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Abstract
Esophageal cancer is the sixth leading cause of cancer death in the world. Esoph-
ageal squamous cell carcinoma (ESCC) accounts for 90% of esophageal cancer
cases, over half of which occur in China. Linxian, a county located in the North
Central Taihang Mountain range, has the highest ESCC mortality rate, which
may be the leading cause of death in this area. In a decades-long research pro-
gram in Linxian, Chinese and international scientists have exerted great efforts to
describe the epidemiological characteristics and elucidate the etiology of ESCC. A
systematic review and summary of the current knowledge gained from previous
research is informative for future ESCC prevention and control in similar
populations, and may be translated to other high-incidence countries, such as
Brazil, Iran, Malawi, and South Africa. As ESCC is a major cause of cancer death,
more research is required in China and in other high-incidence countries to
deepen our understanding of the etiology of ESCC and develop preventative
strategies.

Background

Esophageal cancer (EC) is the sixth leading cause of cancer
death in the world.1 There are two different histologic types
of EC, esophageal squamous cell carcinoma (ESCC) and
adenocarcinoma (EADC), which have distinct geographic
and population distributions and risk factors. According to
data from the International Agency for Research on Cancer,
ESCC accounts for approximately 88% of EC cases and the
majority occur in less economically-developed regions.2 The
highest ESCC incidence rates occur in Eastern to Central
Asia, and along the Indian Ocean coast of Africa along the
Great Rift Valley.3 The recognized ESCC hotspots exist
within sharply defined regions, including Linxian, China;
Golestan Province in Iran; Western Kenya and south to
Malawi; the Eastern Cape province of South Africa; Calva-
dos in France; Southern Brazil; and Uruguay.4

China has the highest ESCC incidence, accounting for
53% of ESCC cases worldwide.2 EC mortality rates differ

across different geographic areas in China, with significant
gender discrepancy. This was well documented in the
1970s in county-level EC mortality maps stratified by gen-
der.5 According to recent cancer registry data, both EC
incidence (men 320.8/100 000 vs. women 157.2/100 000)
and mortality (men 253.8/100 000 vs. women
121.3/100 000) rates in men are double those in women.6

Linxian, a county located in the North Central Taihang
Mountain range, has the highest ESCC mortality rate, and
thus may the leading cause of death in this area. Previous
studies have found that Barrett’s esophagus and esophageal
adenocarcinoma are rare in this population, and almost all
EC cases in Linxian are squamous cell carcinoma.7 Gastric
cardia adenocarcinoma also occurs at an epidemic rate in
Linxian and shares some etiologic risk factors with ESCC.
Before the widespread use of endoscopy and biopsy, ESCC
and cardia cancer were diagnosed as a single disease,
referred to as “esophageal cancer” or “hard of swallowing
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disease.”8 For the past few decades, Chinese and interna-
tional scientists have conducted numerous studies to
describe the epidemiological characteristics elaborate the
etiology of EC in this high-risk area.

Questionnaire-based risk factor
study

In 2016, the World Cancer Research Fund separately eval-
uated the risk factors of subtypes of EC for the first time,
using different grades of evidence: “convincing” evidence
of tobacco use and alcoholic beverage intake, “probable”
evidence of the consumption of Maté (an herbal infusion
consumed in parts of South America), and “limited-sugges-
tive” evidence of the consumption of processed meat.
There is also limited-suggestive evidence of the protective
effect of consuming vegetables and fruits, and physical
activity.9 For the other risk factors, there is still “limited-no
conclusion” evidence that requires further investigation.
The etiology of ESCC is multifactorial and certain risk

factors are strongly population-dependent. In Linxian and
other Taihang Mountain Grand Junction areas of the
Henan, Hebei, and Shanxi Provinces in China, pickled veg-
etables are popular foods and were convincing confirmed
as carcinogens of ESCC decades ago.10,11 We conducted a
series of surveys and took advantage of the detailed data to
investigate some inconclusive possible risk factors of
esophageal squamous dysplasia (ESD, the precursor lesion)
and ESCC in Linxian residents. In a cross-sectional study,
we found that more household members, a family history
of cancer, higher systolic blood pressure, heating the home
without a chimney, and the loss of more (but not all) teeth
were factors associated with a higher risk of ESD.12 In
addition, higher socioeconomic status (SES), evaluated by
household income, was associated with a lower risk of
ESD.12 Further consistent results were found in a prospec-
tive study of the association between SES and the risk of
ESCC. We found that higher general SES, assessed by for-
mal education; having water piped into the home;
increased consumption of meat, eggs, and fresh fruits; and
an increased body mass index (BMI), were associated with
a lower risk of ESCC in Linxian.13 In addition, we con-
ducted a 21-year prospective analysis to further investigate
the association between body fat and ESCC, and the results
showed that compared to people with a normal BMI
(18.5–24 kg/m2) at baseline, underweight people had a
21% higher risk and overweight people had a 13% lower
risk of ESCC.14

Another important finding was the association between
oral health and the risk of ESCC. We found that poor oral
health, measured by greater tooth loss, less frequent teeth
brushing, and poorer periodontal health, were related to an
increased risk of ESCC.12,15 This raised the hypothesis that

tooth loss may be related to alterations in oral bacterial
flora and subsequent increases in the in vivo production of
carcinogens, either directly or through inflammation. A
later analysis on the association between oral leukoplakia
and upper gastrointestinal (UGI) cancers provided sup-
portive evidence that patients with oral leukoplakia have a
significantly higher risk of ESCC.16 Overall, these results
have gradually attracted worldwide interest on the associa-
tion between microbiome and the risk of ESCC.

Randomized controlled intervention
trial

General population nutrition intervention
trial

Nutrition deficiency has been investigated for decades as a
possible risk factor of ESCC, but until now there has been
“limited with no conclusion” evidence of the role of micro-
nutrients, including vitamin C, vitamin E, folate, beta-caro-
tene, vitamin A, retinol, thiamin, riboflavin, calcium, iron,
zinc, provitamin A carotenoids, or beta-cryptoxanthin in
the carcinogenesis of ESCC.9 Over 20 major randomized
controlled trials (RCTs) have been conducted worldwide to
test the effects of nutritional intervention on cancer pre-
vention, but few reported significant effects of the nutrients
tested, and even fewer reported their effects on EC.
The Linxian General Population Nutrition Intervention

Trial (NIT), which commenced in 1985, was one of the
first-generation NITs on cancer prevention. Approximately
30 000 residents were randomly assigned into one of eight
intervention arms to investigate the effects of nine nutri-
ents combined into four multi-agent factors on UGI cancer
prevention using a one-half replicate of a 24 fractional fac-
torial design.17 The intervention lasted for 5.25 years
(1986–1991) and the cohort was followed post-
supplementation for an additional 25 years. The trial
results showed that daily riboflavin and niacin supplemen-
tation for 5.25 years reduced the risk of ESCC by 14%,
although this result was not statistically significant.18 The
protective effect on ESCC became apparent in a later
25-year post-trial follow-up analysis (hazard ratio
[HR] 0.92, 95% confidence interval [CI] 0.85–1.00;
P = 0.04).19 In addition, our 10-year post-trial follow-up
analysis showed that selenium, β-carotene, and
α-tocopherol supplementation significantly reduced the
risk of ESCC by 17%, but only in participants aged <
55 years at study entry.8 Further analyses of the same trial
participants suggest that the main protective agent in this
population was selenium;20–22 thus a series of studies were
conducted to investigate the association between selenium
and ESCC.
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Dysplasia population nutrition
intervention trial

Parallel with the NIT study of the general population, our
team conducted another NIT including approximately
3300 subjects with esophageal dysplasia in Linxian, which
randomized subjects to daily multivitamin and mineral
supplements for six years. However, no effect of multivita-
min supplementation was found on total or cause-specific
mortality during six years of multivitamin supplementation
or during the 20 years of post-intervention follow-up.23

This raised the hypothesis that nutrient supplementation
may only prevent or slow progression prior to the exis-
tence of preneoplastic lesions. A similar result was found
for the association between folate supplementation and
colorectal cancer;24–27 however, further basic studies are
needed to test this hypothesis.

Chemoprevention trial

In Linxian, the standard of care for mild or moderate
esophageal dysplasia is to monitor by surveillance. Previous
studies suggested that several promising agents may favor
dysplasia regression, including selenomethionine (a syn-
thetic form of organic selenium) and celecoxib (a selective
inhibitor of cyclooxygenase 2 [COX2]).28 Thus, a random-
ized, controlled chemoprevention trial was designed to
assess the effects of selenomethionine and celecoxib among
asymptomatic adults with mild or moderate ESD. A
10-month intervention of selenomethionine or celecoxib
did not inhibit esophageal squamous carcinogenesis in
high-risk subjects; however, in patients with mild ESD at
baseline, the administration of selenomethionine did yield
higher regression and lower progression rates (P = 0.02).29

This study was the first to report the possible beneficial
effect of any candidate ESCC chemopreventive agent in an
RCT. Together with the beneficial effects of selenium
found in NIT studies, our data warrant the further pursuit
of the effect of selenium on ESCC prevention.

Biomarker exploration

Nutritional biomarker

The NIT study collected longitudinal data on the potential
risk factors and fasting blood samples at baseline, thus we
took advantage of this cohort and conducted a series of
studies to explore the etiology of ESCC.

Selenium
Considering the promising protective effect of selenium on
cancer prevention identified in the NITs, we conducted a
case-cohort study to further investigate the risks of ESCC

in patients with different serum selenium concentrations.
The results showed a significant inverse association of
serum selenium levels with the incidence of ESCC
(Ptrend < 10−4).20 Patients in the highest serum selenium
quartile had nearly half the risk compared to those in the
lowest quartile (HR 0.56, 95% CI 0.44–0.71). A quarter
(26.4%) of the ESCC cases in this population were attrib-
uted to low selenium levels.20 In later 15-year follow-up
analysis of the subcohort in this study, we found that a
higher serum selenium level had a consistent protective
effect on death from ESCC (relative risk [RR] 0.83, 95% CI
0.71–0.98) and additional benefits to heart disease.30 Given
these results, the effect of selenium on ESCC cancer pre-
vention merits serious consideration.

Cysteine
Cysteine is an important non-essential amino involved in a
myriad of immunomodulatory, anti-oxidant, and antic-
arcinogenic pathways; however, limited studies have inves-
tigated the etiology of EC. We conducted a case-cohort
study in Linxian and found that higher concentrations of
serum cysteine were significantly associated with a lower
risk of ESCC (HRQ4 vs. Q1 0.70, 95% CI 0.51–0.98), and the
association was dose dependent (Ptrend = 0.006).31 This
promising result indicates that cysteine may act as a poten-
tial chemopreventive agent for EC and thus requires fur-
ther investigation.

25-hydroxyvitamin D
A previous study reported that geographic areas with lower
solar radiation had higher EC rates, which led to the
hypothesis that a higher risk of EC is related to low vita-
min D status.32 Linxian is an area in which the traditional
diet provides very little vitamin D because the residents eat
very little fatty fish, liver, or eggs, and fortified products
are not available.33 Therefore, we explored the association
between serum 25 hydroxyvitamin (OH) D and the risk of
ESCC and ESD in Linxian residents with a low vitamin D
status. Results from a cross-sectional study showed that
higher serum 25(OH)D concentrations were associated
with a significantly increased risk of squamous dysplasia.32

The results of another prospective study concurred with
this finding, reporting that the risk of ESCC was signifi-
cantly increased in men with higher serum 25(OH)D
levels.34

B vitamins
B vitamins play important roles in DNA synthesis and
methylation and may affect the risk of ESCC. We investi-
gated the associations between B vitamins and related
genes with ESCC using serum samples collected in the
NIT cohort. People with a higher level of riboflavin
(HRQ4 vs. Q1 0.56, 95% CI 0.41–0.75) or B12 had a
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significantly lower risk of ESCC.35 In another investigation
on three polymorphisms in two genes that code for
enzymes that require folate and B12 as cofactors, MTRR
A66G, MTHFR C677T, and MTHFR A1298C, we found
that individuals with the MTHFR 677TT genotype had sig-
nificantly higher combined ESCC/gastric cardia cancer
risks (RR 1.45, 95% CI 1.02–2.05) than those with CC or
CT genotypes. Compared to subjects with the MTRR 66AA
genotype, subjects with the AG or GG genotypes had a sig-
nificantly higher risk of ESCC (RR 1.59, 95% CI
1.04–2.42).36

Microbiome

Microbiome is an emerging area in the etiological explora-
tion of various diseases; however, limited studies have
focused on the association between microbiota and UGI
diseases. A study was conducted in Linxian to evaluate the
UGI microbiota using a microarray chip (Human Oral
Microbe Identification Microarray) from DNA extracted
from sample cells from the stomach, esophagus, and saliva
collected using a balloon device. In a comparison of
142 patients with ESD and 191 without, the odds of this
precancerous lesion were 0.74 (95% CI 0.58–0.95) per one
standard deviation increase in the number of detected bac-
terial genera.37 This finding suggests that people with lower
esophageal microbial richness and microbial diversity in
saliva may be more prone to developing ESD; however,
these results warrant future validation in prospective
cohort studies.

Human papillomavirus
Since the human papillomavirus (HPV) was suspected as
an etiological agent of ESCC in the 1980s, numerous stud-
ies have been conducted to assess the role of HPV in the
etiology of ESCC. Enthusiasm particularly increased after
the development of the HPV vaccine. We conducted a
series of studies in Linxian of ESCC cases using a variety
of different HPV assessment measures, including a
prediagnostic serological HPV antibody test, cytological
HPV DNA test, PCR assay in tissue samples, and serologi-
cal E6/E7 antibody test, but found no consistent evidence
of the role of HPV in the etiology of ESCC.38–40 These null
results were consistent with results from a large interna-
tional consortium project on serologic analyses of HPV L1
and E6/E7 and ESCC, which found only 0.3% of the total
ESCC cases were positive for HPV 16 E6 and E7.41 Thus,
the current evidence indicates that HPV does not play a
significant role in the etiology of ESCC, and the number of
ESCC cases caused by this virus, if any, is limited.

H. pylori
Barrett’s esophagus and esophageal adenocarcinomas are
rare in Linxian residents. Our research team conducted a
case-cohort study in Linxian residents to investigate the
role of H. pylori in the carcinogenesis of ESCC. We mea-
sured immunoglobulin G antibodies to whole-cell and
CagA H. pylori antigens, and found that H. pylori did not
affect the risk of ESCC.42 Considering the possible roles of
H. pylori in different esophageal and gastric cancer sub-
types, more studies are required in diverse populations to
elucidate the role of H. pylori in the etiology of different
UGI cancers.

Pepsinogen

A low serum pepsinogen I (PGI) level and a low serum
PGI/PGII ratio (PGI/II ratio) are markers of gastric fundic
atrophy, and were thought to be possible risk factors of
ESCC. We investigated the associations in two study
populations in Linxian. In patients with esophageal dyspla-
sia, we found that a lower serum PGI/II ratio had a dose–
response association with an increased risk of ESD (ORQ4

vs. Q1 2.12, 95% CI 1.08–4.18), and a lower serum PGI/II
ratio was linearly associated with a higher risk of ESD
(P = 0.03).43 However, when we explored the associations
in patients with ESCC, little evidence was found, except for
a marginal association (HR 1.56, 95% CI 0.99–2.47) in
people with a PGI/II ratio ≤ 4.44 Further study is required
to understand the role of pepsinogen in the etiology
of ESCC.

Genetic factors

Previous studies have shown that people with family his-
tory of cancer have an increased risk of developing UGI
cancers. Linxian has the highest ESCC mortality in China
and over 30% of the residents have a family history of UGI
cancers,8 which enabled us to explore the associations
between generic factors and ESCC. Several large genome-
wide association studies (GWAS) have been conducted in
Linxian alone or in combination with other high-risk areas
in China.45–47 Several important variants in PLCE1 and a
polymorphism in the TP53 gene region are related to the
risk of ESCC.45,47 In addition, joint analysis of three publi-
shed Chinese GWAS found that a significant variant in the
HLA 2 genome region is related to ESCC risk, especially in
residents of the high-risk Taihang Mountain areas.47 How-
ever, better elucidation of the role of the HLA region is
required to understand the complex and long-range link-
age disequilibrium patterns of this specific region.
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Clinical relevant precursor
identification

For a long period, there was no consistent understanding
of the histological origins, progression, or definition of
clinically relevant precursor lesions of ESCC. To better elu-
cidate the histological progression process and identify the
clinical endpoints for treatment, our research team con-
ducted a 13.5-year prospective analysis to compare ESCC
RRs in patients with different histological diagnoses at
baseline. The results showed that squamous dysplasia and
carcinoma in situ were the only histological lesions associ-
ated with a significantly increased risk of developing ESCC.
Increasing grades of dysplasia were strongly associated
with an increased risk of ESCC.48 Notably, the results of
our study provided robust evidence that severe dysplasia
and carcinoma in situ present the same risk of developing
ESCC and should be treated immediately. This led to a
nationwide guideline of the clinical endpoint definition for
the screening, early detection, and treatment of ESCC
across China.

Current gaps and future directions

After decades-long research in Linxian and other high-risk
areas worldwide, many risk factors of ESCC have been
confirmed, suspected, or ruled out.9 Sustained efforts to
control tobacco, reduce heavy alcohol consumption, reduce
lifestyle risk behaviors (i.e. less consumption of pickled
vegetables), as well as screening and early detection pro-
jects, have led to a decrease in the incidence of ESCC in
Linxian and in many western countries in recent decades.49

However, ESCC remains a major cause of cancer death
worldwide and has not been sufficiently investigated. There
are still large unknown areas in the etiology of ESCC. More
research is warranted to understand the associations
between ESCC and suspected risk factors, including poly-
cyclic aromatic hydrocarbons, diet, nutrition, high-
temperature food, and diverse cooking and eating styles. In
addition, further research in emerging areas of microbiome
and metabolomics, and large GWAS are required in China
and in other high-incidence countries in Africa, Asia, and
South America to obtain to a deeper understanding of the
etiology of ESCC and develop preventative strategies.
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