduction
Esophageal cancer ranked seventh in incidence and 
sixth in mortality worldwide [1]. Esophageal squa-
mous cell carcinoma (ESCC) is the predominant 
type, accounting for 90% of all cases in East Asia and 
Africa[2]. Despite the gradual improvement in sur-
vival, the 5-year relative survival rate of ESCC patients 
remains less than 20% [3].

Immunotherapy have revolutionized the treatment 
schemes across ESCC patients [4]. The phase III KEY-
NOTE-181 [4] and ATT RAC TION-3 [5] trials have dem-
onstrated better efficacy and tolerable adverse effect with 
immune checkpoint inhibitors (ICIs) in advanced ESCC 
patients compared with conventional chemotherapy. It 
should be noted that the clinical benefit of ICIs was lim-
ited to only a small portion of ESCC patients, and a sub-
set of patients might experience rapid tumor progression 
after receiving ICIs [5]. This suggests the importance to 
identify biomarkers to predict which patients could ben-
efit from ICIs.

Expression of PD-L1 is now currently considered as a 
predictive marker for ICIs [6]. Nonetheless, the predic-
tive value of PD-L1 status in ESCC is still controversial 
[7]. Checkmate 648 indicated that patients with PD-L1 
of 1% or higher was associated with a significant pro-
gression-free survival (PFS) benefit after receiving ICIs 
[8]. However, ESCORT-1st trial indicated no significant 
correlation between PD-L1 status and efficacy of camre-
lizumab in ESCC patients [9]. It follows that single bio-
marker could not adequate for the accurate prediction of 
outcomes of PD-1 inhibitors.

Pathology, which has traditionally been employed as 
the basis of diagnosis, is the cornerstone of modern med-
icine and cancer care. Moreover, the pathology of tumor 
could reflect the heterogeneous characteristics of the 
tumor microenvironment (TME), and has been found to 
have the ability to prognosis prediction [10]. The devel-
opment of the digital slide scanners advanced whole slide 
images (WSIs) from pathological slides which are high-
resolution panoramic images contains cell structure and 
stroma. Employing the rich information of WSIs, com-
putational pathology provided insights into the TME and 

facilitate computer-assisted diagnostics to alleviated the 
labour-intensive efforts of pathologists [11].

In the new era of artificial intelligence oncology, deep 
learning-based pathology can not only assist in image 
classification tasks, but also prognosis prediction by 
extracting risk-related histopathological features to iden-
tify intricate patterns and biological characteristics [12]. 
Jiang et al. performed a GC-SVM classifier using immu-
nomarkers in immunohistochemistry staining slices and 
demonstrated the ability to predict the adjuvant chemo-
therapy benefit of gastric cancer patients [13]. Besides, 
a convolutional neural network-based classifier based 
on H&E images was also demonstrated to perform 
well in prognosis prediction of stage III colon cancer 
patients [14]. Although these prognosis prediction stud-
ies achieved promising performance using pathologi-
cal images, the important role of pathomics to predict 
the clinical benefit from immunotherapy was largely 
unknown. Thus, we aimed to perform a deep learning-
based pathomics signature using ViT-RNN network to 
accurately predict the clinical benefit of immunotherapy 
in ESCC patients.

Material and methods
Patient cohorts and data resource
ESCC patients receiving PD-1 inhibitors between 1 
January 2018 and 1 January 2023 at Shandong Cancer 
Hospital and institute were included in this study. The 
inclusion criteria were as follows: (1) pathologically and 
radiological diagnosed as esophageal squamous cancer 
patients; (2) receiving PD-1 inhibitors; (3) with access to 
survival follow-up data. Patients with another primary 
malignant neoplasms were excluded from further analy-
sis. The baseline characteristics were collected, includ-
ing age, gender, smoking history, drinking history, TNM 
stage, metastasis and radiotherapy. Besides, the H&E-
stained histological specimens of included patients were 
collected. The WSI images of H&E-stained histological 
specimens from included patients were scanned using 
Pannoramic MIDI II, Pannoramic SCAN II scanner or 
Zeiss Axio Scan.Z1. All images were saved as TIF files 
in pathological dataset, and were randomly divided into 
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training (70%) and validation (30%) sets. The detailed 
clinical characteristics and survival time of the cohort 
are also retrieved. Immunohistochemistry staining for 
PD-L1 was performed on FFPE tumour tissue using 
PD-L1(22C3) monoclonal antibodies. The expression of 
PD-L1 was measured by tumor proportion score (TPS), 
which is defined as the percentage of membrane-positive 
tumor cells in all tumor cells.

Label generation
The primary endpoint of the study was PFS of included 
patients after receiving PD-1 inhibitors, which was 
defined as the time from the beginning of PD-1 inhibitors 
to the disease progression or death. And the secondary 
endpoint was overall survival (OS) of included patients 
after receiving PD-1 inhibitors, which was defined as the 
time from the beginning of PD-1 inhibitors to the death. 
The PFS time of the cohort was used as labels for fur-
ther model training. In this study, the survival prediction 
from PD-1 inhibitors was formulated as a classification 
problem.

WSI images pre‑processing
After digitization, the WSI images were pre-processed 
for further patch-level and patient-level model training. 
We split the WSI into small patches of 1024 × 1024 pix-
els at 20 × magnification. To eliminate unnecessary white 
background in the further process, we selected patches 
with variable of pixels more than 500. An additional chal-
lenge of these images was the stain color distribution dif-
fered from WSIs due to the complex staining process, 
which we chose to address slide level color normalization 
using Macenko method.

Patch‑level model training
Firstly, the ViT_base_patch_16_384 architecture which 
has been pretrained in ImageNet dataset was used for 
patch-level model training. The input data were the 
patch images obtained from splitting the WSI, and the 
labels of patches were the same as the WSI image of 
respective patient. In order to reduce the influence of 
noise and prevent overfitting, symmetric cross-entropy 
was applied to calculate the loss. Adam optimizer was 
used as the optimizer algorithm with an initial learn 
rate of 0.0001, weight decay of 0.0001 and a 50-image 
batch size. The patch level model was trained for 50 
epochs.

Prediction probability distribution of patches in patient 
level
To obtain the patient-level probability distribution of 
patches, the softmax output vectors were used to train 

a linear classifier. All patches from the WSI image of 
a single patient were summed together, and projected 
into probabilities using the linear classifier. The patches 
were ranked by their prediction probabilities, and the 
top 100 patches with highest probabilities were selected 
and assigned to the patient. Then a feature extractor 
would be trained for patches selection.

Training and validation of patient‑level pathomics 
signature
The 40 most suspicious patches of each WSI image are 
sequentially passed to the RNN for features integration 
and final patient-level prediction. The cross-entropy 
was used to calculate the loss of RNN model, and 
Adam optimizer was used as the optimizer algorithm 
with a batch size of 2. The ESCC-pathomics signature 
(ESCC-PS) was constructed based on the patient-level 
ViT-RNN. All patients were assigned to three groups 
according to the ESCC-PS, and the accuracy rate were 
calculated to evaluate the performance in validation 
cohort. Univariate and multivariate survival analy-
sis was performed to confirm the predictive effect of 
ESCC-PS in validation cohort. The whole process of 
this study was shown in Fig. 1.

Incremental value of ESCC‑PS for expression of PD‑L1
The expression of PD-L1 was evaluated using immuno-
histochemical stains. And the cut-off values of PD-L1 
was determined by receiver operating characteris-
tic (ROC) curve in training cohort, in order to divide 
patients into high and low expression group. The pre-
dictive effect of PD-L1 was evaluated by cox regression 
analysis. ESCC-PS incorporating expression of PD-L1 
for the outcome prediction of PD-1 inhibitors were 
applied to determine the incremental value of ESCC-
PS. Patients in validation cohort were divided into 
low-risk, medium-risk and high-risk group based on 
the incorporation of ESCC-PS and PD-L1. The perfor-
mance of PD-L1, ESCC-PS and incorporation signature 
were assessed and compared by C-index in validation 
cohort.

Statistical analysis
The construction of ESCC-PS was performed using 
Python 3.6. And SPSS 26 and R 4.3.1 were used to con-
duct the data analysis and visualization. Kaplan–Meier 
survival was carried out to verify the clinical significance 
of ESCC-PS. Multivariable analysis was conducted using 
Cox proportional hazards modeling to validate the pre-
dictive value of ESCC-PS. Interactions between ESCC-PS 
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and patient characteristics were detected by χ2 test. ROC 
curve with area under the curve (AUC) was performed 
to compare the performance between PD-L1, ESCC-PS 
and incorporation signature. All tests were 2-sided, and 
P < 0.05 was considered to indicate statistical significance.

Results
Clinical characteristics of patients with ESCC receiving 
immunotherapy
There were 163 ESCC patients receiving PD-1 inhibi-
tors from Shandong Cancer Hospital with baseline data 
and known outcomes included in analysis. 324 WSI 
images of H&E-stained slides were retrieved from these 
patients, and were randomly divided into training cohort 
and validation cohort with the proportion of 7:3. The 
patches from a single patient were divided into the same 
cohort. There were 120 patients with 227 images in train-
ing cohort and 43 patients with 97 images in validation 
cohort. The clinical characteristics of patients in this 
cohort were illustrated in Table 1, and no significant dif-
ference was observed between training and validation 
cohort. After the median follow-up time of 14.2 months, 
the median PFS was 7.9  months for the whole patients. 
The optimal cut-off of PD-L1 expression was set as 57.5% 
with the AUC of 0.632 in training cohort.

The training of ViT‑RNN survival model and construction 
of ESCC‑PS
There were 486,188 patches with 1024 × 1024 pix-
els after image pre-processing from 324 WSI images. 
Then subsampling was used to resize these patches 

into 384*384 pixels to adapt to pretrained ViT_base_
patch_16_384. All patches were used as input to 
ViT for patch-level model training, then were pro-
jected into group probabilities. The 40 most predic-
tive patches are sequentially passed to the ViT-RNN 
for final patient-level prediction and construction of 
ESCC-PS. Patients in validation cohort were projected 
into three groups based on ESCC-PS, and 19 patients 
were projected in ESCC-PS 1 group, 13 patients in 
ESCC-PS 2 group and 11 patients in ESCC-PS 3 group. 
As shown in Table  2, no potential interactions were 
found between ESCC-PS and patient characteristics in 
validation cohort.

Test performance of ESCC‑PS for outcome prediction 
of PD‑1 inhibitors in validation cohort
The ViT-RNN based ESCC-PS achieved the accuracy of 
92% in training cohort, and 84.5% in validation cohort. 
Four iterations of random partition of all patients were 
performed to investigate the stability of the model, 
and the accuracies of the model ranged from 82.7% to 
95.1% in the validation cohort, indicated the stability 
of the model. The Kaplan Meier survival curves indi-
cated the significant difference on the PFS (P < 0.001) 
with the median PFS of 2.7, 4.8 and 16.7 months respec-
tively between ESCC-PS 1, ESCC-PS 2, and ESCC-PS 
3 group (Fig. 2A). The superiority in OS (P < 0.001) was 
found for patients in ESCC-PS 3 group (Unreached) 
compared to ESCC-PS 1 (6.3  month) and 2 group 
(20.2  month) (Fig.  2B). And the predictive effect of 
ESCC-PS (P < 0.001) was also shown according to the 

Fig. 1 The overall workflow of ESCC-PS construction. A The process of sample splitting. B Schematic illustration of histopathology image 
processing and ESCC-PS construction based on ViT-RNN. ESCC-PS esophageal squamous cell cancer-pathomics signature, ViT-RNN Vision 
Transformer-Recursive Neural Network
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univariate cox analysis, highlighting the predictive value 
of ViT-RNN based ESCC-PS. As shown in Table  3, the 
expression of PD-L1 was also associated with the PFS of 
ESCC patients receiving immunotherapy (HR = 0.486, 

Table 1 Baseline characteristics of patients in training cohort 
and validation cohort

Patient characteristics Training 
Cohort 
(N = 120)

Validation 
Cohort (N = 43)

P value

Age (Median) 61.21 60.35 0.582

Gender

 Male 108 (90.0%) 34 (79.1%) 0.066

 Female 12 (10.0%) 9 (20.9%)

Smoking history

 No 57 (47.5%) 25 (58.1%) 0.231

 Yes 63 (52.5%) 18 (41.9%)

Drinking history

 No 72 (60.0%) 23 (53.5%) 0.457

 Yes 48 (40.0%) 20 (46.5%)

 T stage

 T1-T2 29 (24.2%) 5 (11.6%) 0.083

 T3-T4 91 (75.8%) 38 (88.4%)

N stage

 N0-N1 59 (49.2%) 17 (39.5%) 0.277

 N2-N3 61 (50.8%) 26 (60.5%)

Stage

 III 31 (25.8%) 13 (30.2%) 0.577

 IV 89 (74.2%) 30 (69.8%)

Lung metastasis

 No 101 (84.2%) 34 (79.1%) 0.447

 Yes 19 (15.8%) 9 (20.9%)

Brain metastasis

 No 118 (98.3%) 43 (100.0%)  > 0.999

 Yes 2 (1.7%) 0 (0%)

Bone metastasis

 No 110 (91.7%) 41 (95.3%) 0.734

 Yes 10 (8.3%) 2 (4.7%)

Liver metastasis

 No 104 (86.7%) 38 (88.4%) 0.775

 Yes 16 (13.3%) 5 (11.6%)

Radiotherapy

 No 32 (26.7%) 12 (27.9%) 0.875

 Yes 88 (73.3%) 31 (72.1%)

Chemotherapy

 No 23 (19.2%) 12 (27.9%) 0.231

 Yes 97 (80.8%) 31 (72.1%)

PD-L1

  < 57.5% 26 (63.4%) 34 (79.1%) 0.112

  ≥ 57.5% 15 (36.6%) 9 (20.9%)

ESCC-PS

 ESCC-PS 1 32 (26.7%) 19 (44.2%) 0.071

 ESCC-PS 2 57 (47.5%) 13 (30.2%)

 ESCC-PS 3 31 (25.8%) 11 (25.6%)

Table 2 Correlation analysis between ESCC-PS and patient 
characteristics

Patient 
characteristics

ESCC‑PS 1
(N = 19)

ESCC‑PS 2
(N = 13)

ESCC‑PS 3
(N = 11)

P value

Age

  ≤ 60 10 (52.6%) 8 (61.5%) 6 (54.5%) 0.879

 > 60 9 (47.4%) 5 (38.5%) 5 (45.5%)

Gender

 Male 15 (78.9%) 11 (84.6%) 8 (72.7%) 0.892

 Female 4 (21.1%) 2 (15.4%) 3 (27.3%)

Smoking history

 No 12 (63.2%) 7 (53.8%) 6 (54.5%) 0.838

 Yes 7 (36.8%) 6 (46.2%) 5 (45.5%)

Drinking history

 No 9 (47.4%) 8 (61.5%) 6 (54.5%) 0.730

 Yes 10 (52.6%) 5 (38.5%) 5 (45.5%)

T stage

 T1-T2 1 (5.3%) 3 (23.1%) 1 (9.1%) 0.413

 T3-T4 18 (94.7%) 10 (76.9%) 10 (90.9%)

N stage

 N0-N1 5 (26.3%) 8 (61.5%) 4 (36.4%) 0.131

 N2-N3 14 (73.7%) 5 (38.5%) 7 (63.6%)

Stage

 III 6 (31.6%) 5 (38.5%) 2 (18.2%) 0.581

 IV 13 (68.4%) 8 (61.5%) 9 (81.8%)

Lung metastasis

 No 14 (73.7%) 11 (84.6%) 9 (81.8%) 0.892

 Yes 5 (26.3%) 2 (15.4%) 2 (18.2%)

Bone metastasis

 No 18 (94.7%) 13 (100.0%) 10 (90.9%) 0.726

 Yes 1 (5.3%) 0 (0.0%) 1 (9.1%)

Liver metastasis

 No 16 (84.2%) 13 (100.0%) 9 (81.8%) 0.351

 Yes 3 (15.8%) 0 (0.0%) 2 (18.2%)

Radiotherapy

 No 8 (42.1%) 2 (15.4%) 2 (18.2%) 0.217

 Yes 11 (57.9%) 11 (84.6%) 9 (81.8%)

Chemotherapy

 No 5 (26.3%) 4 (30.8%) 3 (27.3%) 0.961

 Yes 14 (73.7%) 9 (69.2%) 8 (72.7%)

PD-L1

 < 57.5% 17 (89.5%) 10 (76.9%) 7 (63.6%) 0.218

  ≥ 57.5% 2 (10.5%) 3 (23.1%) 4 (36.4%)
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P = 0.092). Multivariate cox analysis indicated both 
PD-L1 (HR = 0.231, P = 0.009) and ESCC-PS (P < 0.001) 
remained a significant prognostic indicator indicating 
the independent prognostic factors for ESCC patients 
receiving immunotherapy. The superior performance of 
ESCC-PS for the prediction of PFS (P < 0.001) and OS 
(P = 0.005) was also shown in the training cohort based 
on multivariate cox regression analysis (Additional file 1: 
Tables S1 and S2).

Incremental value of the ESCC‑PS added to the expression 
of PD‑L1 for outcome prediction
The incorporation of ESCC-PS and expression of PD-L1 
was performed based on the multivariate cox regres-
sion analyses to elucidate the incremental value of the 

ESCC-PS added to the expression of PD-L1 for predicting 
the outcome of PD-1 inhibitors. As shown in Fig. 3, sur-
vival analysis indicated the incorporation signature could 
significantly distinguish patients into high-risk, medium-
risk and low-risk, with the PFS of 2.6, 4.5, 12.9 months, 
and OS of 6.3, 20.2, 34.8 months, respectively (Table 4)

The C-index of ESCC-PS for PFS after receiving PD-1 
inhibitors was 0.806, which was significantly higher than 
that of the expression of PD-L1 (0.601, P < 0.001). As 
shown in Table  5, the significantly incremental C-index 
was observed for incorporation of ESCC-PS and PD-L1 
compared with PD-L1 alone (0.814 vs 0.601, P < 0.001). 
The comparison of ROC for prediction of PFS and OS 
between PD-L1, ESCC-PS and ESCC-PS + PD-L1 was 
shown in Fig.  4. The AUC of ESCC-PS + PD-L1 for 
6 month- (0.904 vs 0.610, P < 0.001) and 12 month- PFS 
(0.868 vs 0.679, P = 0.099) prediction was higher than 
PD-L1. Similarly, ESCC-PS + PD-L1 also exhibited 
higher AUC for prediction of 12 month- (0.901 vs 0.643, 
P < 0.001) and 18 month- OS (0.883 vs 0.626, P < 0.001).

Discussion
Herein, we constructed a computational pathomics sig-
nature named ESCC-PS using H&E stained WSI images 
based on outcome supervised ViT-RNN to predict the 
survival of ESCC patients receiving PD-1 inhibitors. Vali-
dation experiments confirmed the excellent performance 
and independent predictive effect of this ESCC-PS, and 
the incremental value for the expression of PD-L1 for 
outcome prediction of PD-1 inhibitors.

The microscopic study including H&E-stained his-
topathological images was the cornerstone for cancer 
diagnosis and prognosis. However, the histological iden-
tificantion by pathologists faces challenges including the 
heterogeneity of tumor. Tumor with the same histology 
can develop in different prognosis, and tumor with dif-
ferent histology can develop in the same process. Some 
intrinsic pathological features which cannot be recog-
nized by human eyes might have a greater impact on 
the development and prognosis of tumors. Besides, the 
extremely large spatial size of WSIs makes it difficult to 
extract hand-crafted features.

Deep learning, the state-of-the-art technique in com-
puter vision, have presented the potential to automati-
cally identify and analyze high throughout features in 
WSI, which were not limited to hand-crafted features 
from existing knowledge. The deep learning pathomics 
can be used for objective diagnosis, phenotype recogni-
tion and prognostic prediction, and realize the pathologi-
cal pixel to patient care [15–17]. Shi etc. has established 

 

 

 

Unreached

A

B

Fig. 2 Kaplan–Meier survival curves according to the ESCC-PS 
in validation cohort. A Kaplan–Meier survival curves of PFS (2.7 vs 4.8 
vs 16.7 months, P < 0.001) according to the ESCC-PS. B. Kaplan–Meier 
survival curves of OS (6.3 vs 20.2 months vs Unreached, P < 0.001) 
according to the ESCC-PS. PFS progression-free survival, OS overall 
survival, ESCC-PS esophageal squamous cell cancer-pathomics 
signature
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Table 3 Univariate and multivariate cox regression analysis of ESCC-PS and clinicopathological characteristics for progression-free 
survival in validation cohort

*Statistcal significance

Patient characteristics Univariate Cox analysis Multivariate Cox analysis

HR (95%CI) P value HR (95%CI) P value

Age

  ≤ 60 1 0.977

 > 60 0.990 (0.507–1.935)

Gender

 Male 1 0.686

 Female 0.847 (0.378–1.896)

Smoking history

 No 1 0.955

 Yes 1.021 (0.501–2.081)

Drinking history

 No 1 0.497

 Yes 1.277 (0.631–2.584)

T stage

 T1-T2 1 0.895

 T3-T4 1.067 (0.411–2.766)

N stage

 N0-N1 1 0.984

 N2-N3 0.993 (0.504–1.959)

Stage

 III 1 0.603

 IV 1.219 (0.579–2.566)

Lung metastasis

 No 1 0.427

 Yes 1.412 (0.603–3.311)

Bone metastasis

 No 1 0.996

 Yes 1.003 (0.235–4.288)

Liver metastasis

 No 1 0.915

 Yes 1.059 (0.371–3.025)

Radiotherapy

 No 1

 Yes 0.543 (0.249–1.185) 0.125

Chemotherapy

 No 1 0.771

 Yes 1.121 (0.519–2.420)

PD-L1

  < 57.5% 1 0.092* 1 0.009*

  ≥ 57.5% 0.486 (0.210–1.124) 0.231 (0.077–0.696)

ESCC-PS

 ESCC-PS 1 1  < 0.001* 1  < 0.001*

 ESCC-PS 2 0.393 (0.172–0.897) 0.275 (0.108–0.700)

 ESCC-PS 3 0.055 (0.018–0.173) 0.029 (0.008–0.111)
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an interpretable pathomics model using Resnet-18 and 
quantified as “tumor risk score (TRS)” to predict the clin-
ical outcomes of hepatocellular carcinoma patients [18]. 
Qaiser T, et al. constructed a weakly supervised survival 
convolutional neural network (WSS-CNN) approach 
equipped with a visual attention mechanism based on 
WSI images of H&E-stained specimens, and demon-
strated its outperformed performance for outcome pre-
diction of lung cancer patients with the C-index of 0.6863 
[19].

In this study, the ESCC-PS based on WSI images 
of H&E-stained specimens were constructed for out-
come prediction of PD-1 inhibitors, and the deep neu-
ral network for model training is vision transformer 

embedded self-attention mechanism, with image data 
as the input rather than manual feature extraction. 
Previous study has demonstrated the superior per-
formance of ViT pretrained on Image-Net dataset, 
which was used in this study [20], compared to CNN. 
The output of survival prediction model was risk 
stratification by splitting the survival time into three 
discrete groups. The patches from WSI images includ-
ing positional embedding were as the input of trans-
former encoder [21], which incorporated more spatial 
information at lower layers. And the self-attentional 
mechanism allows ViT to capture the global features 
of the image rather than the dependencies between 
adjacent elements. This pathomics signature using 
ViT-RNN prognostic model is expected the identify 
ESCC patients who might benefit from PD-1 inhibi-
tors, and assist in the development of individual treat-
ment strategies.

H&E-stained specimens were also found to charac-
teristic TME to some extent based on deep learning, 
which could dig out more information for prognosis 
prediction [22, 23]. Jiao etc. has performed the CNN 
to recognize the stroma, tumor, necrosis, and lym-
phocyte components of TME from colon cancer H&E-
stained specimens, and survival analysis also indicated 
the prognostic value of them in colorectal cancer [23]. 
The WSI of H&E-stained specimens contains the deli-
cate details of the tissue. Deeep learning based pathom-
ics could be a useful tool for the data mining including 
the features of cells, intercellular junction and oth-
ers, which are more suitable for risk stratification and 
prognosis prediction and might be the reason for the 
outcome prediction of ESCC-PS. However, the inter-
pretability and the predictive biological features for 
ESCC-PS model need further investigated in future 
studies.

Despite limited performance, expression of PD-L1 
remains the cornerstone for predicting the outcome of 
ESCC patients receiving PD-1 inhibitors [24], which 
was also demonstrated in this study. Besides, we dis-
covered the superiority performance of ESCC-PS 
compared to the expression of PD-L1. As the ESCC-
PS was derived from the H&E-stained sections, which 
was routinely performed in the clinic, ESCC-PS might 
be conveniently applied without additional financial 
burden in clinical practice. In addition, significantly 
improved predictive performance was detected when 
the ESCC-PS was added to the expression of PD-L1, 
with the improvement in C-index ranged from 0.659 
to 0.819. The result indicated the additional biological 
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Fig. 3 Kaplan–Meier survival curves according to the incorporation 
of ESCC-PS and PD-L1 in validation cohort. A Kaplan–Meier survival 
curves of PFS (2.6 vs 4.5 vs 12.9 months, P < 0.001) according 
to the incorporation of ESCC-PS and PD-L1. B. Kaplan–Meier survival 
curves of OS (6.3 vs 20.2 vs 34.8 months, P < 0.001) according 
to the incorporation of ESCC-PS and PD-L1. PFS progression-free 
survival, OS overall survival, ESCC-PS esophageal squamous cell 
cancer-pathomics signature
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Table 4 Univariate and multivariate cox regression analysis of ESCC-PS and clinicopathological characteristics for overall survival in 
validation cohort

*Statistcal significance

Patient characteristics Univariate Cox analysis Multivariate Cox analysis

HR (95%CI) P value HR (95% CI) P value

Age

  ≤ 60 1 0.495

  > 60 1.309 (0.604–2.838)

Gender

 Male 1 0.906

 Female 0.947 (0.379–2.365)

Smoking history

 No 1 0.660

 Yes 1.192 (0.546–2.602)

Drinking history

 No 1 0.214

 Yes 1.641 (0.751–3.583)

T stage

 T1-T2 1 0.644

 T3-T4 1.328 (0.398–4.434)

N stage

 N0-N1 1 0.482

 N2-N3 0.755 (0.345–1.653)

Stage

 III 1 0.673

 IV 1.205 (0.507–2.862)

Lung metastasis

 No 1 0.172

 Yes 1.834 (0.768–4.382)

Bone metastasis

 No 1 0.494

 Yes 1.666 (0.386–7.198)

Liver metastasis

 No 1 0.460

 Yes 1.497 (0.513–4.362)

Radiotherapy

 No 1 0.025*

 Yes 0.386 (0.168–0.888)

Chemotherapy

 No 1 0.981

 Yes 1.011 (0.423–2.16)

PD-L1

  < 57.5% 1 0.037* 1 0.041*

  ≥ 57.5% 0.214 (0. 050–0.909) 0.213 (0.048–0.942)

ESCC-PS

 ESCC-PS 1 1  < 0.001* 1  < 0.001*

 ESCC-PS 2 0.167 (0.056–0.496) 0.168 (0.055–0.516)

 ESCC-PS 3 0.040 (0.009–0.171) 0.034 (0.007–0.160)
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information from the ESCC-PS, and might favour the 
personalized application of PD-1 inhibitors.

There were still some limitations in this study. Firstly, 
further validation of this pathomics prognostic model 
was needed in external cohort. Besides, the black box 
feature of deep learning makes it difficult to explore the 

biological mechanism of ViT-RNN model for outcome 
prediction. The feasible way to explore the underlying 
mechanism of ESCC-PS with PD-1 inhibitors benefits 
needs further investigation. In addition, multi-omics-
based outcome prediction might achieve better per-
formance including but not limited to pathomics, 
radiomics and genomics.

In conclusion, we developed and verified a pathomics 
model named ESCC-PS based on ViT -RNN framework 
from WSIs. The ESCC-PS could act as an excellent pre-
dictor, and played complementary role of PD-L1 for 
outcome prediction of PD-1 inhibitors, which could aid 
the clinical decision making.

Table 5 Comparison of C-index for progression-free survival in 
validation cohort

*Statistcal significance

Model C‑index (95%CI) P value

PD-L1 0.601 (0.533–0.669) Reference

ESCC-PS 0.806 (0.743–0.869)  < 0.001*

ESCC-PS + PD-L1 0.814 (0.773–0.855)  < 0.001*

Fig. 4 The comparison of ROC curves for survival of PD-L1, ESCC-PS and ESCC-PS + PD-L1 in validation cohort. A The comparison of ROC curves 
for evaluating 6-month PFS (AUROC: 0.610, 0.924 and 0.904). B The comparison of ROC curves for evaluating 12-month PFS (AUROC: 0.679, 
0.857 and 0.868). C The comparison of ROC curves for evaluating 12-month OS (AUROC: 0.643, 0.886 and 0.901). D. The comparison of ROC 
curves for evaluating 18-month OS (AUROC: 0.626, 0.838 and 0.883). ROC receiver operating characteristic, AUROC area under ROC curve, PFS 
progression-free survival, OS overall survival, ESCC-PS esophageal squamous cell cancer-pathomics signature
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OS  Overall survival
ROC  Receiver operating characteristic
AUROC  Area under ROC curve
ICIs  Immune checkpoint inhibitors
WSIs  Whole slide images
TRS  Tumor risk score
WSS-CNN  Weakly supervised survival convolutional neural network

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12967- 024- 04997-z.

Additional file 1: Table S1. Univariate and multivariate cox regression 
analysis of ESCC-PS and clinicopathological characteristics for progression-
free survival in training cohort. Table S2. Univariate and multivariate cox 
regression analysis of ESCC-PS and clinicopathological characteristics for 
overall survival in training cohort.

Acknowledgements
Not applicable.

Author contributions
LW, BL and TD made contributions to the conception and design of the study. 
WQ, LY, HL and JC collected the clinical data. YY, SC, BZ and BF performed the 
statistical analysis. BL and WQ drafted the manuscript. LW and TD revised the 
article critically for important intellectual content. LW and BL were involved in 
study implementation. All authors read and approved the final manuscript.

Funding
This research was supported by National Natural Science Foundation of China 
(Grant number 82172865 and 82203198), Natural Science Foundation of Shan-
dong Province, (Grant number ZR2022QH023 and ZR2021LZL009), The Key 
Research, Development Program of Shandong Major Science & Technology 
Innovation Project (Grant number 2021SFGC0501), Start-up fund of Shandong 
Cancer Hospital (Grant number 2020-B14), Clinical Research Special Fund of 
Wu Jieping Medical Foundation (Grant number 320.6750.2021-02-51 and 
320.6750.2021-17-13).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All procedures followed were in accordance with the ethical standards of 
the responsible committee on human experimentation (Ethics Committee 
of Shandong Cancer Hospital) and with the Helsinki Declaration of 1975, as 
revised in 2000. Informed consent was waived due to the retrospective study.

Consent for publication
All authors agree to the publication of the article.

Competing interests
The authors declare that they have no conflict of interest.

Author details
1 Department of Radiation Oncology, Shandong Cancer Hospital and Insti-
tute, Shandong First Medical University and Shandong Academy of Medical 
Sciences, 440 Jiyan Road, Jinan 250117, Shandong, China. 2 Department 
of Otorhinolaryngology Head and Neck Surgery, Shandong Provincial Hospital 
Affiliated to Shandong First Medical University, Shandong Provincial Hospital, 

Cheeloo College of Medicine, Shandong University, Jinan 250021, Shandong, 
China. 3 Department of Obstetrics and Gynecology, Qilu Hospital of Shandong 
University, 107 West Wenhua Road, Jinan 250063, Shandong, China. 

Received: 4 November 2023   Accepted: 12 February 2024

References
 1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global 

cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018;68(6):394–424.

 2. Arnold M, Laversanne M, Brown LM, Devesa SS, Bray F. Predicting the 
future burden of esophageal cancer by histological subtype: international 
trends in incidence up to 2030. Am J Gastroenterol. 2017;112(8):1247–55.

 3. Waters JK, Reznik SI. Update on management of squamous cell esopha-
geal cancer. Curr Oncol Rep. 2022;24(3):375–85.

 4. Kojima T, Shah MA, Muro K, Francois E, Adenis A, Hsu CH, et al. 
Randomized Phase III KEYNOTE-181 study of pembrolizumab ver-
sus chemotherapy in advanced esophageal cancer. J Clin Oncol. 
2020;38(35):4138–48.

 5. Kato K, Cho BC, Takahashi M, Okada M, Lin CY, Chin K, et al. Nivolumab 
versus chemotherapy in patients with advanced oesophageal squamous 
cell carcinoma refractory or intolerant to previous chemotherapy (ATT 
RAC TION-3): a multicentre, randomised, open-label, phase 3 trial. Lancet 
Oncol. 2019;20(11):1506–17.

 6. Paver EC, Cooper WA, Colebatch AJ, Ferguson PM, Hill SK, Lum T, et al. 
Programmed death ligand-1 (PD-L1) as a predictive marker for immuno-
therapy in solid tumours: a guide to immunohistochemistry implementa-
tion and interpretation. Pathology. 2021;53(2):141–56.

 7. Yang H, Wang K, Wang T, Li M, Li B, Li S, et al. The Combination options 
and predictive biomarkers of PD-1/PD-L1 inhibitors in esophageal cancer. 
Front Oncol. 2020;10:300.

 8. Doki Y, Ajani JA, Kato K, Xu J, Wyrwicz L, Motoyama S, et al. Nivolumab 
combination therapy in advanced esophageal squamous-cell carcinoma. 
N Engl J Med. 2022;386(5):449–62.

 9. Luo H, Lu J, Bai Y, Mao T, Wang J, Fan Q, et al. Effect of camrelizumab 
vs placebo added to chemotherapy on survival and progression-free 
survival in patients with advanced or metastatic esophageal squa-
mous cell carcinoma: the ESCORT-1st randomized clinical trial. JAMA. 
2021;326(10):916–25.

 10. Luo X, Zang X, Yang L, Huang J, Liang F, Rodriguez-Canales J, et al. 
Comprehensive computational pathological image analysis predicts lung 
cancer prognosis. J Thorac Oncol. 2017;12(3):501–9.

 11. Louis DN, Feldman M, Carter AB, Dighe AS, Pfeifer JD, Bry L, et al. 
Computational pathology: a path ahead. Arch Pathol Lab Med. 
2016;140(1):41–50.

 12. Mobadersany P, Yousefi S, Amgad M, Gutman DA, Barnholtz-Sloan JS, 
Velazquez Vega JE, et al. Predicting cancer outcomes from histology 
and genomics using convolutional networks. Proc Natl Acad Sci U S A. 
2018;115(13):E2970–9.

 13. Jiang Y, Xie J, Han Z, Liu W, Xi S, Huang L, et al. Immunomarker 
support vector machine classifier for prediction of gastric cancer 
survival and adjuvant chemotherapeutic benefit. Clin Cancer Res. 
2018;24(22):5574–84.

 14. Jiang D, Liao J, Duan H, Wu Q, Owen G, Shu C, et al. A machine 
learning-based prognostic predictor for stage III colon cancer. Sci Rep. 
2020;10(1):10333.

 15. Bera K, Schalper KA, Rimm DL, Velcheti V, Madabhushi A. Artificial intel-
ligence in digital pathology—new tools for diagnosis and precision 
oncology. Nat Rev Clin Oncol. 2019;16(11):703–15.

 16. Javed S, Mahmood A, Fraz MM, Koohbanani NA, Benes K, Tsang YW, et al. 
Cellular community detection for tissue phenotyping in colorectal cancer 
histology images. Med Image Anal. 2020;63: 101696.

 17. Ström P, Kartasalo K, Olsson H, Solorzano L, Delahunt B, Berney DM, 
et al. Artificial intelligence for diagnosis and grading of prostate cancer 
in biopsies: a population-based, diagnostic study. Lancet Oncol. 
2020;21(2):222–32.

https://doi.org/10.1186/s12967-024-04997-z
https://doi.org/10.1186/s12967-024-04997-z


Page 12 of 12Li et al. Journal of Translational Medicine          (2024) 22:195 

 18. Shi JY, Wang X, Ding GY, Dong Z, Han J, Guan Z, et al. Exploring prognos-
tic indicators in the pathological images of hepatocellular carcinoma 
based on deep learning. Gut. 2021;70(5):951–61.

 19. Qaiser T, Lee CY, Vandenberghe M, Yeh J, Gavrielides MA, Hipp J, et al. 
Usability of deep learning and H&E images predict disease outcome-
emerging tool to optimize clinical trials. NPJ Precis Oncol. 2022;6(1):37.

 20. Tay Y, Dehghani M, Gupta J, Bahri D, Aribandi V, Qin Z, et al. Are Pre-
trained Convolutions Better than Pre-trained Transformers? 2021 May 01, 
2021:[arXiv: 2105. 03322 p.]. https:// ui. adsabs. harva rd. edu/ abs/ 2021a rXiv2 
10503 322T. Accessed 01 May 2021.

 21. Raghu M, Unterthiner T, Kornblith S, Zhang C, Dosovitskiy A, editors. Do 
vision transformers see like convolutional neural networks? 2021.

 22. Wang S, Rong R, Yang DM, Fujimoto J, Yan S, Cai L, et al. Computational 
staining of pathology images to study the tumor microenvironment in 
lung cancer. Cancer Res. 2020;80(10):2056–66.

 23. Jiao Y, Li J, Qian C, Fei S. Deep learning-based tumor microenvironment 
analysis in colon adenocarcinoma histopathological whole-slide images. 
Comput Methods Programs Biomed. 2021;204: 106047.

 24. Li ZC, Sun YT, Lai MY, Zhou YX, Qiu MZ. Efficacy and safety of PD-1 inhibi-
tors combined with chemotherapy as first-line therapy for advanced 
esophageal cancer: a systematic review and network meta-analysis. Int 
Immunopharmacol. 2022;109: 108790.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

http://arxiv.org/abs/2105.03322
https://ui.adsabs.harvard.edu/abs/2021arXiv210503322T
https://ui.adsabs.harvard.edu/abs/2021arXiv210503322T

	From pixels to patient care: deep learning-enabled pathomics signature offers precise outcome predictions for immunotherapy in esophageal squamous cell cancer
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Material and methods
	Patient cohorts and data resource
	Label generation
	WSI images pre-processing
	Patch-level model training
	Prediction probability distribution of patches in patient level
	Training and validation of patient-level pathomics signature
	Incremental value of ESCC-PS for expression of PD-L1
	Statistical analysis

	Results
	Clinical characteristics of patients with ESCC receiving immunotherapy
	The training of ViT-RNN survival model and construction of ESCC-PS
	Test performance of ESCC-PS for outcome prediction of PD-1 inhibitors in validation cohort
	Incremental value of the ESCC-PS added to the expression of PD-L1 for outcome prediction

	Discussion
	Acknowledgements
	References


