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Abstract

Esophageal cancer is one of the most common malignant tumors in the digestive tract in China. Due to late diagnosis and rapid
progression, it leads to a poor prognosis. Early diagnosis and treatment are crucial for improving the prognosis of esophageal
cancer. Implementing simple and efficient screening methods is more in line with China’s healthcare economics and national
conditions. This article mainly introduces the current status of esophageal cancer screening and new technologies for esopha-
geal cancer screening in China, including endoscopic technology, biomarker detection, exhaled breath detection, and artificial
intelligence-assisted screening, and looks ahead to its future development trends. Endoscopy remains the mainstay of screen-

ing, while emerging approaches require further validation before widespread implementation.

Introduction

Esophageal cancer is a malignant tumor originating in the esopha-
geal epithelium with extremely strong invasiveness and a low
survival rate, making it one of the most common digestive tract
malignant tumors. In China, esophageal cancer ranks 6th in inci-
dence and 5th in mortality, significantly impacting public health.!
Due to China’s large population, the country accounts for more
than 50% of the world’s esophageal cancer cases and deaths, the
highest in the world.2 However, screening for esophageal cancer
in China is relatively insufficient. Early-stage esophageal cancer
often presents without obvious clinical symptoms, leading to di-
agnosis typically occurring in the middle or late stages. In order to
improve the prognosis of esophageal cancer, early identification
and diagnosis are therefore essential. In China, high-risk areas for
esophageal cancer include southern side of the Taihang Mountains
(bordering Henan, Hebei, and Shanxi provinces), the Dabie Moun-
tains, the Qinling Mountains, northern Sichuan, Guangdong and
Fujian, northern Jiangsu, and Xinjiang.* Since the national critical
public health project’s inception in 2005, endoscopic screening for
upper gastrointestinal cancer has been conducted in more than 110
high-risk locations nationally, yielding notable outcomes.* In re-
cent years, the incidence and mortality of esophageal cancer have
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shown an overall downward trend, although the decline is slow.
This improvement is mainly due to the continuous implementa-
tion of the screening efforts for high-risk groups in the country,
and the active intervention of esophageal cancer related risk fac-
tors. Stronger efforts are still needed to promote esophageal can-
cer screening, early detection, and treatment programs, along with
stringent preventative and control measures. This mini-review
summarizes the current status of esophageal cancer screening in
China and discusses established and emerging approaches and
their future prospects.

The goals of screening for esophageal cancer

The goal of early esophageal cancer screening is to detect early-
stage esophageal cancer or esophageal intraepithelial neoplasia.
Early detection allows for timely intervention and treatment,
significantly improving survival rates and quality of life for pa-
tients.5 With early diagnosis and treatment, the 5-year survival
rate can exceed 95%.% Therefore, early diagnosis and treatment
are key to improving the patient survival rates and reducing the
social burden.® Research indicates that the screening programs
for upper gastrointestinal cancer can reduce the incidence rate
of the population by 23% and the mortality rate by 57%.* The
development of esophageal cancer follows the general course
of intraepithelial neoplasia to invasive carcinoma. Extensive
research has shown that the likelihood of invasive esophageal
cancer developing from intraepithelial neoplasia increases with
its grade.”8 By preventing the spread of esophageal cancer while
it is still in the stage of intraepithelial neoplasia or carcinoma
in situ, early identification and therapy can greatly enhance the
prognosis of patients.
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Fig. 1. Methods of screening for esophageal cancer. Methods of screening for esophageal cancer include endoscopy, esophageal cytology, exhaled gas
markers, artificial intelligence-assisted systems, and laboratory tests. CTCs, circulating tumor cells; ctDNA, circulating tumor DNA; miRNAs, microRNAs.

Risk factors and screening target population for esophageal
cancer

Squamous cell carcinoma is the main type of esophageal cancer
in China. Its occurrence is related to several risk factors, includ-
ing smoking, alcohol consumption, intake of hot foods, consump-
tion of red meat, poor oral hygiene, insufficient intake of fresh
fruits and vegetables, edentulous diseases, and environmental pol-
lution.”'" Additionally, family history of esophageal squamous
cell carcinoma, human papillomavirus infection, gastric mucosal
atrophy, and a history of head and neck squamous cell carcinoma
further increase the risk.!%13

Esophageal adenocarcinoma, though less prevalent in China, is
linked to smoking, obesity, gastroesophageal reflux disease, and Bar-
rett’s esophagus.'*!5 Early identification and treatment of esophageal
cancer are challenging because symptoms such as sub-sternal pain,
worsening dysphagia, and gastrointestinal bleeding often appear in
the tumor’s middle or late stages. Therefore, relying on the onset of
symptoms for screening is not effective. Given the high-risk factors
and current national conditions for esophageal cancer, it is recom-
mended to screen individuals aged forty and older. In addition, peo-
ple from high-incidence esophageal cancer areas, those with upper
gastrointestinal symptoms, a family history of the disease, precancer-
ous conditions or esophageal lesions, and those with other high-risk
characteristics should be included in the screening target popula-
tion.!® The current main screening methods are shown in Figure 1.

Current status of screening for early esophageal cancer

At present, early diagnosis and treatment of esophageal cancer
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in China remain relatively underdeveloped. Most early diagnosis
and treatment programs are conducted in high-risk areas and have
achieved some success, but there are significant limitations. The
decrease in screening positivity rate and the issue of disproportion-
ate screening costs and benefits become evident when the target
population shifts from high-risk to lower-risk areas. Thus, one of
the main goals of modern esophageal cancer screening is to in-
crease the efficiency and accuracy of the screening process. Future
efforts should focus on exploring and innovating screening meth-
ods and technologies. This includes optimizing and improving ex-
isting screening methods and actively seeking new strategies and
technologies to achieve more accurate and efficient early screening
of esophageal cancer.

Screening techniques for esophageal cancer

The standard screening method for esophageal cancer is upper gas-
trointestinal endoscopy combined with biopsy. In China, the most
feasible and efficient screening technique currently involves com-
bining targeted biopsy with endoscopic esophageal mucosal iodine
staining. This approach uses staining, magnification, and other tech-
niques to visually detect alterations in the esophageal mucosa. It al-
lows for the assessment of the type, location, borders, and extent of
lesions, enabling screening and early diagnosis in a single step.

The technology for combining pathological screening with en-
doscopy to detect early esophageal cancer has improved. However,
due to China’s large population and the high number of people at
risk for the disease, there is a shortage of endoscopic equipment and
trained endoscopists to meet the national demand. Even in areas with
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Fig. 2. Classification of endoscopy. At present, the mainstream endoscopy includes dyeing endoscopy, magnification endoscopy and ultrasound endoscopy.

a relatively high incidence of the disease, only one case of early es-
ophageal cancer is found for every 275 asymptomatic people tested.*

Therefore, a practical and effective prevention and control plan
for China would involve using a more practical, accurate, and cost-
effective method to stratify the target population’s risk, followed
by endoscopic inspection of high-risk individuals. This stratified
approach would optimize resources and improve the efficiency of
the screening process.

Exfoliation cytological examination

During a particular historical period in China, esophageal balloon
cytology played a significant role in the screening of numerous
carly cases of esophageal cancer prior to the widespread use of
endoscopic technologies. However, it is no longer utilized for early
esophageal cancer screening because of its poor diagnostic effica-
cy. To solve problems like poor cell collection efficiency, Chinese
researchers have enhanced the design of the esophageal cell collec-
tor by using a novel sponge-like polymer material.

This improved cell collector is encapsulated in a tiny capsule
that dissolves in water, expanding into a mushroom shape in the
stomach. It can be removed within minutes, and upon examination,
6-10 million cells from the cardia, esophagus, and oropharynx
can be collected. Artificial intelligence is used to assist in diag-
nosis, achieving sensitivity and specificity rates exceeding 90%.!7
Compared to endoscopic inspection, this technology is less expen-
sive and easier to use, which makes it appropriate for population
screening at an early stage.

The new esophageal cell collector represents a qualitative im-
provement over traditional mesh cytology examinations and has
been applied to screening populations in high-risk areas, with
broad application prospects nationwide.

Endoscopy

With the advancements in technology and increased funding for
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research and development, traditional white light endoscopy is no
longer the only option for esophageal cancer screening. Newer
endoscopic technologies, such as electronic staining endoscopy,
chromoendoscopy, magnifying endoscopy, and ultrasound endos-
copy, have significantly enhanced the precision of esophageal can-
cer screening (Fig. 2).1819

Chromoendoscopy mainly stains the esophageal mucosa to
make the color contrast between the lesion and the normal mu-
cosa more obvious. This makes small lesions, which are difficult
to detect with ordinary endoscopy, more visible. It helps in early
diagnosis, determines the surgical approach, and defines the scope
of resection during surgery.

Magnifying endoscopy uses a zoom lens to magnify the mu-
cosal tissue by 1.5 to 150 times, allowing for a clearer observa-
tion of the fine structure of the mucosal surface of the digestive
tract. By magnifying and observing the changes of glandular duct
openings, microvessels, capillaries, and other microstructures on
the mucosal surface, the pathological grade of mucosal lesions can
be preliminarily assessed, the scope of lesion infiltration can be
defined, and the accuracy of the biopsy can be improved.

Endoscopic ultrasound is a combination of endoscopy and ul-
trasound technology. By placing a miniature high-frequency ul-
trasonic probe at the top of the endoscope, real-time scanning is
performed by ultrasound under the endoscopy to obtain the ana-
tomical hierarchy of the esophageal mucosa and ultrasound im-
ages of neighboring organs. This helps judge the depth of lesion
invasion, local lymph node metastasis and infiltration of surround-
ing organs. Endoscopic ultrasound can also assist in minimally in-
vasive operations such as submucosal tumor resection, puncture
biopsy, stent, or drainage catheter intervention.

These advanced endoscopic techniques have not been widely
adopted at the grass-roots level due to certain training require-
ments and relatively expensive equipment, but their importance
in the screening and treatment of esophageal cancer cannot be ig-
nored. Furthermore, a number of novel endoscopic technologies,
including magnetic capsule esophageal endoscopy, confocal laser
microscopy, volumetric laser endomicroscopy, and transnasal en-
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doscopy, have recently been implemented in clinical practice or
are still in the research and development phase. These technolo-
gies are anticipated to enhance patient acceptance and comfort
while also improving the accuracy of esophageal cancer screening.
However, many of these new technologies are currently difficult
to apply to widespread screening due to high costs and a lack of
comprehensive prospective studies. With the continuous progress
of science and technology and the gradual reduction of research
and development costs, it is believed that these new technologies
will eventually be popularized and promoted, providing more ef-
fective and convenient means for the screening and treatment of
esophageal cancer.

Laboratory tests

Furthermore, blood-based and other laboratory biomarkers are be-
ing investigated as potential non-invasive approaches for esopha-
geal cancer screening. Such biomarkers may serve as preliminary
screening tools to identify individuals who may benefit from fur-
ther examination, including endoscopy.2?

However, the academic community has not yet formed a uni-
fied and persuasive view on pre-screening for esophageal cancer.
Unlike gastric cancer, esophageal cancer lacks well-recognized
serological indicators, making it difficult to increase the positive
rate of screening. Nonetheless, with the advent of precision medi-
cine, new esophageal cytology and novel biomarkers have shown
potential in esophageal cancer screening, offering hope for future
breakthroughs in screening methods.

Research has found that serum tumor markers related to es-
ophageal cancer, such as cytokeratin 19 fragments, squamous cell
carcinoma antigen, carcinoembryonic antigen, and P53 protein
antibodies, have low sensitivity and specificity. As a result, these
markers can only be used as auxiliary diagnostic tools and are not
recommended for population screening.?’

However, recent advancements in liquid biopsy technology
have shown promising preliminary results in the field of esopha-
geal cancer. Liquid biopsies, which detect circulating tumor cells
(CTCs), circulating tumor DNA (ctDNA), microRNAs (miRNAs),
and exosomes, are convenient and allow for real-time, repeatable
monitoring of tumors. Studies have indicated a strong correlation
between the level of CTCs in patients with esophageal squamous
cell carcinoma and factors such as tumor cell differentiation, initial
tumor invasion, lymph node metastasis, and clinical staging. There-
fore, CTC levels may serve as good indicators of tumor progression
and can support clinical diagnostic and prognostic assessments.?!-22

Additionally, identifying ctDNA and miRNA in bodily fluids
like blood or saliva can provide genomic information about the
tumor, identify small tumor lesions at early stages, and even help
create individualized treatment strategies. miRNA, a non-coding
RNA composed of 18-25 nucleotides, regulates gene expression
by binding to the 3'-UTR of mRNA, inhibiting RNA translation,
and leading to RNA degradation. Since miRNA is widely present
in blood and other body fluids, it may serve as a potential non-
invasive biomarker. Scholars have developed a detection system
based on miRNA for predicting early esophageal squamous cell
carcinoma, and its accuracy has been validated in some retrospec-
tive or prospective multicenter cohorts.?3>4

Although several liquid biopsy procedures are currently in
clinical development, challenges such as inconsistent detection
levels remain. With further research, liquid biopsy technology has
the potential to become a widely utilized, non-invasive, real-time
efficacy monitoring tool for esophageal cancer.
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Exhaled gas marker

Exhaled gas marker analysis is a very promising screening tech-
nique that is affordable, straightforward, non-invasive, and easy
to use. It is particularly suitable for grassroots primary screening.
While studies have shown that volatile aldehydes can effectively
diagnose esophageal adenocarcinoma,?’ this method is not appli-
cable for screening esophageal cancer in China, where most cases
are esophageal squamous cell carcinoma.

Currently, exhaled gas indicators for esophageal squamous cell
carcinoma are poorly understood, but the potential for their use in
screening is significant and warrants further investigation. If the
detection of exhaled gas biomarkers for esophageal squamous cell
carcinoma becomes feasible, it could significantly reduce screen-
ing costs and enhance the accessibility and effectiveness of early
diagnosis and treatment programs for esophageal cancer.

Artificial Intelligence

Medicine evolves with technological advancements, and deep
learning-based artificial intelligence (Al) has rapidly been inte-
grated into the medical industry. Many large medical centers have
developed auxiliary systems by combining Al with gastroscopy.
These systems are primarily used in five areas: endoscopic im-
age recognition, time monitoring, reducing blind spots during the
examination process, image recording, and gastrointestinal prepa-
ration scoring. Al has shown exceptional performance in esopha-
geal cancer screening, with convolutional neural networks (CNN)
models trained on 8,428 images of esophageal cancer in several
studies. These models can detect lesions with a diameter of less
than 10 millimeters and analyze 1,118 test photos in just 27 sec-
onds, achieving a sensitivity of up to 98%.2¢ This indicates that Al
technology can analyze a large number of endoscopic images of
esophageal cancer with high sensitivity in a short period of time,
reducing the missed diagnosis rate of small lesions.

Yuan et al.*’ combined Al with the endoscopic system and built
an Al system that can automatically detect early esophageal squa-
mous cell carcinoma in real time using a large number of images
based on the commonly used white light examination and narrow
band spectral imaging endoscopic modes in clinical practice. This
system evaluated the effect of the Al system in real-time assisted
diagnosis of early esophageal squamous cell carcinoma in real
clinical practice for the first time in the world. It is also the larg-
est number of reports of artificial intelligence-assisted diagnosis of
early esophageal cancer in the world.

Zhang et al.?® developed an Al-assisted diagnosis system using
magnifying endoscopy to predict the invasion depth of esophageal
squamous cell carcinoma. Multi-center verification showed that
the sensitivity, specificity, and accuracy in image verification were
85.7%, 86.3%, and 86.2%, respectively. In continuously collected
videos, the sensitivity, specificity, and accuracy of differentiating
the depth of lesion infiltration were 87.5%, 84%, and 84.9%, re-
spectively, significantly improving the diagnostic accuracy of en-
doscopists.?8

There is no denying that junior endoscopists have different ex-
periences compared to senior endoscopists. Additionally, when
faced with a large screening population, the state of endoscopists
can fluctuate, which may lead to differences in the quality of endo-
scopic screening and result in certain missed diagnoses. Al-assist-
ed diagnostic systems have progressed from static picture analysis
to real-time video processing, from conventional machine learning
techniques to deep learning based on neural networks. Al can im-
prove the accuracy of beginner endoscopists and assist senior ex-
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Fig. 3. Flow chart of Al-assisted endoscopist. Endoscopists perform gastroscopy on patients with endoscopes, and transmit images to the Al-assisted diag-
nosis system in real time. The system accurately identifies high-risk lesions through the training of a large number of databases, and displays them on the
screen. The endoscopists focus on high-risk lesions for further examination according to instructions.

perts in making more detailed and accurate diagnoses of lesions in
complex cases, effectively correcting possible mistakes (Fig. 3).2°

Al-assisted diagnostic systems have demonstrated performance
comparable to that of expert endoscopists while also having the
ability to continuously learn and optimize. By constantly learning
and accumulating new medical data, Al-assisted diagnosis systems
can continuously improve their diagnostic level and gradually adapt
to various complex and special cases. This self-evolving property
gives Al great potential and broad prospects in the medical field.?
Al-assisted systems have shown performance comparable to that
of skilled endoscopists, and the future trend of integrating Al with
digestive endoscopy is anticipated to bring significant changes to
the medical industry. Currently, Al use is primarily restricted to nar-
rowband imaging, ultrasound endoscopy, and white light endoscopy.
Future research on Al-assisted systems combined with novel endo-
scopic technologies like volumetric laser endomicroscopy, confocal
laser microscopy, and optical enhanced endoscopy is imperative.

The creation and training of more accurate and efficient arti-
ficial intelligence models are somewhat hampered by the closed
and non-shared nature of current Al databases. Moreover, Al mod-
els trained in a single or a few centers have certain limitations in
terms of population and region, and cannot be used for screen-
ing large-scale populations temporarily. With the construction of
standardized large-scale databases, Al-assisted systems suitable
for many locations, models, and people may emerge, enhancing
the popularity of early detection and treatment programs for es-
ophageal cancer.
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Prospect

The early detection and treatment project for upper gastrointestinal
cancer in China began in the 1970s and has grown quickly in the
current century. In 2005, China initiated a cancer early detection
and treatment project in rural areas with a high incidence of ma-
lignant tumors, with esophageal cancer being one of the primary
screening targets. The urban cancer early diagnosis and treatment
project, which includes esophageal cancer, was officially incor-
porated into the national key public health service initiatives in
201231

China continues to invest in early diagnosis and treatment pro-
jects for esophageal cancer, as proposed by the “Healthy China”
plan and the 14th Five-Year Plan. New screening technologies and
methodologies are continually emerging, and screening initiatives
are becoming more popular and accepted year after year.

Limitations

As a narrative mini-review, this article did not use a systematic lit-
erature search or formal evidence-quality assessment. In addition,
evidence for several emerging screening technologies remains lim-
ited and continues to evolve.

Conclusions

In the future, China will need to further develop new technologies
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for esophageal cancer screening, investigate related biomarkers,
and employ artificial intelligence to increase screening efficiency
and accuracy, optimize screening strategies, and avoid overscreen-
ing. Differences between urban and rural areas, regional dispari-
ties, and variations in medical resources necessitate higher stand-
ards for early detection and treatment projects across the country.
Efforts should focus on standardizing esophageal cancer screening
programs, boosting screening quality, and raising public aware-
ness about the importance of screening. Many new technologies,
such as Al image recognition, biomarker detection, and exhaled
air detection, are still in the research stage and not yet ready for
widespread clinical implementation. Therefore, accelerating the
deep integration of industry, universities, and research institutions,
along with the transformation of innovative results, is essential.
Through standardized, scientific, and widespread screening ef-
forts, combined with the continuous deepening of basic research
and the exploration of new technologies, we may help reduce the
incidence and mortality of esophageal cancer and improve the
overall health of the population.
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