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Abstract

Background and objectives: The prevalence and fatality rates of cutaneous malignant melanoma (CMM) have been rising,
particularly among the elderly. This study analyzes CMM incidence trends in the United States elderly population from 1987
to 2016 to inform prevention and management strategies.

Methods: Using incidence data from the Surveillance, Epidemiology, and End Results database spanning 1989 to 2008, we cal-
culated the age-adjusted standardized population incidence rates for CMM in elderly individuals. The Joinpoint software was
employed to estimate annual percent change and analyze trends in CMM incidence among elderly individuals from 1987 to 2016.

Results: The study included 56,997 elderly CMM patients from eight Surveillance, Epidemiology, and End Results registries, of
whom 36,726 were male (64.4%). The age-adjusted CMM incidence rate from 2012 to 2016 was 0.99 per 1,000, a 2.8-fold increase
from 1987-1991 (95% confidence interval: 2.7-2.9). Incidence rates increased with age and birth cohort, peaking at 1.53 per 1,000
males and 0.59 per 1,000 females aged 85+ during 2012-2016. Birth cohort effects also showed a continuous increase.

Conclusions: This study reveals a substantial increase in CMM incidence rates among the elderly from 1987 to 2016, particu-
larly between 2012 and 2016. Incidence rates escalated with age and birth cohort, with the highest rates observed in individuals
aged 85 and older.

Introduction Cutaneous melanomas are further categorized into subtypes,
including chronic malignant melanoma, superficial spreading
melanoma, nodular melanoma, and acral lentiginous melanoma,
each with distinct clinical and histological features.! While early
diagnosis and appropriate treatment result in a five-year survival
rate of 95% for most skin cancers, the incidence and mortality
rates of cutaneous malignant melanoma (CMM) are notably high-
er, accounting for 65% of all skin cancer-related deaths.? Though
patients with metastatic melanoma face a disheartening 5% long-
term survival rate, early detection of CMM offers a much more
favorable prognosis, often leading to a complete cure.’

The global incidence of malignant melanoma has been increas-
ing, with significant demographic disparities. In Western coun-
tries such as New Zealand and Australia, the incidence rates are
among the highest, with age-standardized rates of 40.2/100,000

Skin cancer is the most prevalent malignancy in the United States,
with malignant melanoma being a highly aggressive form that origi-
nates in melanocytes, the cells responsible for producing skin pig-
ment. Despite advances in treatment that have improved survival
rates, malignant melanoma remains the deadliest type of skin can-
cer, and its global incidence continues to rise. Malignant melanoma
can develop in various locations, including the skin, mucous mem-
branes, eyes, and even the meninges. The most common types are
cutaneous melanoma, ocular melanoma, and mucosal melanoma.!+

Keywords: Age-period-cohort; Oldest-old; Cutaneous malignant melanoma; Inci-
dence; Annual percent change; Incidence trends.
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and 37.7/100,000 for males, respectively.* In Canada, the national
crude incidence rate is reported as 20.75 cases per 100,000 indi-
viduals per year.S In the United States, melanoma is the fifth most
common cancer, with an annual incidence of 73,870 cases.® The
lifetime risk of developing melanoma has increased dramatically,
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from 1 in 1,500 in the 1930s to 1 in 59 today.® CMM, a recal-
citrant and aggressive melanocyte malignancy, has demonstrated
a conspicuous and continuous rise in incidence globally, drawing
significant attention from public health and medical research com-
munities.”

Since 1975, the incidence of malignant melanoma in the United
States has increased by over 320%, a trend expected to continue
until at least 2029.8 From 2006 to 2017, the United States Hispanic
population experienced a particularly rapid increase in melanoma
incidence, with Hispanic whites exhibiting the highest incidence
of acral lentiginous melanoma compared to other populations of
color.’

The demographic landscape in the United States is also chang-
ing, with an increasing proportion of the population reaching ad-
vanced age. By 2050, the population aged 85 years and older is
expected to more than double, from 5.7 million to 24 million, mak-
ing it the fastest-growing demographic.!® This shift underscores
the importance of studying CMM incidence and mortality rates
within this age group.'®

CMM is the leading cause of death among skin tumors, and
in recent years, both its incidence and mortality rates have been
steadily rising, particularly among the elderly.!! Older patients
with CMM typically present with more aggressive disease char-
acteristics, such as a higher prevalence of ulceration and deeper
tumor invasion, as indicated by Breslow’s index.!? These factors
often result in a more advanced stage of diagnosis compared to
younger patients.'? Additionally, older adults are more likely to
present with melanoma on the head and neck, with lentigo malig-
nant melanoma being more common in this age group.'34

Elderly patients generally have a poorer prognosis, with reduced
melanoma-specific survival compared to younger adults.!! Under-
standing the differences in clinical presentation and outcomes in
the elderly is crucial for optimizing prevention, diagnosis, and
treatment strategies tailored to this population.

The Surveillance, Epidemiology, and End Results (SEER) da-
tabase, maintained by the National Cancer Institute (NCI), is a
comprehensive nationwide cancer registry system that aggregates
clinical and epidemiological data from cancer patients across the
United States. These data are vital for both cancer research and
clinical practice, providing researchers with insights into the epi-
demiological characteristics of various cancers, treatment effec-
tiveness, and patient survival rates.!16

Age-adjusted standardized population rates are essential tools
in epidemiological studies and public health assessments. These
rates adjust for differences in age distribution across populations,
allowing for meaningful comparisons of health outcomes such as
disease incidence or mortality. By using a standard population as
a reference, these rates offer a more accurate reflection of the true
burden of a condition, making them crucial for evaluating health
trends, informing policy decisions, and comparing outcomes
across different regions or time periods.!’

In this study, we leverage SEER Research Plus Data from 1987
to 2016, covering eight registries up to November 2021 (1975—
2019). We employ an age-period-cohort analysis to explore trends
in CMM incidence among the elderly population in the United
States. The primary goal is to provide scientific evidence to sup-
port the development of strategies for CMM prevention and man-
agement in the elderly and to evaluate their efficacy.

The following sections will elaborate on the research method-
ologies, data analysis, and findings, offering a comprehensive un-
derstanding of CMM incidence trends in elderly Americans and
the factors influencing these trends.
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Materials and methods

The data for this study were obtained from the SEER Program,
maintained by the NCI. The SEER database is a comprehensive
source of population-based information, covering approximately
34.6% of the United States population. It collects data on cancer
incidence, survival, and prevalence from various geographic areas
representing a cross-section of the nation. The SEER program is
renowned for its high-quality data, gathered from multiple regis-
tries across the United States, ensuring a broad and diverse repre-
sentation of cancer patients.!81?

Patient selection

Data from the SEER Program, comprising eight registries, were
queried for the period spanning 1987 to 2016. Patients diagnosed
with CMM of the skin were identified based on histology using the
International Classification of Diseases for Oncology, Third Edi-
tion (ICD-O-3) codes 8720/3-8722/3, 8730/3-8780/3, and ICD-
0O-3 codes C44, C60.9, C63.2. Inclusion criteria were as follows:
(1) the primary tumor site was the skin; (2) patients were aged 65
years or older at the time of diagnosis; (3) the diagnosis was con-
firmed pathologically; (4) complete follow-up data were available,
with survival times exceeding zero days; and (5) the diagnosis oc-
curred between 1987 and 2016. Exclusion criteria included: (1)
cases where the diagnosis was based solely on autopsy or death
certificate information; (2) instances with indeterminate survival
times; and (3) patients diagnosed with secondary or metastatic tu-
mors rather than primary CMM.

Statistical analysis

An annual percentage change (APC) analysis was conducted using
five-year age intervals and 5-year period intervals, resulting in five
age groups (6569 years, 7074 years, 75-79 years, 80-84 years,
and >85 years) and six period intervals (1987-1991, 1992-1996,
1997-2001, 2002-2006, 2007-2011, and 2012-2016). Birth co-
horts were defined based on the midpoints of the age and period
intervals. Age-adjusted incidence rates were calculated using the
United States standard population in 2000. Ratios, with 95% con-
fidence intervals (Cls), were calculated using the Tiwari 2006 revi-
sion in SEER*Stat 8.4.2 (NCI).20

To assess trends in CMM incidence rates among elderly indi-
viduals in the United States from 1987 to 2016, this study used
the Joinpoint Regression Model. For population-based trends in
cancer incidence and mortality rates, the logarithmic linear model
is typically used.

The main outcomes of the Joinpoint model were the APC
and the average annual percent change (AAPC), both with their
respective 95% CI. In the logarithmic linear model, denoted as
In(y) = B, + B,x, where x represents the year of diagnosis, the
APC can be computed using the following formula expressed as
follows:

APC = {y'_y} *100 = (/' —1)*100
yX

To analyze long-term trends in CMM incidence rates, we used
version 5.0 of the Joinpoint program from the NCI, available at
https://surveillance.cancer.gov/joinpoint/. This program uses the
Monte Carlo permutation method to evaluate the statistical signifi-
cance of changes in trends. The optimal joinpoint model was deter-
mined by analyzing log-transformed data. The APC for individual
linear segments and the AAPC for each joinpoint model across the
entire study period were calculated, with 95% CI determined using
the normal approximation method.?!
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Table 1. Change in cutaneous malignant melanoma incidence rates over time

Cancer Screen Prev

Rate (95% Cl)

Variable Rate ratio (95% Cl)
1987-1991 2012-2016
Overall 0.36 (0.35-0.37) 0.99 (0.98-1.01) 2.8(2.7-2.9)
Sex
Male 0.52 (0.50-0.55) 1.53 (1.50-1.56) 2.9 (2.8-3.0)
Female 0.25 (0.24-0.27) 0.59 (0.57-0.60) 2.3(2.2-2.4)
Race
White 0.40 (0.39-0.42) 1.22 (1,20-1.24) 3.0(2.9-3.1)
Black 0.07 (0.05-0.11) 0.04 (0.03-0.06) 0.6 (0.4-1.0)
Other 0.04 (0.02—-0.05) 0.08 (0.07-0.10) 2.3(1.5-3.8)
SEER registry
San Francisco, California 0.385 (0.359-0.413) 1.032 (0.996-1.069) 2.7 (2.5-2.9)
Connecticut 0.398 (0.371-0.425) 0.866 (0.831-0.902) 2.2(2.0-2.4)
Hawaii 0.228 (0.189-0.272) 0.793 (0.741-0.847) 3.5(2.8-4.2)
Lowa 0.309 (0.286-0.334) 0.865 (0.828-0.903) 2.8(2.6-3.1)
New Mexico 0.396 (0.352-0.444) 0.649 (0.609-0.691) 1.6 (1.4-1.9)
Seattle (Puget Sound) 0.345 (0.318-0.373) 1.110 (1.073-1.147) 3.2(3.0-3.5)
Utah 0.413 (0.366-0.463) 1.506 (1.442-1.571) 3.6(3.2-4.1)
Atlanta (Metropolitan) 0.385 (0.342-0.431) 1.100 (1.050-1.153) 2.9(2.5-3.2)

Cl, confidence interval; SEER, Surveillance, Epidemiology, and End Results.

In cases where a significant difference in the linear slope of
the time trend was detected, the joinpoint model was used to
determine whether the age-adjusted incidence rates were best
described by a single linear segment or multiple segments. A
statistically significant trend, indicated by the APC or AAPC,
was classified as increasing (slope > 0) or decreasing (slope <
0). Parallelism tests were conducted to determine whether the
direction of slope changes in trends was similar or different be-
tween groups. These tests allowed for an analysis of whether the
fitted models for different groups (e.g., females and males) had
similar shapes but were shifted along the x-axis (i.e., the year of
diagnosis). The statistical significance (P-value) from this test
indicated whether the two compared AAPCs were statistically
distinct.?2 All tests were two-sided, with a significance level set
at a = 0.05.

Finally, the APC model was employed to identify patterns in
long-term incidence rate trends, considering the age at CMM di-
agnosis (age), the year of CMM diagnosis (period), and the birth
year (cohort). The APC model described associations between can-
cer incidence rates and age, period (calendar year of diagnosis),
and birth cohort. Graphs generated from these models provided
a visual representation of trends while controlling for competing
effects, such as birth cohort influences that adjust for age and pe-
riod effects. These models were fitted using the NCI’s Age-Period-
Cohort web tool, available at https://analysistools.cancer.gov/apc/.
This tool provided estimates of net drift (the expected age-adjusted
rate of change over time in the APC), local drift (the expected age-
specific rate of change over time), and cohort rate ratios (RR, the
ratio of age-specific rates for each birth cohort relative to a refer-
ence cohort). The tool also enabled the testing of the equality of
observed trends.?
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Results

Incidence rates

The study included a total of 56,997 cases, with 36,726 (64.4%) be-
ing male patients. During the period from 2012 to 2016, the overall
age-adjusted incidence rate of CMM was 0.99 per 1,000 individuals
(95% CI, 0.98-1.01), representing a striking 2.8-fold increase com-
pared to the period from 1987 to 1991 (95% ClI, 2.7-2.9), as shown
in Table 1. When stratified by gender, the age-adjusted incidence
rate for males during 2012-2016 was 1.53 per 1,000 (95% CI, 1.50—
1.56), while for females, it was 0.59 per 1,000 (95% CI, 0.57-0.60).
These findings highlight a significant increase since the initial cohort
analysis (1987—1991), with the age-adjusted incidence rate for males
rising 2.9 times (95% CI, 2.8-3.0), and for females increasing 2.3
times (95% CI, 2.2-2.4). Additionally, we examined the distribution
of CMM incidence rates based on race/ethnicity and geographic lo-
cation (Table 1). It is evident that CMM is more prevalent in the
white population compared to black and other racial/ethnic groups.
Among white individuals, the incidence rate of CMM escalated from
0.40 per 1,000 to 1.22 per 1,000 (rate ratio 3.0; 95% CI, 2.9-3.1)
between 1987-1991 and 2012-2016. When stratified by geographic
location, Utah, Seattle, and Atlanta reported higher CMM incidence
rates (Utah: 1.506 per 1,000; 95% CI, 1.442—-1.571; Seattle: 1.110
per 1,000; 95% CI, 1.073—1.147), and Atlanta (1.100 per 1,000; 95%
CI, 1.050-1.153). The overall increase in incidence rates from 1987—
1991 to 20122016 was 2.8 times (95% CI, 2.7-2.9).

APC analysis

Over the course of 30 years, from 1987 to 2016, a persistent up-
ward trend in the incidence rate of CMM was observed. Based on
the APC, this ascending trend can be divided into two distinct seg-
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Fig. 1. Associations of age and calendar period of diagnosis with CMM incidence among all patients. CMM, cutaneous malignant melanoma.

ments, with a pivotal shift in 2009. Between 1987 and 2009, there
was a pronounced upward trend, with a substantial APC of 4.45%.
However, after 2009, the trend moderated, displaying a somewhat
less steep incline compared to the earlier period (Fig. 1).

Period trends in age-adjusted CMM incidence rates

We began our analysis by examining the period trends in the evolv-
ing incidence rates of CMM in the United States. Figures 2a and
b illustrate the fluctuations in age-specific CMM incidence rates
across various observation periods (years) for American males and
females from 1987 to 2016. Overall, CMM incidence rates tend to
be higher in older age groups, regardless of the observation period.
Across all five age groups, an upward trajectory in CMM inci-
dence rates is evident over the years. Notably, the 80-84 age group
among males exhibits a significantly pronounced upward trend,
with an APC of 6.04%. Among females, the 75-79 age group
shows a significant upward trend, with an APC of 3.69%. In the
male population, the incidence rate of CMM in the 85+ age group
initially declines, followed by an increase, with an inflection point
in 1989. In contrast, the incidence rate in the 80-84 age group
initially rises rapidly but decelerates post-2010, with an APC of
0.31%. Among females, the 75-79 age group shows an initial de-
cline followed by an increase in CMM incidence rates, with the
inflection point occurring in 1990.

Cohort trends in age-adjusted CMM incidence rates

Figures 3a and b provide insights into the fluctuations in age-spe-
cific CMM incidence rates based on birth cohorts for American
males and females from 1987 to 2016. The results from the birth
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cohort models reveal that, particularly among males aged 65 and
older, individuals of the same age but from different birth years
show a gradual increase in CMM incidence rates as their birth
years advance. In contrast, the differences in birth cohort trends
were less pronounced between females and males. CMM inci-
dence rates across various age groups generally show a gradual in-
crease as birth years progress. However, in the elderly male popu-
lation, the overall incidence rate of CMM exceeded that of elderly
females. Notably, male CMM incidence rates, spanning different
age groups and birth cohorts, surpassed 44, with males aged 85 and
older showing the highest incidence rates.

Age-period-cohort models

As shown by the longitudinal age curve in Figure 4, the incidence
rate of skin melanoma peaks in the older age groups. Figure Sa
illustrates the rising trend over time, with a notable increase start-
ing around 2000. Rates exceeding 1.0 after 2000 indicate that the
incidence of CMM is increasing during these periods compared
to the reference period. The shaded areas represent confidence
intervals, highlighting a significant upward trend over time. Fig-
ure 5b demonstrates a steady rise in incidence rates among recent
birth cohorts, indicating that individuals born more recently are at
a higher risk of developing CMM than those from earlier cohorts.
This increase is particularly sharp for cohorts born after 1940, with
a pronounced risk for those born after 1950.

Discussion

The incidence rate of CMM among elderly individuals in the Unit-
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Fig. 2. Associations of age and period of diagnosis with CMM (cutaneous malignant melanoma). (a) Association of age and calendar period of diagnosis

with CMM incidence among male patients. (b) Association of age and calendar period of diagnosis with CMM incidence among female patients.
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Fig. 4. Longitudinal age curves of CMM in SEER 8 from 1978 to 2016 and
corresponding 95% Cl. Cl, confidence interval; CMM, cutaneous malig-
nant melanoma; SEER, Surveillance, Epidemiology, and End Results.

ed States varies significantly across different genders, races, and
geographic locations. Utah had the highest incidence of CMM in
older adults from 2012 to 2016 (95% CI, 1.442-1.571). Both Ha-
waii and Utah show a high rate of increase in CMM incidence. In
2019, Utah had the highest incidence of distant melanoma among
white women, with an incidence rate of 3.45 cases per 100,000.24
This high incidence aligns with broader trends in the United States,
where melanoma incidence has been rising, particularly among
older adults.? The high prevalence in Hawaii and Utah may be
related to lifestyle factors that increase Ultraviolet (UV) exposure,
such as outdoor activities and tanning habits.® Changes in cloth-
ing styles and recreational behaviors over recent decades have also
contributed to increased UV exposure, particularly in sunny states
such as Hawaii.2® A comparative analysis across different time pe-
riods reveals a notable upward trend in overall incidence rates in
recent decades.

Utilizing Joinpoint regression to provide a detailed description

a

Period RR

Rate Ratio

T T T T B
1990 1995 2000 2005 2010 2015
Period

Cancer Screen Prev

and statistical analysis of temporal trends in CMM incidence rates
among elderly individuals in the United States, this study uncovers
a sustained upward trend in CMM incidence over the past three
decades. Various factors may contribute to this trend, including
prolonged exposure to ultraviolet radiation, indoor tanning, immu-
nosuppression, the presence of moles (nevi), family history, and
obesity.® This trend is also partly driven by an aging population
in industrialized countries, where older individuals are more sus-
ceptible to melanoma due to cumulative sun exposure over their
lifetimes.'> A global study analyzing trends from 1990 to 2019
found that the age-standardized incidence rate of malignant skin
melanoma increased in most countries, with a positive correlation
between incidence rates and the Human Development Index.?” In
the United States, the incidence of melanoma in the lower limbs
and hips increased significantly from 2000 to 2019, particularly
among those over 50 years old, highlighting a rising trend in older
age groups.?® While the incidence of CMM in the elderly has risen
rapidly, the rate of change has slowed since 2010. The inflection
point in 2009 suggests that certain factors or interventions may
have started impacting melanoma incidence trends after that year.
Distinct trends in incidence rates were observed among different
male age groups, with the 2009 inflection point, as seen in a mela-
noma epidemiology study in Hungary, signaling a potential shift
influenced by various factors or interventions.?” The slowdown in
malignant melanoma incidence among older adults around 2010
can be attributed to changes in diagnostic practices, healthcare uti-
lization, and demographic shifts. These factors have influenced the
detection and management of melanoma in the elderly, potentially
stabilizing incidence rates. This suggests that the rise in melanoma
incidence prior to 2010 may partly reflect overdiagnosis rather
than a genuine increase in disease prevalence. During this period,
healthcare utilization increased, including more frequent dermatol-
ogy visits and skin biopsies for Medicare beneficiaries. This en-
hanced surveillance may have led to the detection of more early
melanomas, many of which do not progress to invasive disease.
The stabilization of incidence rates in older adults may indicate
efforts to address overdiagnosis, as the detection of non-invasive
melanomas has increased without a corresponding rise in mortal-
ity, suggesting that many detected cases may not require aggres-
sive treatment.

After adjusting for age, the incidence of CMM exhibited an in-

b Cohort RR

Rate Ratio

T
1900 1910 1920 1930 1940 1950
Cohort

Fig. 5. Incidence rate ratios by period for CMM incidence in SEER 8 (a). Incidence rate ratios by birth cohort for CMM incidence in SEER 8 database (b).
Shaded bands indicate the 95% Cl. Cl, confidence interval; CMM, cutaneous malignant melanoma; RR, rate ratio; SEER, Surveillance, Epidemiology, and

End Results.
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creasing trend over the observation period. However, in some age
groups, notably the 80-84 age group, the growth rate of incidence
slowed during a specific period. Incidence rates in elderly females
were lower than in elderly males, and overall, the rate of increase
in incidence among elderly females was less pronounced than
among males. Studies by Bellenghi ez al.3! suggest that differences
in incidence rates can be partially attributed to gender-related be-
haviors. Additionally, melanoma incidence in older men exceeds
that of women, possibly due to lower rates of skin self-examina-
tion and fewer dermatologic visits among men.3* Furthermore, in
the elderly population, melanoma is more frequently located in the
head and neck area, with specific subtypes such as lentigo malig-
nant melanoma being more common, along with a higher Breslow
index, presence of ulceration, and increased mitotic rate compared
to younger individuals.!® Recent findings indicate that biological
variations, including genetic and epigenetic factors, play a crucial
role. In recent years, the rate of incidence growth has decelerated,
potentially reflecting increased awareness of skin health, more
stringent sun protection measures, or improved early detection.”

CMM remains a substantial health concern, and according to
other research, the number of cases of cutaneous malignant mela-
noma in the elderly population is expected to rise.* These findings
underscore the continued importance of vigilance regarding CMM
among the elderly and the necessity for prevention and early de-
tection strategies. Age, time period, and birth cohort effects are
all critical factors in comprehending the heightened incidence of
CMM.

While this study provides valuable insights into the trends in
CMM incidence among the elderly in the United States, several
limitations must be acknowledged. First, the study relies on data
that may be subject to reporting biases, particularly regarding the
accuracy and completeness of melanoma diagnoses over time.
Second, while Joinpoint analysis offers a robust method for identi-
fying temporal trends, it does not account for potential confound-
ing variables that might influence these trends, such as changes
in public awareness, diagnostic technologies, or healthcare access.
Third, the study does not differentiate between various histopatho-
logical subtypes of CMM, which could have different etiologies
and prognoses, potentially leading to an oversimplification of the
observed trends. Fourth, geographic variations in sun exposure,
socioeconomic factors, and healthcare infrastructure across the
United States may not be fully captured in the analysis, limiting
the generalizability of the findings. Lastly, the observational nature
of this study precludes the establishment of causal relationships
between the identified trends and specific risk factors or interven-
tions. Future research should address these limitations by incorpo-
rating more granular data, exploring the impact of specific inter-
ventions, and utilizing more sophisticated statistical techniques to
account for potential confounders.

Conclusions

The incidence of CMM among the elderly population in the United
States has shown a notable upward trend over the past three dec-
ades. This increase is influenced by a complex interplay of fac-
tors, including UV exposure, changes in healthcare practices, and
demographic shifts. While the incidence rate continues to rise,
particularly in certain geographic regions, there has been a recent
deceleration in this trend, possibly due to increased awareness,
early detection, and the potential impact of overdiagnosis. Despite
this, CMM remains a significant health concern, especially among
older adults, necessitating continued efforts in prevention, early
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diagnosis, and research into targeted interventions. Addressing the
limitations identified in this study will be crucial for advancing our
understanding of CMM trends and for developing more effective
public health strategies to mitigate the burden of melanoma in the
aging population.
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Abstract

Background and objectives: The incidence of cardia gastric cancer (CGC) is rising worldwide, particularly in East Asia. There
has been a debate over whether Helicobacter pylori (H. pylori) constitutes a risk factor for CGC. This study aimed to evaluate the
relative risk of H. pylori infection and CGC in Asian countries.

Methods: Relevant studies examining H. pylori and CGC were searched in PubMed, Embase, and Web of Science from their
inception to June 30, 2024. Either a random-effect model or a fixed-effect model was used to calculate pooled odds ratios (ORs)
with 95% confidence intervals (CIs). Sensitivity analyses and assessments of publication bias were performed. The stability of
results was evaluated in cases where publication bias was detected.

Results: A total of 24 studies were included in the meta-analysis. A significant association between H. pylori and CGC was
observed (OR = 2.20, 95% CI 1.73-2.80). In a subgroup analysis of different countries, a significant association was observed in
East Asian countries, including China (OR =2.12, 95% CI1.63-2.77), Japan (OR = 2.21, 95% CI 1.16-4.20), and Korea (OR = 2.36,
95% CI1.58-3.54), but not in Iran (OR = 1.48, 95% CI 0.77-2.84). The pooled OR from five prospective cohort studies revealed a
strong association between H. pylori and CGC (OR = 2.32, 95% CI 1.47-3.66).

Conclusions: East Asia bears a significant burden of H. pylori-related CGC. A clear association between H. pylori infection and
CGC was observed in this region.

Introduction dence continues to show an upward trend.?

East Asia has a 54.1% overall Helicobacter pylori (H. pylori)
infection rate, which is significantly higher than that of other
regions. Furthermore, this region bears a high burden of gastric

cancer related to H. pylori infection.? Several studies have iden-

According to statistical sources, there were more than 960,000 new
cases of gastric cancer worldwide in 2022, with about 660,000 fa-
talities. Gastric cancer is the fifth most prevalent malignancy and
the fifth leading cause of cancer-related death globally. It can be

divided into two subsites based on anatomical location: cardia gas-
tric cancer (CGC) and non-cardia gastric cancer (NCGC).! East
Asia has the highest incidence of CGC in the world, and the inci-
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tified a substantial connection between H. pylori infection and
NCGC.* Correa described the progression from H. pylori infec-
tion, chronic gastritis, chronic atrophic gastritis, intestinal meta-
plasia, and atypical hyperplasia to cancer, a pathway widely rec-
ognized in NCGC.5 Additionally, H. pylori eradication therapy has
been shown to reduce the incidence of gastric cancer and related
mortality.® However, the relationship between H. pylori and CGC
has remained controversial due to the unique anatomical position
of CGC. A previous meta-analysis found a positive correlation in
East Asia (odds ratio (OR) = 2.9, 95% confidence interval (CI)
2.3-2.6) and a negative correlation in the West (OR = 0.8, 95%
CI 0.6-1.0).* A recent multicenter prospective case-control study
of 500,000 Chinese individuals found that at least 78% of NCGC

© 2024 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License (CC BY-NC 4.0), which
permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided. “This article has been published
in Cancer Screening and Prevention at https://doi.org/10.14218/CSP.2024.00016 and can also be viewed on the Journal’s website
at https://www.xiahepublishing.com/journal/csp”.
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and 62% of CGC can be attributed to H. pylori.” However, the lat-
est meta-analysis included studies on duplicate populations, which
may have affected the results.* Therefore, our goal was to more
convincingly evaluate the relative risk of H. pylori infection and
CGC in Asian populations.

Materials and methods

Search strategy

This systematic review and meta-analysis, registered in PROS-
PERO (CRD42023432339), was conducted in accordance with
the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) 2020 statement.® All relevant studies were
retrieved from three databases, including PubMed, Embase, and
Web of Science, from their inception up to June 30, 2024. The
following search terms were utilized: (“‘cardia” OR “proximal”
OR “esophagogastric junction” OR “gastroesophageal junction™)
AND (“neoplasm” OR “tumor” OR “cancer” OR “neoplasia” OR
“carcinoma” OR “adenocarcinoma”) AND (“helicobacter pylori”
OR “helicobacter nemestrinae” OR “campylobacter pylori” OR
“H. pylori”). The detailed search strategy is provided in Table S1.
Additionally, reference lists of relevant studies were checked to
identify additional eligible studies. Two collaborators indepen-
dently retrieved and evaluated the included studies, with disagree-
ments resolved through consensus.

Inclusion and exclusion

All studies investigating the association between H. pylori infec-
tion and CGC in Asian populations were considered for screen-
ing. H. pylori detection methods included histology, rapid urease
testing, culture, serology, or carbon-urea breath testing. The inclu-
sion criteria were carefully defined: (1) the study type included
case-control, cross-sectional, or cohort studies; (2) the exposure
variable was H. pylori infection; (3) the case group involved CGC,
and the control group was free of gastric cancer; (4) the population
was from Asian countries; (5) studies provided sufficient data to
estimate ORs or risk ratios; and (6) studies were published in Eng-
lish with full text available. We attempted to exclude other types
of gastroesophageal junction carcinoma, such as distal esophageal
adenocarcinoma. Case reports, letters, comments, reviews, and du-
plicate publications were excluded.

Data extraction

Two authors extracted detailed information from each included
study, including the first author, publication year, country, patient
characteristics (age, sex), study design (study type, follow-up time,
method of H. pylori detection), definition of CGC, and details of
the case and control groups (sample size, H. pylori infection status,
outcomes).

Quality assessment and risk of bias

The methodological quality of eligible studies was independently
assessed by two authors using the Newcastle-Ottawa Scale for
case-control and cohort studies. Studies with scores ranging from
seven to nine points were considered high quality. The risk of
bias was assessed using ROBINS-E, a tool for non-randomized
exposure studies, across several domains, including confounding,
participant selection, exposure measurement, post-exposure inter-
ventions, missing data, outcome measurement, and selection of re-
ported results.” A study was considered to have a high risk of bias
if bias was present in at least one of the seven domains.
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Statistical analysis

Pooled ORs with 95% ClIs were calculated to assess the association
between H. pylori and CGC. The model used was based on hetero-
geneity results, which were analyzed using the chi-squared (3?) test
(Cochran’s Q) and the inconsistency index (/2). A random-effect
model was employed when significant heterogeneity was identi-
fied (y? P < 0.05 or I2 > 50%); otherwise, a fixed-effect model was
applied. The aim of our analysis was to investigate the associa-
tion between H. pylori infection and the risk of CGC. Subgroup
analyses were conducted to explore effect modification based on
study-level factors such as country, detection time of H. pylori,
publication year, and duration of follow-up. Sensitivity analyses
were performed to explore potential sources of heterogeneity. Pub-
lication bias was evaluated using funnel plots (Begg’s and Egger’s
regression tests). All analyses were performed using Review Man-
ager V.5.4 and STATA 15, with statistical significance defined as
P <0.05.

Results

Literature search and study characteristics

The PRISMA flowchart is presented in Figure 1. The preliminary
literature search yielded a total of 4,308 articles from PubMed,
Embase, and Web of Science. After removing 1,829 duplicates
and excluding 2,393 unrelated articles based on title and abstract
screening, 86 studies remained for full-text review. Finally, 24 full-
text articles were included in the final analysis,”1%-32 after exclud-
ing six studies that used duplicate populations.’3-3% The analysis
involved 2,529 CGC cases and 52,556 control subjects. The study
populations of the 24 included studies were from Asian countries
(eight in China, nine in Japan, five in Korea, and two in Iran). The
characteristics and quality scores of the eligible articles are shown
in Table 1. Using the ROBINS-E risk of bias tool, three studies
were rated as high risk of bias, six as moderate risk, and the re-
mainder as low risk (Fig. 2).

Pooled data

The pooled OR for the association between H. pylori and CGC
in Asian countries was 2.20 (95% CI 1.73-2.80), with significant
heterogeneity (P = 66%, P < 0.001), based on a random-effect
model (Fig. 3).

Subgroup analysis

Stratification by country

The included studies were from Asian countries. A significant as-
sociation between H. pylori and CGC was observed in East Asian
countries, including China (OR = 2.12 [95% CI 1.63-2.77], P =
58%, P <0.001), Japan (OR =2.21 [95% CI 1.16-4.20], I> = 78%,
P =0.02), and Korea (OR =2.36 [95% CI 1.58-3.54], I> = 15%, P
< 0.01), but not in Iran (OR = 1.48 [95% CI 0.77-2.84], I> = 0%,
P =0.24) (Fig. 4a).

Stratification by detection time of H. pylori

It is possible that H. pylori infection could be cleared as the can-
cer progresses.’**0 Identifying the status of H. pylori before ma-
lignancy develops can help reduce false-negative results to some
extent. Seven articles, including five cohort studies and two nested
case-control studies, detected the status of H. pylori before the on-
set of CGC. A comparable correlation was observed regardless of
H. pylori detection time (OR =2.03 [95% CI 1.32-3.12], I> = 69%,
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Identification of studies via databases ]

Records identified from three
databases (n = 4308)
PubMed (n = 863)
Embase (n = 1265)
Web of Science (n = 2180)

A 4

Records screened
(n=2479)

> Duplicates (n = 1829)

Records excluded based on title
or abstract:
Reviews (n = 560)

'

Reports sought for retrieval
(n=86)

Y

Reports assessed for eligibility
(n =86)

Studies included in

meta-analysis (n = 24)

Fig. 1. Flowchart of the systematic search and selection process.

P =0.001; OR = 2.27 [95% CI 1.67-3.09], 12 = 66%, P < 0.001)
(Fig. 4b).

Stratification by publication time

Between 1990-2000 and 2000-2010, there was a significant as-
sociation between H. pylori and CGC (OR = 2.83 [95% CI 1.55-
5.19], 2 = 58%, P < 0.001; OR = 2.10 [95% CI 1.55-2.86], I*
= 48%, P < 0.001). However, the pooled studies published from
2010 to 2020 showed no correlation (OR = 1.56 [95% CI 0.73—
3.32], 2 =72%, P = 0.25) (Fig. 5a).

Stratification by follow-up time

Seven of the studies were retrospective or prospective cohort stud-

144

> Case reports (n = 74)
Irrelevant topics (n = 1759)

Reports not retrieved (n = 0)

Reports excluded:
Reviews (n = 16)
Western population (n = 30)
Insufficient data (n = 8)
Same population (n = 6)

Lack of control group (n = 2)

ies, with five being prospective studies with a follow-up period
of more than five years. The pooled data analysis of five studies
revealed a notable association between H. pylori and CGC (OR =
2.32 [95% CI 1.47-3.66], I> = 75%, P < 0.001), while no correla-
tion was seen in two studies with follow-ups of less than five years
(OR =0.94 [95% CI 0.36-2.46], I> = 0%, P = 0.90) (Fig. 5b).

Publication bias and sensitivity analysis

Publication bias was evaluated using Begg’s and Egger’s tests. No
substantial publication bias was observed (P-value of Begg’s test
= 0.980, P-value of Egger’s test = 0.503) (Fig. S1). Furthermore,
visual inspection of the funnel plot shapes revealed no significant
evidence of asymmetry among the studies (Fig. 6). The study by
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CGC Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
Chen 2009 Taiwan,China 30 41 118 205 4.6% 2.01[0.96, 4.23]
Cho 2010 Korea 181 216 375 562 6.7% 2.58[1.72, 3.86] —_—
Derakhshan 2008 Iran 44 53 39 53 3.6% 1.75[0.68, 4.50] T
Gao 2022 China 270 349 1221 1859 7.5% 1.79[1.37, 2.34] -
Horii 2011 Japan 11 23 34 46 3.2% 0.32[0.11, 0.92] e —
Inoue 2020 Japan 45 50 12536 18511 3.7% 4.29[1.70, 10.81] —_—
Kamangar 2007 China 473 582 727 992 7.5% 1.58 [1.23, 2.03] -
Kato 2004 Japan 65 86 3300 6578 6.1% 3.07 [1.88, 5.04] —_—
Kikuchi 1995 Japan 30 35 80 203 3.4% 9.22 [3.44, 24.77] e —
Kikuchi 2000 Japan 160 186 561 1007 6.5% 4.89[3.17, 7.54] I
Kim 1997 Korea 8 12 83 160 2.6% 1.86 [0.54, 6.41] I
Kim 2012 Korea 51 60 197 270 4.5% 2.10[0.98, 4.48] —
Komoto 1998 Japan 13 14 82 105 1.1% 3.65 [0.45, 29.36]
Lee 1998 Korea 13 17 46 113 2.8%  4.73[1.45, 15.43] e —
Shakeri 2015 Iran 135 142 259 276 3.8% 1.27[0.51, 3.13] I
Shibata 1996 Japan 3 5 35 50 1.4% 0.64 [0.10, 4.25]
Shin 2005 Korea 4 6 20 24 1.2% 0.40 [0.05, 2.98]
Suzuki 2007 Japan 18 22 821 1042 3.0% 1.21[0.41, 3.62] s E—
Wu 2009 Taiwan,China 21 29 160 395 4.1% 3.86 [1.67, 8.92] e
Xie 2020 China 12 23 418 1225 4.2% 2.11[0.92, 4.81] —
Yamaoka 1999 Japan 15 23 15 23 2.7% 1.00 [0.30, 3.37] S E—
Yan 2024 China 46 76 8233 18233 6.3% 1.86[1.17, 2.95] —_—
Yang 2021 China 402 436 378 500  6.7% 3.82 [2.54, 5.72] —_
Yuan 1999 China 39 43 108 124 2.8% 1.44 [0.45, 4.59] s
Subtotal (95% CI) 2529 52556 100.0% 2.20 [1.73, 2.80] <
Total events 2089 29846
Heterogeneity: Tau? = 0.18; Chi? = 67.94, df = 23 (P < 0.00001); I*> = 66%
Test for overall effect: Z = 6.44 (P < 0.00001)
Total (95% CI) 2529 52556 100.0% 2.20 [1.73, 2.80] ‘
Total events 2089 29846
Heterogeneity: Tau? = 0.18; Chi? = 67.94, df = 23 (P < 0.00001); I*> = 66% ’0 o1 051 150 100’

Test for overall effect: Z = 6.44 (P < 0.00001)

Fig. 3. Forest plot for Helicobacter pylori infection among cardia gastric cancer. Cl, confidence interval; IV, inverse variance.

analysis. The stability of the results was confirmed, as no single
study significantly influenced the pooled OR (Fig. 7). When com-
bined with the results of the subgroup analysis, the heterogeneity
was attributed to various factors, including differences in the defi-
nition of CGC, study population, and H. pylori detection methods.

Discussion

The incidence rate of CGC is increasing in Asian countries. The
proportion of CGC in Japan has risen from 2.3% to 10.0% in re-
cent years.*! In high-incidence areas of China, the rate can reach
50/100,000.#2 The risk factors and etiology of CGC are debatable
but appear to be related to geography and ethnicity. Previous stud-
ies have yielded contradictory conclusions about the relationship
between H. pylori and CGC.#*346 Han et al.* conducted a meta-
analysis that demonstrated a significant association between H.
pylori infection and CGC in East Asia, but the analysis included
studies using duplicated populations. Moreover, the most recent
meta-analysis by Gu et al.* completed the literature search in De-
cember 2021. Recent papers could significantly affect these con-
clusions. Therefore, we updated the literature and excluded stud-
ies using duplicated populations to analyze any new associations
between H. pylori and CGC in Asia.

A total of 24 studies were included in our meta-analysis. The H.
pylori infection rate in CGC cases was 2.20 times greater than that
in the control group, confirming that H. pylori is a clear risk factor
for CGC. At the same time, we conducted a subgroup analysis for
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different countries. The outcomes revealed that infected individu-
als from East Asia (China, Japan, and Korea) had a twofold higher
risk of developing CGC than the control group, whereas no cor-
relation was found in Iran. Our analysis only included two Western
Asia-related studies from Iran. Western Asia has much lower age-
standardized incidence rates of stomach and esophageal malignan-
cies than Eastern Asia, which ranks first.*® Additionally, several
previous studies confirmed a null or negative correlation between
H. pylori and CGC in Western populations or low-incidence re-
gions.*#344:46 Hence, a positive association between H. pylori and
CGC was only observed in East Asia.

Because of the unique location of the esophagogastric junction
(GEJ), CGC is likely a heterogeneous tumor originating from dif-
ferent mucosal types. Internationally, various definitions and clas-
sification standards exist. The Siewert classification, proposed
in 1987 and extensively used, refers to adenocarcinomas located
within 5 cm of the GEJ, including type I (located 1 to 5 cm above
the GEJ), type II (located 1 cm above to 2 cm below the GEJ),
and type III (located 2 to 5 cm below the GEJ).** The Kyoto In-
ternational Consensus Report in 2022 stated that adenocarcinomas
within 1 cm of the GEJ should be classified as “cardia cancer”.3
Several studies have found geographical variations in the patho-
genesis of CGC. In the West, it is often associated with excessive
gastric acid damage caused by gastroesophageal reflux disease,
similar to esophageal adenocarcinoma. In East Asia, CGC is asso-
ciated with gastric mucosal atrophy induced by H. pylori infection,
similar to distal gastric cancer.!>3:52 Urabe et al.53 demonstrated
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a CGC Control 0Odds Ratio 0Odds Ratio
Study or Subgroup Events Total Events Total Weight 1V, di 95% CI v, d 95% ClI
China
Chen 2009 Taiwan,China 30 41 118 205 8.6% 2.01[0.96, 4.23] | E—
Gao 2022 China 270 349 1221 1859 20.5% 1.79[1.37, 2.34] -
Kamangar 2007 China 473 582 727 992 21.1% 1.58 [1.23, 2.03] -
Wu 2009 Taiwan,China 21 29 160 395 7.2% 3.86 [1.67, 8.92] e
Xie 2020 China 12 23 418 1225 7.4% 2.11[0.92, 4.81] S
Yan 2024 China 46 76 8233 18233 14.6% 1.86 [1.17, 2.95] —
Yang 2021 China 402 436 378 500 16.2% 3.82[2.54,5.72] -
Yuan 1999 China 39 43 108 124 4.4% 1.44 [0.45, 4.59] I e —
Subtotal (95% CI) 1579 23533 100.0% 2.12 [1.63, 2.77] <&
Total events 1293 11363
Heterogeneity: Tau? = 0.07; Chi? = 16.49, df = 7 (P = 0.02); I* = 58%
Test for overall effect: Z = 5.54 (P < 0.00001)
Japan
Horii 2011 Japan 11 23 34 46 11.4% 0.32[0.11, 0.92] —_—
Inoue 2020 Japan 45 50 12536 18511 12.3%  4.29[1.70, 10.81] —_—
Kato 2004 Japan 65 86 3300 6578 15.0% 3.07 [1.88, 5.04] —_—
Kikuchi 1995 Japan 30 35 80 203  11.8% 9.22[3.44, 24.77] —_—
Kikuchi 2000 Japan 160 186 561 1007 15.3% 4.89[3.17, 7.54] -
Komoto 1998 Japan 13 14 82 105 6.0%  3.65[0.45, 29.36] S e ——
Shibata 1996 Japan 3 5 35 50 6.8% 0.64 [0.10, 4.25] T
Suzuki 2007 Japan 18 22 821 1042 11.1% 1.21[0.41, 3.62] D —
Yamaoka 1999 Japan 15 23 15 23 10.4% 1.00 [0.30, 3.37] I
Subtotal (95% CI) 444 27565 100.0% 2.21[1.16, 4.20] -
Total events 360 17464
Heterogeneity: Tau? = 0.66; Chi? = 36.09, df = 8 (P < 0.0001); I> = 78%
Test for overall effect: Z = 2.41 (P = 0.02)
Korea
Cho 2010 Korea 181 216 375 562 53.3% 2.58[1.72, 3.86] -
Kim 1997 Korea 8 12 83 160 9.7% 1.86 [0.54, 6.41] T
Kim 2012 Korea 51 60 197 270  22.6% 2.10[0.98, 4.48] =
Lee 1998 Korea 13 17 46 113 10.5%  4.73[1.45, 15.43] s —
Shin 2005 Korea 4 6 20 24 3.9% 0.40 [0.05, 2.98] i
Subtotal (95% ClI) 311 1129 100.0% 2.36 [1.58, 3.54] o
Total events 257 721
Heterogeneity: Tau? = 0.04; Chi? = 4.73, df = 4 (P = 0.32); I = 15%
Test for overall effect: Z = 4.19 (P < 0.0001)
Iran
Derakhshan 2008 Iran 44 53 39 53 48.0% 1.75 [0.68, 4.50] —T
Shakeri 2015 Iran 135 142 259 276 52.0% 1.27[0.51, 3.13] —1—
Subtotal (95% CI) 195 329 100.0% 1.48 [0.77, 2.84] B
Total events 179 298
Heterogeneity: Tau? = 0.00; Chi? = 0.24, df = 1 (P = 0.62); I* = 0%
Test for overall effect: Z = 1.18 (P = 0.24)
0.01 0.1 10 100
b cGc Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight IV, d 95% CI v, d 95% CI
H.pylori detection before cancer
Inoue 2020 Japan 45 50 12536 18511 11.8% 4.29[1.70, 10.81] —
Kamangar 2007 China 473 582 727 992 24.1% 1.58[1.23, 2.03] -
Shin 2005 Korea 4 6 20 24 3.9% 0.40 [0.05, 2.98] -1
Suzuki 2007 Japan 18 22 821 1042 9.7% 1.21[0.41, 3.62] e —
Yan 2024 China 46 76 8233 18233 20.2% 1.86[1.17, 2.95] —
Yang 2021 China 402 436 378 500 21.3% 3.82[2.54,5.72] —
Yuan 1999 China 39 43 108 124 9.0% 1.44[0.45, 4.59] N B
Subtotal (95% CI) 1215 39426 100.0% 2,03 [1.32,3.12] L 2
Total events 1027 22823
Heterogeneity: Tau? = 0.18; Chi? = 19.39, df = 6 (P = 0.004); I> = 69%
Test for overall effect: Z = 3.24 (P = 0.001)
H.pylori detection when cancer
Chen 2009 Taiwan,China 30 41 118 205 6.7% 2.01[0.96, 4.23] —
Cho 2010 Korea 181 216 375 562 9.3% 2.58[1.72, 3.86] -
Derakhshan 2008 Iran 44 53 39 53 5.4% 1.75 [0.68, 4.50] e E—
Gao 2022 China 270 349 1221 1859 10.2% 1.79[1.37, 2.34] -
Horii 2011 Japan 11 23 34 46 4.8% 0.32[0.11, 0.92] e —
Kato 2004 Japan 65 86 3300 6578 8.6% 3.07[1.88, 5.04] I
Kikuchi 1995 Japan 30 35 80 203 5.2%  9.22[3.44, 24.77] [ —
Kikuchi 2000 Japan 160 186 561 1007 9.1% 4.89 [3.17, 7.54] —_—
Kim 1997 Korea 8 12 83 160 4.0% 1.86 [0.54, 6.41] T
Kim 2012 Korea 51 60 197 270 6.6% 2.10[0.98, 4.48] —
Komoto 1998 Japan 13 14 82 105 1.8%  3.65[0.45, 29.36] e
Lee 1998 Korea 13 17 46 113 4.2%  4.73[1.45, 15.43] —_—
Shakeri 2015 Iran 135 142 259 276 5.7% 1.27[0.51, 3.13] I —
Shibata 1996 Japan 3 5 35 50 2.1% 0.64 [0.10, 4.25] e —
Wu 2009 Taiwan,China 21 29 160 395 6.1% 3.86[1.67, 8.92] —
Xie 2020 China 12 23 418 1225 6.1% 2.11[0.92, 4.81] S
Yamaoka 1999 Japan 15 23 15 23 4.1% 1.00 [0.30, 3.37] I —
Subtotal (95% CI) 1314 13130 100.0% 2.27 [1.67, 3.09] L 2
Total events 1062 7023
Heterogeneity: Tau? = 0.22; Chi? = 46.65, df = 16 (P < 0.0001); I = 66%
Test for overall effect: Z = 5.23 (P < 0.00001)
0.01 0.1 10 100

Fig. 4. Subgroup analysis (a) by countries; (b) by detection time of Helicobacter pylori. CGC, cardia gastric cancer; Cl, confidence interval; IV, inverse variance,
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a

CGC Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
1990-2000
Kikuchi 1995 Japan 30 35 80 203 14.8% 9.22 [3.44, 24.77] . E—
Kikuchi 2000 Japan 160 186 561 1007 21.7% 4.89[3.17, 7.54] —=
Lee 1998 Korea 13 17 46 113 12.7% 4.73 [1.45, 15.43] I —
Komoto 1998 Japan 13 14 82 105 6.3% 3.65 [0.45, 29.36]
Kim 1997 Korea 8 12 83 160 12.1% 1.86 [0.54, 6.41] I e —
Yuan 1999 China 39 43 108 124 12.9% 1.44 [0.45, 4.59] N
Yamaoka 1999 Japan 15 23 15 23 12.3% 1.00 [0.30, 3.37] . S—
Shibata 1996 Japan 3 5 35 50 7.2% 0.64 [0.10, 4.25] -1
Subtotal (95% CI) 335 1785 100.0% 2.83 [1.55, 5.19] .
Total events 281 1010
Heterogeneity: Tau? = 0.39; Chi® = 16.63, df = 7 (P = 0.02); I*> = 58%
Test for overall effect: Z = 3.37 (P = 0.0008)
2000-2010
Wu 2009 Taiwan,China 21 29 160 395 9.3% 3.86 [1.67, 8.92] -
Kato 2004 Japan 65 86 3300 6578 17.2% 3.07 [1.88, 5.04] —
Cho 2010 Korea 181 216 375 562 20.3% 2.58[1.72, 3.86] =
Chen 2009 Taiwan,China 30 41 118 205 11.0% 2.01[0.96, 4.23] |
Derakhshan 2008 Iran 44 53 39 53 7.9% 1.75 [0.68, 4.50] 1T
Kamangar 2007 China 473 582 727 992  25.8% 1.58[1.23, 2.03] -
Suzuki 2007 Japan 18 22 821 1042 6.3% 1.21[0.41, 3.62] 1
Shin 2005 Korea 4 6 20 24 2.2% 0.40 [0.05, 2.98]
Subtotal (95% CI) 1035 9851 100.0% 2.10 [1.55, 2.86] 2
Total events 836 5560
Heterogeneity: Tau? = 0.08; Chi? = 13.49, df = 7 (P = 0.06); I* = 48%
Test for overall effect: Z = 4.76 (P < 0.00001)
2010-2020
Inoue 2020 Japan 45 50 12536 18511 19.6% 4.29[1.70, 10.81] —
Xie 2020 China 12 23 418 1225 20.8% 2.11[0.92, 4.81] =
Kim 2012 Korea 51 60 197 270 21.7% 2.10[0.98, 4.48] =
Shakeri 2015 Iran 135 142 259 276  19.8% 1.27[0.51, 3.13] e —
Horii 2011 Japan 11 23 34 46  18.1% 0.32[0.11, 0.92] . E—
Subtotal (95% CI) 298 20328 100.0% 1.56 [0.73, 3.32] L
Total events 254 13444
Heterogeneity: Tau? = 0.53; Chi? = 14.54, df = 4 (P = 0.006); I = 72%
Test for overall effect: Z = 1.15 (P = 0.25)

0.01 0.1 10 100
b

CGC Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% ClI
Follow-up time <Syears
Shin 2005 Korea 4 6 20 24 22.9% 0.40 [0.05, 2.98] =
Suzuki 2007 Japan 18 22 821 1042 77.1% 1.21[0.41, 3.62] i
Subtotal (95% CI) 28 1066 100.0% 0.94 [0.36, 2.46]
Total events 22 841
Heterogeneity: Tau? = 0.00; Chi? = 0.90, df = 1 (P = 0.34); I = 0%
Test for overall effect: Z = 0.13 (P = 0.90)
Follow-up time >Syears
Inoue 2020 Japan 45 50 12536 18511 13.6% 4.29[1.70, 10.81] .
Kamangar 2007 China 473 582 727 992  28.0% 1.58[1.23, 2.03] -
Yan 2024 China 46 76 8233 18233 23.3% 1.86 [1.17, 2.95] —
Yang 2021 China 402 436 378 500 24.7% 3.82 [2.54, 5.72] —
Yuan 1999 China 39 43 108 124 10.4% 1.44 [0.45, 4.59] I e —
Subtotal (95% CI) 1187 38360 100.0% 2.32 [1.47, 3.66] <o
Total events 1005 21982
Heterogeneity: Tau? = 0.18; Chi2 = 16.09, df = 4 (P = 0.003); I2 = 75%
Test for overall effect: Z = 3.60 (P = 0.0003)

0.01 0.1 10 100

Fig. 5. Subgroup analysis (a) by publication time; (b) by duration of follow-up time. CGC, cardia gastric cancer; Cl, confidence interval; IV, inverse variance.
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Fig. 6. Funnel plot. OR, odds ratio.

that gastric cancers and type 1l adenocarcinoma of the esophago-
gastric junction had a similar background mucosal type. Based on
survey data from three high-incidence areas in China, the long-
term morbidity and mortality risk of CGC increased as the sever-
ity of cardia mucosal lesions increased. Trend analysis revealed
a positive correlation between the degree of mucosal lesions and
the H. pylori infection rate.>* To summarize, severe mucosal at-
rophy and intestinal metaplasia increase the risk of CGC to some
extent. The question of whether its occurrence and development
follow the path of Correa needs further exploration. Additionally,
the strain type of H. pylori and host susceptibility also play roles
in the complex process of carcinogenesis. Current clinical research

Zhu Y. et al: Relationship between H. pylori and CGC

has found that compared to NCGC, CGC tends to present at a later
pTNM stage and has worse clinical outcomes.5® Therefore, identi-
fying risk factors, performing early screening, and implementing
interventions are critical in clinical practice.

In addition, the accuracy of H. pylori status is affected by vari-
ous factors. The first issue involves methodological limitations. In
one prospective study, the relationship between H. pylori and the
risk of NCGC assessed by immunoblot was more than threefold
higher than that assessed by ELISA (enzyme linked immunosorb-
ent assay),’® indicating that detection techniques have different
sensitivity levels. Secondly, anti-H. pylori therapy for atrophic
gastritis prior to malignancy should be considered. Moreover, both
histological infection and serological antibody titers of H. pylori
may be cleared or decreased as cancer progresses.® As a result,
the H. pylori infection rate may be underestimated due to the fac-
tors described above. We performed a subgroup analysis based on
the detection time of H. pylori and found that there was a consist-
ent correlation regardless of detection time, and heterogeneity was
not primarily due to this factor. The results from five prospective
cohort studies appear to be more reliable. We did not conduct a
subgroup analysis of different detection methods because only a
few studies employed the immunoblot method.

This meta-analysis has certain limitations. First, although we
performed sensitivity analysis to evaluate the stability of the re-
sults, the source of heterogeneity remains somewhat difficult to
explain. At least half of the studies contributed to the heterogene-
ity. On the one hand, the criteria for CGC in various studies have
not been standardized, resulting in heterogeneity in study popula-
tions. Second, various methods were used to detect H. pylori. Stud-
ies focusing on younger patients may also have contributed to the
heterogeneity. Third, the majority of the included studies were ret-
rospective case-control studies, which are subject to selection bias

Meta-analysis estimates, given named study is omitted
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and confounding variables. Although most studies were matched
by age and gender, other risk factors, including diet, smoking, al-
cohol consumption, gastroesophageal reflux disease, and gastroin-
testinal ulcers, may confound the relationship between H. pylori
and CGC.%’ Additional adjustments are required for these risk vari-
ables. Furthermore, our conclusions primarily focus on East Asian
populations due to the lack of sufficient information from coun-
tries outside East Asia. Despite the constraints of our study, we
updated the latest relevant literature. In addition, we identified and
excluded studies using duplicate population cohorts, compared to
a prior meta-analysis.* In summary, H. pylori infection is a risk
factor for CGC in East Asia. It is meaningful to conduct early de-
tection and intervention.

Conclusions

East Asia bears a significant burden of CGC, where a positive as-
sociation between H. pylori infection and CGC has been observed.
We anticipate the development of more reliable endoscopic tech-
niques and pathology diagnostics to better identify the origin of
cancer in the gastroesophageal junction area. Additionally, more
valuable prospective cohort studies and randomized controlled tri-
als are needed. Identification of risk factors and early intervention
are critical for reducing the incidence of CGC.
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Abstract

Pancreatic cancer (PC) remains a formidable challenge in oncology due to its notoriously poor prognosis, often resulting from
late-stage diagnosis. Early detection through effective screening methods is crucial not only to improving patient outcomes
but also to enhancing their quality of life. This review focuses on the latest advancements in PC screening and early diagnostic
strategies. Key areas include the integration of artificial intelligence in radiology, the search for novel biomarkers, and the de-
velopment of predictive models. This review aimed to provide a comprehensive overview, serving as a stepping stone toward
transforming early detection strategies for PC in the digital age.

Introduction

Aggressive progression and insidious symptoms often result in
pancreatic cancer (PC) patients receiving diagnoses at late stages.
Therefore, treatment landscapes and survival rates have remained
pessimistic, even with advancements in oncology. According to
Cancer Statistics 2024, PC ranked 4th among the leading causes
of cancer death across all age groups in the United States, with an
estimated 66,440 new cases and 51,750 deaths reported in 2024.!
In China, 118,672 new PC cases were reported in 2022, with an
incidence rate of 4.4 per 100 and a mortality rate of 3.9 per 100. In
contrast, global statistics reported 510,992 new cases, an incidence
rate of 4.7 per 100, and a mortality rate of 4.2 per 100.%
Ethnically, the Asian population may be more susceptible to
PC in the presence of certain disease backgrounds, such as gall-
stones and Crohn’s disease.>* Additionally, the large number of PC
patients and deaths in China has created significant medical and
socioeconomic burdens, warranting immediate attention. PC pa-
tients require a considerable amount of healthcare resources, lead-
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ing to a substantial number of hospitalizations and medical costs
significantly higher than those for other cancer types.’ The rising
incidence and associated costs have contributed to PC’s growing
burden, especially in regions with rapid economic growth and ag-
ing populations, such as China.®” PC’s 5-year overall survival rate
is currently 13%.! Early diagnosis, however, holds great promise
for improving patient outcomes, overall survival rates, and associ-
ated costs. Studies have shown that patients diagnosed at an early
stage exhibit significantly improved survival outcomes, with a me-
dian overall survival of nearly 10 years compared to 1.5 years for
those diagnosed at later stages.® Consequently, it is imminent to
implement prevention strategies and early detection programs to
screen this disease early.”

The challenge of conducting effective early screening for PC
stems from three main factors: 1. The lack of indicative risk fac-
tors; 2. the absence of reliable, specific, and sensitive screening
protocols; and 3. the relatively low prevalence of PC in the general
population. The mechanisms behind PC incidence and progression
remain poorly understood,® hindering the identification of serum
biomarkers strongly associated with early disease onset. While the
development of endoscopic ultrasonography (EUS) and endoscop-
ic retrograde cholangiopancreatography has improved sensitivity
and specificity in PC screening, issues such as a shortage of trained
operators and long appointment wait times have failed to meet
clinical needs.!’ Furthermore, the low sensitivity and laborious
protocols of current detection methods present significant obsta-
cles to large-scale screening efforts.!! Although serum biomarker
carbohydrate antigen 19-9 (CA19-9) is routinely used in clinics to
diagnose PC, its limited sensitivity and specificity undermine its
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Fig. 1. An illustration of integrating artificial intelligence in various regimes to aid in identifying pancreatic cancer promptly. Al, artificial intelligence.

atic juice.!S As more novel biomarkers, including proteins, genetic
signatures, DNA, RNA, and exosomes, are identified through liq-
uid biopsy,!’ integrated data may help reveal the mechanisms of
cancer development. Beyond screening, the application of liquid
biopsy extends to monitoring treatment response, evaluating prog-

reliability in early detection despite widespread use.'? Finally, the
relatively low prevalence of PC makes extensive screening infea-
sible.® Therefore, further research into imaging techniques, early-
stage biomarkers, and predictive risk factors is imperative for de-
veloping timely, specific, convenient, and cost-effective screening

methods.

This review will discuss the latest advancements in early PC de-
tection, including radiology, serum markers, and the incorporation
of artificial intelligence (Al). By critically evaluating the strengths
and limitations of existing technologies, this study endeavored to
elucidate optimal strategies for early detection protocol develop-
ment for scientists, engineers, and physicians (Fig. 1).

Advancements in diagnostic technologies

Significant strides have been made in radiology for screening pan-
creatic lesions in recent years. High-resolution computed tomog-
raphy (CT), magnetic resonance imaging (MRI) with diffusion-
weighted sequences, and EUS have emerged as front-line tools
for identifying pancreatic lesions at early stages, when curative
interventions may still be viable. EUS, particularly contrast-en-
hanced EUS, has enabled efficient imaging, differential diagnosis,
and staging of pancreatic lesions that might otherwise be missed
by other imaging modalities.!>!* Concurrently, advancements
in more sensitive molecular detection methods have rapidly ex-
panded biomarker research, leading to the identification of reliable
hematological indicators for early PC screening. Liquid biopsy, a
non-invasive technique, can detect various biomarkers, from cir-
culating tumor cells to tumor RNA, in blood, urine, and pancre-
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nosis, and identifying therapeutic targets.'®

In addition to developing more precise imaging and sampling
methods, the integration of Al into nearly every aspect of early
diagnostic tools has been unprecedented and indispensable. Al-
driven approaches show promise in streamlining the diagnostic
process. By synthesizing diverse sources of information from
radiology, serum biomarker panels, health records, etc., Al pro-
grams can potentially identify high-risk individuals and early-
stage pancreatic lesions with much greater accuracy than human
capabilities.®1® Undoubtedly, the incorporation of Al will enhance
the efficiency and precision of medical professionals’ work. How-
ever, various concerns accompany these advancements, requiring
comprehensive solutions to address biases, transparency, privacy,
liability, and ethical considerations.!’

CT, positron emission tomography (PET)-CT, & MRI

Diffusion-weighted imaging (DWI) and contrast were used to
further enhance MRI scan details. By analyzing water molecules,
DWI MRI can reveal tissue microstructures, enabling differentia-
tion between healthy and pathological regions with increased sen-
sitivity.!® MRI with DWI significantly improves diagnostic accu-
racy and the detection of early-stage cancer.!® Through the use of
contrast agent injections, dynamic contrast-enhanced MRI (DCE-
MRI) allows for both qualitative and quantitative assessments of
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tumor lesions. Although quantitative DCE-MRI is currently lim-
ited to clinical trials, ongoing efforts are proposing standardized
protocols for recruiting DCE-MRI to clinical practice.?’

Fibroblast activation protein (FAP), predominantly found in
activated fibroblasts associated with cancer, chronic inflamma-
tion, and fibrosis, is a type Il transmembrane protease with both
dipeptidyl peptidase and endopeptidase activities. FAP is involved
in tissue remodeling, angiogenesis, and collagen degradation. The
FAP inhibitor (FAPI) is a radiolabeled quinoline tracer designed
for PET.?! Specifically, [68Ga]Ga-FAPI-04 PET has demonstrat-
ed high expression in various cancers, including those with low
[18F]-FDG affinity, and minimal uptake in most healthy tissues.
Recent studies of [68Ga]Ga-FAPI-04 PET suggest its potential to
predict tumor invasiveness, provide prognostic information, and
assist in treatment decision-making.?>3

The increasing detail in medical imaging introduces an over-
whelming amount of information, often indecipherable to the hu-
man eye, providing an opportunity for Al to excel. Al applications
in medical imaging have ushered in a new era of early PC diagno-
sis, where robust feature detection and subtle pattern recognition
are now possible. Machine learning and deep learning algorithms
are particularly adept at analyzing complex imaging datasets from
medical scans, including CT, MRI, and PET scans, giving rise
to the new field of “radiomics”.24?5 These algorithms can detect
subtle changes in pancreatic morphology and identify small, po-
tentially malignant lesions that may escape traditional radiological
interpretation, allowing clinicians to detect pancreatic abnormali-
ties at an earlier and potentially more treatable stage. By training
algorithms with CT or MRI scans labeled with PC lesions, they
have shown higher sensitivity for PC diagnosis compared to radi-
ologists.?® Deep learning and radiomics not only enhance the ac-
curacy and efficiency of PC diagnosis but also demonstrate a high
level of generalizability, accommodating individuals from various
ethnic backgrounds (The performance of Al models was evaluated
using several key measures. The models achieved a mean accuracy
of 89.4%, ranging from 71.6% to 99%. The area under the curve
had a mean value of 88.05%, ranging from 86% to 95.3%. Preci-
sion averaged 69.1%, ranging from 14% to 99.5%. Sensitivity was
high, with a mean of 91.3%, ranging from 60% to 99.9%, while
specificity averaged 83.2%, with a range of 69.5% to 100%. These
results indicate strong overall performance across different met-
rics).1%20 Li et al.?” also developed a novel causality-driven graph
neural network to analyze CT scans. This innovative learning al-
gorithm yielded promising results in enhancing the stability and
generalization of early PC diagnosis and may serve as a valuable
clinical tool in the foreseeable future. Al technologies undoubtedly
hold great promise in developing automated systems to identify
subtle features indicative of early-stage PC. While there is still a
long way to go before Al technologies can function independently
in medical diagnosis, they could significantly aid physicians in im-
proving early detection rates and patient outcomes.*?

In summary, enhanced visualization and Al integration in medi-
cal imaging have significantly improved the accuracy and effi-
ciency of early detection, precise staging, and treatment planning
for PC.

Molecular imaging

In addition to detecting PC early by analyzing image features, Zhu
et al.?® developed a nanoplatform to deliver MRI contrast agents
with cancer specificity. These peptide-functionalized polymeric
magnetic nanoparticles were selectively internalized by PC cells
through specific bonding. This differential binding created a con-
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trast enhancement between healthy and cancerous pancreatic tis-
sue and holds promise for targeted imaging in the early diagnosis
of PC.?% A similar approach, where molecular-level targets were
selected to enable specific and sensitive imaging, was applied in
functional imaging techniques, including single-photon emission
computed tomography and PET. Wang et al.3? used a radioactively
labeled inhibitor to integrin a5 (ITGAS), a protein specifically
overexpressed in the pancreatic stroma, to enhance single-photon
emission computed tomography/CT scans of PC in a mouse xeno-
graft model. Though a preliminary study, this method offered valu-
able insights into how advances in imaging specificity and treat-
ment specificity could complement each other.

Al also played a role in accelerating biomarker recognition that
could be employed in molecular imaging. Combining Al with hy-
perpolarized magnetic resonance and multimodal imaging data fa-
cilitated the discovery of real-time biomarkers to detect PC early.?!
This fusion of Al with advanced imaging technologies holds great
promise for transforming the early detection and management of PC.

Endoscopic ultrasonography

Challenges exist when applying EUS to the early detection of PC.
Many different types of pancreatic lesions present with a similar
hypoechoic appearance on EUS, making it difficult to differentiate
between benign and malignant lesions based solely on images.?
Moreover, for pancreatic tumors around 2-3 cm, EUS can achieve
satisfying sensitivity compared to other radiological images, but
this sensitivity drops rapidly as lesion size decreases.?® It is espe-
cially challenging to widely adopt EUS for early diagnosis when
lesions are usually minimal. Though EUS images alone sometimes
fail to provide the sensitivity and accuracy desired for early PC
diagnosis, its visual guidance is undoubtedly valuable and has led
to advancements in operations, from biopsy of pancreatic tissue to
treatment and symptom relief 3

The application of Al in EUS-related operations is also notewor-
thy. Al algorithms, incorporating artificial neural networks and re-
gion-based convolutional neural networks, have been used for early
and precise PC identification. Al and endoscopists can help verify
each other’s judgments to avoid missed readings.?> In a meta-anal-
ysis by Yin et al.;’® Al-assisted image classification demonstrated
an accuracy of 0.95 in PC prediction, a sensitivity of 93%, and a
specificity of 90%. This high level of accuracy likely stems from
Al’s unbiased nature in reading image details, reducing the intrinsic
variability among EUS operators.’” Operating and interpreting EUS
results require years of specialized training. Unequal distribution of
EUS specialists can result in healthcare disparities, making certain
populations more susceptible to missed early PC diagnoses. Certain
Al algorithms have achieved specimen recognition levels compara-
ble to EUS experts, which could be crucial in reducing disparities
in timely PC diagnosis due to a lack of specialists.

In conclusion, EUS and its associated procedures are founda-
tional to the early diagnosis of pancreatic cancer, given their high
diagnostic accuracy, safety, and versatility in obtaining tissue sam-
ples for cytological and histological assessments. Al image classi-
fication offers great support to endoscopists by providing addition-
al security checks and could potentially reduce disparities in early
PC diagnosis. Moreover, live Al-assisted EUS operations or train-
ing programs could help improve PC patient outcomes by reducing
variability between skilled and less experienced EUS technicians.

Liquid biopsy

Exosomes are a significant liquid biopsy approach for the early di-
agnosis of PC due to their minimal invasiveness.?® Research by Yu
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et al3° developed a nanoliquid biopsy test to enhance PC exosome
detection while addressing low specificity and sensitivity, labor-
intensiveness, and technical obstacles. Liquid biopsy of cell-free
DNA has also demonstrated its potential as an adjunct to standard
care for PC patients.*

Piwi-interacting RNAs, which act as epigenetic modulators,
were identified from pancreatic tissue through liquid biopsy to dif-
ferentiate healthy individuals from PC patients. Additionally, the
detection of Piwi-interacting RNAs enhanced the diagnostic po-
tential of the serum marker CA19-9 for early PC detection.*!

However, the effectiveness of liquid biopsies for early can-
cer detection varies greatly depending on the technique and tu-
mor type. To improve performance, intensive inspections of the
circulome and comprehensive profiling of a panel of biomarkers,
including circulating tumor cells (CTCs), circulating tumor DNA
(ctDNA), extracellular vesicles, etc., could be applied, although
the diagnostic validity and accuracy warrant further investiga-
tion.*?

Liquid biopsy holds the potential to facilitate a prompt, mini-
mally invasive, and accurate diagnosis of PC. As more molecules
are discovered through liquid biopsy, understanding the genesis
and progression of cancer will improve, expediting early PC de-
tection.

Traditional serum markers

CA19-9 and carcinoembryonic antigen are widely used serum
markers in clinical practice to screen PC, despite their unsatisfac-
tory specificity and sensitivity.*> CA19-9, the sole biomarker au-
thorized by the United States Food and Drug Administration, is
more indicative of treatment response monitoring than early PC
detection.** Panel analysis of different biomarkers in combination
with CA19-9 has enhanced the accuracy of early PC detection.
Xiao et al.* created a detection panel consisting of the exosomal
surface protein glypican-1, an exosomal cluster of differentia-
tion-82, and serum CA19-9. This panel exhibited excellent diag-
nostic accuracy (AUC = 0.942) in distinguishing healthy individu-
als, pancreatitis patients, and PC patients, holding the potential to
become a standard PC screening protocol.*> Suehiro et al.*® also
evaluated the diagnostic performance of serum-methylated Home-
obox Al and methylated somatostatin in combination with CA19-
9 using the combined restriction digital PCR assay. The sensitivity
for stage I PC increased from 50% during a single-marker test of
CA19-9 to above 85% when other biomarkers were included in the
diagnosis.*® This multiplex approach shows promise in improving
the specificity and sensitivity of early PC screening.

Ongoing research is focused on identifying novel biomark-
ers and adjusting multi-marker panels. The diagnostic cocktail
of traditional markers combined with other macromolecules and
metabolic profiling data will further enhance screening methods to
detect PC at earlier stages.

Other serum markers

Metabolomic profiling involves the comprehensive analysis of
small-molecule metabolites in biological samples. Altered meta-
bolic pathways in PC cells can lead to distinct metabolite profiles
in patient biofluids and therefore could serve as a gateway for early
detection and disease monitoring. Research has delved into the role
of metabolites and genetic signatures, such as single nucleotide
polymorphisms, in predicting PC risk to enable early diagnosis and
therapeutic interventions.*’” Serum fatty acid synthase levels are
significantly elevated in PC patients and have been proposed as a
diagnostic marker for early PC detection.*® However, it is still un-
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clear how early fatty acid synthase levels rise in the bloodstream,
which complicates determining an appropriate timeline for early
PC diagnosis. Elevated levels of serum ferritin are also indicative
of PC and could be applied to identify at-risk individuals for early
intervention.*?

Furthermore, chronic inflammation markers, including C-reac-
tive protein, albumin, haptoglobin, and leukocytes, are associated
with the risk of PC. Analysis of these expression patterns could po-
tentially be used to assess PC risk.3” Another notable advancement
in isolating serum markers for PC involves utilizing a microfluidic
immunoassay system for the rapid detection and semi-quantitative
determination of the potential serum biomarker mesothelin.>!

CTCs

Many CTCs enter the bloodstream early in tumorigenesis through
passive shedding from the primary tumor site.5? Therefore, CTCs
are theoretically suitable for early cancer screening. CTCs were
identified and analyzed in PC alongside other macromolecules
through liquid biopsy for detection and early disease screening.!!
Vimentin was used as an antigen to extract serum CTCs in PC pa-
tients, presenting satisfactory diagnostic potency alongside CA19-
9.53 CTCs isolated from preoperative blood draws could predict
the early recurrence of PC, rendering them a valuable tool for
monitoring disease progression.5* In addition to serum, CTCs and
ctDNA from pancreatic juice have also been recognized for their
contributions to early PC diagnosis.5®

As more biomolecules become available through liquid biopsy,
CTCs are increasingly evaluated alongside other biomarkers to
provide more accurate and comprehensive information regarding
early tumor genesis and disease progression.

Exosomes

Primarily extracted through liquid biopsy, tumor exosomes (T-Ex-
os) have emerged as essential components of the biomarker panel
for early PC diagnosis. Yu et al.3° developed a nano-liquid biopsy
assay to detect PC T-Exos with excellent specificity, ultrahigh
sensitivity, and cost-effectiveness. T-Exos can be detected at con-
centrations as low as 78 pg/mL.3* Moreover, Li et al.5% employed
a hierarchical surface-enhanced Raman scattering substrate and a
rapid enrichment strategy using magnetic beads to successfully en-
hance the quantitative detection of exosomes specific to PC, even
at early stages.

Circulating nucleotides

ctDNA is fragmented tumor DNA released from tumor sites and
shows promise as a tumor-specific biomarker for PC.57 ctDNA
serves as a non-invasive tool for early diagnosis, molecular charac-
terization, and monitoring of tumor progression in PC. While pre-
operative ctDNA is a prognostic marker for poor survival, post-
operative ctDNA levels indicate minimal residual disease. ctDNA
also shares genetic information with the primary tumor site, thus
aiding in directing personalized treatment.>8

Two main approaches to identifying genetic alterations in ctD-
NA are advanced PCR-based techniques, which are highly sen-
sitive in targeting known mutations, and NGS-based techniques,
which can analyze multiple alterations in a single experiment,
albeit with a sacrifice of sensitivity.3-¢! Evaluation of ctDNA
through liquid biopsy presents a promising tool for early diagnosis
and personalized treatment of PC.%? A recent study by Bayle et
al %% found that ctDNA genetic testing could enhance and poten-
tially substitute tissue testing, based on data from over 1,000 en-
rolled patients. However, detecting ctDNA at lower concentrations
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remains challenging.5® Additionally, normal aging and the accu-
mulation of blood cell mutations could contribute to false positives
in ctDNA analysis.®

Circular RNAs also show promise as biomarkers for early diag-
nosis. hsa_circ_0013587, identified through qRT-PCR, is elevated
in serum samples of PC patients. Though detected in the early
stages of PC, the expression of hsa circ_ 0013587 is more upreg-
ulated in PC patients at later stages.®> Therefore, guidelines and
more reliable testing techniques are needed to ensure the detec-
tion of hsa_circ 0013587 at lower levels for early diagnosis. Long
non-coding RNAs are also being explored as potential biomarkers
for PC diagnosis and prognosis prediction, as they are involved in
various cellular functions.®

Integration of information by Al

As tumor cells are a dynamic biological entity, it is nearly impos-
sible to determine the existence of cancer-based on a singular re-
sult. Therefore, integrated information from a panel of multiple
biomarkers, including proteins, genetic mutations, and epigenetic
alterations, is being developed to improve diagnostic accuracy. To
manage the overwhelming amount of information, Al has become
a valuable tool for searching and interpreting non-invasive bio-
markers for the timely detection and intervention of PC.67

A deep learning model, Pancreatic Cancer Detection with Ar-
tificial Intelligence, demonstrated high accuracy in detecting
and classifying pancreatic lesions using non-contrast CT scans.
Trained on a dataset of 3,208 patients from a single center, this
model achieved an AUC ranging from 0.986 to 0.996 in a mul-
ticenter validation involving 6,239 patients across ten centers. It
outperformed the average radiologist’s performance by 34.1% in
sensitivity and 6.3% in specificity for identifying pancreatic ductal
adenocarcinoma. In real-world scenarios, the model achieved a
sensitivity of 92.9% and a specificity of 99.9% in detecting lesions
among 20,530 consecutive patients. Notably, the model’s perfor-
mance with non-contrast CT was comparable to radiology reports
using contrast-enhanced CT when distinguishing common pancre-
atic lesion subtypes. This accuracy instills confidence in applying
the model as a valuable tool for large-scale PC screening.®®

Moreover, mass spectrometry, machine learning, and liquid
biopsy have facilitated the identification of clusters of biomark-
ers for PC diagnosis.®® By amalgamating multiple biomarkers, re-
searchers aimed to overcome the limitations of existing screening
tools and enhance the overall management of PC.

Al has been instrumental in compiling imaging data, biomarker
profiles, and clinical information to identify subtle abnormalities
indicative of PC.'® Machine learning algorithms have helped inte-
grate diverse data sources to enhance patient care.

Screening and identifying high-risk individuals

From an epidemiological perspective, it is impossible to screen
the general population for PC. Therefore, medical professionals in
primary care or community medical facilities must identify high-
risk individuals to conduct routine and targeted screening. Routine
EUS and/or MRI/magnetic resonance cholangiopancreatography
(MRCP) are recommended for screening high-risk individuals
once they are identified.”

The development of PC is influenced by both genetic and envi-
ronmental factors.” Genetic factors include familial PC, hereditary
pancreatitis, known genetic mutations, and syndromes that render
certain populations more susceptible.”! A genome-wide associa-
tion study found that variants in the ABO locus are associated with
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a differential risk of PC, with blood types A and B contributing to
a higher risk compared to blood type O.”? SIK3 has been identified
as a potential new susceptibility gene predisposing its carriers to
PC.7 Germline pathogenic variants of genes, including BRCA1/2,
PALB2, ATM, and RADI17, are linked to familial PC cases.”’>
Variations at the single nucleotide level also exerted an effect on
PC risk; eight single nucleotide polymorphisms associated with
increased susceptibility have been identified on chromosomes
13g22.1, 1932.1, and 5p15.33.76

Furthermore, epigenetic modifications can alter PC risks. Joris
et al.” investigated methylome data and identified 45 cytosine-
phosphate-guanine (CpQ) sites associated with PC risk. These ge-
netic variations and their regulation predispose individuals to PC
and can influence familial aggregation patterns, highlighting the
importance of genetic testing in high-risk populations.

In addition to genetic factors, lifestyle choices such as alcohol
consumption and smoking, medical histories such as diabetes and
chronic pancreatitis, and environmental exposures play intricate
roles in PC risk.” Interactions between genetic predisposition
and environmental factors influence this risk. Significant asso-
ciations have been found between poor oral hygiene and NRSA2
rs2816938, as well as between obesity and PDX1 rs9581943, high-
lighting gene-environment interactions.>!

Collectively, lifestyle factors, medical histories, genetic poly-
morphisms, and gene-environment interactions influence the
elevated risk of PC. Therefore, it is essential to conduct a com-
prehensive analysis of these various components. Al and machine
learning can enhance patient risk stratification by integrating
a range of input factors, streamlining the identification of high-
risk individuals.”” Risk models based on clinical characteristics,
genetic polymorphisms, and biomarkers improve precision in dis-
ease recognition compared to models that rely solely on clinical
factors.”® Placido et al.” constructed Al models to retrospectively
analyze clinical data from millions of patients in Denmark and the
United States, identifying critical trajectories indicative of PC.
These models can significantly enhance surveillance programs for
at-risk patients to detect PC early.””

A combination of genetic, epigenetic, and environmental fac-
tors influences PC risk. Understanding the genetic backgrounds
that predispose individuals to PC is crucial for early detection and
intervention. Until widely available genetic testing and screening
become a reality, Al algorithms that analyze medical records and
lifestyle choices hold substantial promise in identifying at-risk in-
dividuals from the general population for further examination.

Challenges and advantages in applying Al to clinical settings

Al is a valuable tool that significantly enhances the early diag-
nosis of PC from various perspectives. Algorithms can efficiently
identify at-risk individuals by processing substantial amounts of
information from medical images, pathological examinations,
biomarkers, and other factors.® Al algorithms equip medical pro-
fessionals with precise decision-making tools for early screening,
diagnosis, and management of PC.3 This increased accessibility to
convenient screening approaches may also help alleviate dispari-
ties in medical services for disease management.

However, the application of Al in clinical practice is not with-
out concerns. Potential biases intrinsic to Al algorithms can lead
to skewed outcomes and decisions.®! A lack of transparency re-
garding information safety and associated risks is another major
concern. Significant gaps in documentation about Al training data
and ethical considerations raise issues of trust and accountabili-
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ty.82 Privacy concerns, challenges to job security among healthcare
professionals, and over-reliance on Al must all be carefully ad-
dressed.?? Additionally, the reallocation of responsibility between
Al and healthcare providers should be optimized to ensure maxi-
mum patient safety.%3

The new era of Al has prompted many professional fields to ad-
dress issues of data bias, transparency, privacy, liability, and ethi-
cal considerations in clinical settings. By actively acknowledging
these concerns, the integration of Al in the early diagnosis of PC
can be continuously optimized.

Future directions

Successful early diagnosis of an insidious malignancy such as
PC requires a multifaceted approach. Current challenges primar-
ily consist of a lack of highly specific and cost-effective markers
indicative of early stages, alongside high screening costs due to
the relatively low incidence among the general public. Therefore,
future research efforts should focus on developing low-cost, ef-
ficient, early, and specific screening strategies.

Studies on molecular pathways involved in early tumorigenesis
and progression, including CIRBP, p53, and RADSI, represent
significant advancements in developing early diagnostic regi-
mens.335 A deeper understanding of molecular mechanisms will
aid in identifying markers that emerge at increasingly earlier stages
of cancer development. As previously mentioned, these markers
could be utilized in molecular imaging to generate highly tumor-
specific scans, enabling radiologists to detect subtle changes that
might otherwise be overlooked.

The discovery of molecular biomarkers hinges on the develop-
ment of accurate and economical cell assays. Liquid biopsy has
ushered in a new era for detecting a broad range of molecules at
various cancer stages. However, its high material costs and com-
plex procedures remain significant barriers to widespread appli-
cation in routine screening. With AI’s assistance, the utility and
efficiency of liquid biopsy could be significantly amplified. Al
could help identify and analyze key targets in a panel of biomark-
ers, potentially simplifying the number of biomarkers needed in a
single test.

The development and application of Al tools for PC screen-
ing based on imaging results and medical records may be more
achievable than addressing other technical challenges that require
a deeper understanding of physical and life sciences. Collabora-
tion among Al developers, government officials, and medical pro-
fessionals is essential to resolve ethical and liability concerns and
facilitate the broad application of Al-assisted screening programs.

Last but not least, screening and advocacy efforts from clini-
cians to improve patient education represent the most cost-effec-
tive yet significant strategies. The impact of social determinants of
health on PC diagnosis and survival has garnered attention, with
studies suggesting that addressing modifiable social risk factors
could enhance early diagnosis rates and ultimately improve patient
outcomes.? Understanding the interplay between social determi-
nants of health and disease prognosis is crucial for developing ho-
listic approaches to PC management that extend beyond traditional
medical interventions.

Future directions in early diagnosis of PC lie in the collabora-
tion of innovative biomarker identification, the application of ar-
tificial intelligence tools, and the dedicated efforts of medical per-
sonnel. Continued interdisciplinary collaboration and translational
research are essential to realizing these transformative potentials
and addressing the challenges posed by this devastating disease.
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Despite the variety of advanced technologies available for early
diagnosis of PC, notable limitations persist. Current research on
these technologies is often superficial and lacks in-depth valida-
tion. While promising diagnostic tools, such as advanced imaging
techniques, biomarkers, and liquid biopsies, have been developed,
their clinical translation and prospects for general adoption remain
limited. The gap between theoretical advancements and practical
implementation in clinical settings needs to be narrowed.

Although this article proposes a novel early diagnostic model
based on Al, the supporting research for its clinical application is
sparse. Relatively few studies explore how Al-based models per-
form in real-world clinical environments, limiting our understand-
ing of their efficacy and integration into routine practice. Address-
ing these gaps through more comprehensive research and clinical
trials is essential for advancing the field and improving early diag-
nosis strategies for PC.

Conclusions

PC screening and early diagnosis are rapidly evolving due to ad-
vancements in imaging technologies, biomarker discovery, and
artificial intelligence. Despite challenges such as cost, accessi-
bility, and ethical concerns, ongoing research holds promise for
improving early detection rates and patient outcomes. Continued
interdisciplinary collaboration and the integration of innovative
technologies are essential to translate these advancements into ef-
fective clinical practice.
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Abstract

Among all tumors worldwide, digestive tract tumors have a higher incidence rate and a significant disease burden. Esophageal
cancer, gastric cancer, liver cancer, and colorectal cancer are often diagnosed at an advanced stage, and the prognosis remains
poor. Currently, tumor treatment resistance is a major global challenge, with many underlying mechanisms. Ferroptosis has
been shown to reverse drug resistance. This article reviews the mechanisms and recent advancements in ferroptosis related to
reversing treatment resistance in gastrointestinal tumors, aiming to provide theoretical insights and research directions for the

diagnosis and treatment of digestive tract tumors.

Introduction

Cancer has become the most serious public health issue in the
world.!? The incidence of digestive tract tumors accounts for 50%
of all malignant tumors. Although new endoscopic techniques have
improved the diagnosis and treatment rates for early gastrointestinal
cancer, most patients with gastrointestinal tumors are diagnosed at
an advanced stage and have a high mortality rate.? For these patients,
medication is often the only option, but it can lead to treatment tol-
erance. While there are many mechanisms involved, the details are
still unclear. Recent studies have shown that ferroptosis plays a key
role in tumor suppression and offers new perspectives for tumor
treatment. Inducing ferroptosis can reverse tumor treatment resist-
ance,*7 but the mechanisms by which ferroptosis influences treat-
ment resistance remain unclear. This article clarifies the relationship
between ferroptosis and treatment resistance in various digestive
tract tumors and explores the connection between ferroptosis-relat-
ed mechanisms and treatment resistance, aiming to provide new re-
search directions for the future treatment of gastrointestinal tumors.

Ferroptosis and tumor treatment resistance

Ferroptosis is a unique form of cell death driven by iron-depend-
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ent phospholipid peroxidation. It is regulated by multiple cellular
processes, including redox balance, iron metabolism, and lipid
metabolism.® The primary mechanism of ferroptosis involves the
peroxidation of polyunsaturated fatty acid-containing phospholip-
ids in the cell membrane under conditions rich in iron, reactive
oxygen species (ROS), and lipid peroxidation.®!® The accumula-
tion of lipid peroxides in the cell membrane eventually disrupts
membrane integrity, leading to cell death. The molecular mecha-
nisms of ferroptosis can be roughly divided into three pathways:
the deletion or activation of glutathione peroxidase 4 (GPX4), iron
metabolism, and lipid peroxidation (Fig. 1).11

Tumor cells can significantly enhance their defense against
oxidative stress by regulating ferroptosis, which leads to treatment
resistance.!>'* Drug resistance in tumor cells is a major cause of
cancer treatment failure. Currently, all tumor treatment drugs used in
clinical practice can induce tumor cell resistance, resulting in tumor
recurrence, metastasis, and ultimately, patient death. Studies have
found that tumor resistance is primarily related to the activation
of endogenous stress relief pathways by oncogenic stressors (e.g.,
starvation, DNA damage, dietary toxins, infection, or cancer ther-
apy).'>1 These pathways enable cells to better cope with stressors
during development and renewal. Radiation therapy, chemotherapy,
targeted therapy, and immunotherapy increase oncogenic stress,
leading to further dependence of cancer cells on stress relief path-
ways. Cancer cells, as well as cells in the tumor microenvironment,
rapidly adapt to relieve the stress caused by cancer treatments. These
factors ultimately contribute to the resistance mechanisms of tumor
treatment and provide new therapeutic targets,!” with ferroptosis
playing a key role in therapeutic resistance.® In tumor cell treatment
resistance, persister cells (PCs) are particularly important.!® PCs
are tumor cells that survive after several rounds of chemotherapy
and represent a treatment-resistant state.?’ The survival of PCs criti-
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Fig. 1. The mechanism of gastrointestinal tumors involved in the ferroptosis pathway. @ Antioxidant pathway: Cysteine is imported into cells to synthesize
GSH through the SLC7A11/SLC3A2 complex. GPX4 uses GSH as a substrate to reduce membrane phospholipid hydroperoxides to harmless lipid alcohols,
thereby preventing the accumulation of lethal lipid ROS and inhibiting ferroptosis. @ Lipid peroxidation pathway: ACSL4 catalyzes the connection of long-
chain polyunsaturated fatty acids to coenzyme A, and LPCAT3 promotes esterification and the incorporation of these products into membrane phospho-
lipids (PL). PUFA-containing PL is oxidized by the iron-dependent enzymes LOX or POR, leading to lipid peroxidation, membrane damage, and subsequent
ferroptosis. @ Overexpression of nuclear receptor coactivator 4 increases intracellular LIP by increasing ferritin degradation. The increased intracellular
LIP can generate free radicals (hydroxyl radicals) through the Fenton reaction and participate in the peroxidation reaction of phospholipids to generate
PLOOH. Most intracellular production of reactive oxygen species is iron-catalyzed. The production of ROS triggers lipid peroxidation and ultimately leads to
ferroptosis. ACSL4, acyl-CoA synthetase long chain family member 4; CoA, coenzyme A; GPX4, glutathione peroxidase 4; GSH, glutathione; GSR, glutathione-
disulfide reductase; GSSG, glutathione oxidized; LIP, labile iron pool; LOX, lipoxygenase; PL, phospholipid; PLOH, phospholipid alcohol; PLOOH, phospholipid
hydroperoxide; POR, cytochrome P450 oxidoreductase; PUFA, polyunsaturated fatty acid; ROS, reactive oxygen species; xCT, cystine/glutamate antiporter.

cally depends on GPX4, and the downregulation of GPX4 levels can with the cellular oxidative environment and induces cell death.
selectively induce ferroptosis in PCs. Additionally, ferroptosis can The antioxidant enzyme peroxiredoxin 2 significantly increases
selectively target the unique metabolic and signaling pathways of cell sensitivity to cisplatin treatment by regulating ROS levels.?
cancer stem cells (CSCs), playing an important role in treatment re- Silva found that resistance to chemotherapy in gastric cancer is
sistance.?!?? Erastin, an inhibitor of the cystine/glutamate transport- associated with gene mutations that regulate apoptosis and el-
er (SLC7A11), also known as xCT, is a component of the cystine/ evated levels of glutathione (a substance that inhibits ferroptosis
glutamate antitransporter (system Xc-).>3 SLC7A11 has a significant in cells),’” and that ferroptosis inducers (FINS) can help overcome
cytotoxic effect on CSCs and can reduce chemotherapy resistance in this resistance.’’ Another potential target for gastric cancer treat-
CSCs.* Therefore, ferroptosis offers hope for overcoming treatment ment is to block the ROS-activated general control nonderepress-
resistance by modulating PCs and CSCs. Numerous studies have ible 2 (GCN2)-eukaryotic initiation factor 2a subunit (elF2a)-
found that ferroptosis is involved in the treatment resistance of gas- activation transcription factor 4 (ATF4)-xCT pathway, which
trointestinal tumors (Table 1).6:%10:21.2434 This article will next intro- causes mitochondrial dysfunction and enhances cisplatin toler-
duce the relationship between ferroptosis and digestive tract tumors, ance.?’ Sorafenib, a tyrosine kinase inhibitor, plays an important
focusing on colorectal cancer, gastric cancer, pancreatic cancer, and anti-tumor role in gastric cancer as a FINS. Activating transcrip-
liver cancer (Fig. 1).1:23:3536 tion factor 2 (ATF2), a member of the ATF/CREB transcription

factor family, is associated with various cancer-related biologi-
cal functions. Studies have shown that ATF2 is activated during
sorafenib-induced ferroptosis in gastric cancer cells. ATF2 knock-
Studies have found that inducing ferroptosis may be a key strat- down promotes sorafenib-induced ferroptosis, whereas ATF2
egy to address gastric cancer treatment resistance. ROS interferes overexpression shows the opposite effect in gastric cancer cells.

Ferroptosis and gastric cancer treatment resistance
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Table 1. Specific mechanisms of cell ferroptosis and treatment tolerance in gastrointestinal tumors

Tumor type - pathways Mechanism Tolerance type Medicine References
to ferroptosis
Gastric cancer  Lipid peroxidation GCN2-elF2a-ATF4-xCT Chemotherapy Cisplatin Wang et al., 20162°
Lipid peroxidation Antioxidase peroxiredoxin 2 Chemotherapy Cisplatin Wang et al., 2016%°
Lipid peroxidation; SIRT6 Targeted therapy Sorafenib Caietal., 202134
Inhibit GPX4 activity Xu et al., 202224
Lipid peroxidation SLC7A11 Targeted therapy Sorafenib Wang et al., 2016%19;
Xu et al., 202310
Colorectal Inhibit GPX4 activity ~ KIF20A/NUAK1/PP1B/GPX4 Chemotherapy Oxaliplatin Yang et al., 20213
cancer
GPX4 FAM98A Chemotherapy 5-fluorouracil  Chen et al., 2020%*
Liver cancer Lipid peroxidation Metallothionein-1G (MT-1G) Targeted therapy Sorafenib Sun et al., 20163°
Iron metabolism miR-23a-3p Targeted therapy Sorafenib Lu et al., 202233
Pancreatic Inhibit GPX4 activity Activate p22-phox expression ~ Chemotherapy Gemcitabine  Sporn et al., 201232
Cancer
Lipid peroxidation Nuclear translocation of NRF2  Chemotherapy Gemcitabine  Sporn et al., 201232

stimulates the production of
partially encoded enzymes
to catalyze glutathione
(GSH) production

ATF4, activation transcription factor 4; elF2a, eukaryotic initiation factor 2a subunit; FAM98A, family with sequence similarity 98 member A; GCN2, general control nonderepress-
ible 2; GPX4, glutathione peroxidase 4; KIF20A, kinesin family member 20A; NUAK1, NUAK family kinase 1; PP1pB, protein phosphatase 1 beta; SIRT6, recombinant Sirtuin 6; xCT,
SLC7A11 (solute carrier family 7, (cationic amino acid transporter, y+ system) member 11).

Furthermore, results from tumor xenograft models indicate that
ATF2 knockdown can effectively enhance sorafenib sensitivity in
vivo.?* Heat shock protein (HSP) overexpression inhibits erastin-
mediated ferroptosis by reducing cellular iron uptake and lipid
ROS production.?® HSP regulates GPX4 degradation by inducing
chaperone-mediated autophagy and plays a role in necroptosis and
ferroptosis.’® At the same time, HSP can negatively regulate fer-
roptosis by inhibiting GPX4 degradation.* Studies have shown
that heat shock protein family member 1 (HSPH1) is a direct target
of ATF2 and mainly acts as a molecular chaperone to prevent the
aggregation of misfolded or unfolded proteins, thus maintaining
protein homeostasis.*! HSPH1 can also affect sorafenib-induced
ferroptosis by regulating SLC7A11 stability. Further experiments
have shown that knocking down HSPH1 can partially negate the
effect of ATF2 overexpression on sorafenib-induced ferroptosis.
Both ATF2 and HSPH1 are closely related to chemotherapy resist-
ance in tumor cells. ATF2 knockdown or loss-of-function muta-
tions in HSPH1 significantly increase the sensitivity of colorectal
cancer and melanoma to oxaliplatin and 5-fluorouracil.>* These
findings suggest potential targets for overcoming drug treatment
resistance in gastric cancer. Pathways such as GPX4 and lipid me-
tabolism involved in ferroptosis are relevant to the treatment resist-
ance of gastric cancer.

The role of ferroptosis in treatment resistance in colorectal
cancer

The prognosis for patients with advanced colorectal cancer is poor
due to resistance to anticancer drugs. Studies have found that in-
terfering with the lipid metabolism involved in ferroptosis in colo-
rectal cancer cells disrupts the metabolic balance of iron in these
cells and enhances the chemosensitivity of drug-resistant cancer
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cells.*>* Ferroptosis plays a crucial role in both chemotherapy
and targeted therapy.

The role of ferroptosis in chemotherapy resistance in colorectal
cancer

Research has revealed that cysteine desulfurase (NFS1) deficiency
synergizes with oxaliplatin to induce ferroptosis, increase intracel-
lular ROS levels, and enhance the sensitivity of colorectal cancer
cells to oxaliplatin. The KIF20A-NUAK1-PP1B-GPX4 signaling
pathway can directly or indirectly inhibit ferroptosis in colorec-
tal cancer cells,*s playing an important role in reversing colorectal
cancer resistance to oxaliplatin. FAM98A, a microtubule-associat-
ed protein involved in cell proliferation and migration, enhances
the expression of xCT in stress granules, inhibits ferroptosis in
colorectal cancer cells, and improves the tolerance of colorectal
cancer to 5-fluorouracil.3! Therefore, inducing ferroptosis through
various mechanisms may be an effective strategy to overcome re-
sistance to colorectal chemotherapy.

The role of ferroptosis in resistance to targeted therapy in colo-
rectal cancer

Resistance to epidermal growth factor receptor (EGFR) therapy
limits the effectiveness of EGFR-targeted treatments in colorectal
cancer. Cetuximab, a monoclonal antibody targeting EGFR, can
promote RAS-selective lethal 3 (RSL3)-induced ferroptosis by in-
hibiting the nuclear factor erythroid 2-related factor 2/heme oxy-
genase-1 (Nrf2/HO-1) signaling pathway in kirsten rats arcomavi-
ral oncogene homolog (KRAS) mutant colorectal cancer cells.*6-#7
Additionally, B-elemene, a compound with broad-spectrum an-
ticancer effects and a new type of FINs, can induce ferroptosis
and inhibit epithelial-to-mesenchymal transition when combined
with cetuximab, thereby improving treatment resistance in KRAS-
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mutant colorectal cancer cells.*® Vitamin C, an antioxidant that
can induce oxidative stress at pharmacological doses, disrupts iron
homeostasis and further increases ROS levels, ultimately leading
to ferroptosis. The combination of cetuximab and Vitamin C can
induce ferroptosis and reduce acquired resistance to anti-EGFR
antibodies.*® Therefore, modulating ferroptosis can reverse the
treatment resistance effects of cetuximab.

The role of ferroptosis in treatment resistance in pancreatic
cancer

Pancreatic cancer is often accompanied by lymph node invasion
or distant organ metastasis at an early stage, with less than 20% of
patients being eligible for surgical treatment once diagnosed.> For
patients with unresectable pancreatic cancer, chemotherapy and
radiotherapy are currently the main treatments. However, conven-
tional chemotherapy regimens are prone to tumor cell resistance
and strong chemotherapy side effects in the short term.5' Conse-
quently, the overall effectiveness of pancreatic cancer treatment
has not improved obviously.3? Previous studies have shown that
FINS can inhibit pancreatic cancer growth by inducing cellular
ferroptosis and, when combined with chemotherapy drugs, can in-
crease tumor cell sensitivity to these drugs.>

Gemcitabine induces ROS accumulation during treatment.>* In
addition, knocking down GPX4 can increase lipid ROS production
and induce ferroptosis. Gemecitabine can also induce ferroptosis
by activating p22-phox expression in pancreatic ductal adenocar-
cinoma cells, which leads to NF-kB activation and NADPH oxi-
dase (NOX) derived ROS accumulation. This may further enhance
sensitivity to chemotherapy drugs. NRF2 is a major regulator of
antioxidant molecules in cells. The nuclear translocation of NRF2
stimulates the production of enzymes that catalyze glutathione
production, thereby reducing ROS levels. This mechanism can im-
prove tumor cell resilience.3? Therefore, combining NRF2 inhibi-
tors with FINS may be a feasible strategy to reduce the resistance
of pancreatic cancer cells to gemcitabine treatment. In summary,
inducing ferroptosis through GPX4 and ROS accumulation may
reverse resistance to chemotherapy drugs, providing a promising
theoretical basis for the development of new treatments for pan-
creatic cancer. However, the role of ferroptosis in chemotherapy
resistance in pancreatic cancer still requires further research.

The role of ferroptosis in treatment resistance in cholangio-
carcinoma

Cholangiocarcinoma (CCA) is the second most common primary
liver tumor after hepatocellular carcinoma.>® Ferroptosis has been
found to be closely related to the occurrence and development of
various cancers, including CCA.!1:56:57 Therefore, it is important
to further explore the role of ferroptosis in CCA. Studies have
found that abnormal expression of iron regulatory proteins is key
to the development of CCA. Increased iron deposits correlate with
a worse prognosis. Artemisinin can induce both cell apoptosis and
ferroptosis in cancer cells by promoting ferritin autophagy and
increasing intracellular free iron ions. Research by Wanna et al.
demonstrated that dihydroartemisinin has a strong toxic effect on
CCA cells, offering a new strategy for treating CCA.58

The role of ferroptosis in treatment resistance in liver cancer

Sorafenib is the first systemic treatment approved for patients with
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advanced liver cancer who are not suitable for surgical resection.
However, resistance to sorafenib can affect its efficacy in treating
liver cancer. Compared with apoptosis inducers, the combined use
of FINS and sorafenib can induce ferroptosis in liver cancer cells,
thereby increasing the sensitivity of liver cancer to chemotherapy
drugs. This ferroptosis mechanism is unique to sorafenib and is
independent of its kinase inhibitory activity.

Lu et al3 found that miR-23a-3p negatively regulates
sorafenib-induced ferroptosis by reducing iron overload and lipid
peroxidation. Knockout or downregulation of miR-23a-3p sig-
nificantly improved the responsiveness of orthotopic hepatocel-
lular carcinoma (HCC) tumors and HCC cells to sorafenib treat-
ment. Sun et al.®® discovered that upregulating metallothione-1G
(MT-1G) expression could protect HCC cells from the effects of
sorafenib and promote cancer progression by inhibiting lipid per-
oxidation-mediated ferroptosis. This study suggests that regulating
MT-1G expression is a potential therapeutic strategy to overcome
the acquired resistance of HCC cells to sorafenib. These findings
provide a promising therapeutic strategy for improving tolerance
to sorafenib treatment in the future.6%-¢!

The role of ferroptosis in treatment resistance in esophageal
cancer

Patients with advanced esophageal cancer usually receive concur-
rent chemoradiotherapy and surgery. However, repeated use of
chemotherapy drugs often leads to the development of treatment
resistance in tumor cells, resulting in poor prognosis for these pa-
tients. Addressing therapy resistance in esophageal cancer can in-
volve promoting ferroptosis in cells by targeting the system Xc-,%2
GPX4,°2 and NRF2, thereby inhibiting tumor proliferation and dif-
ferentiation. Currently, there are few reports on the mechanism of
ferroptosis in immunotherapy for esophageal cancer. As research
on immunotherapy progresses, programmed death 1 (PD-1) and
programmed cell death-ligand 1 (PD-L1) targeted inhibitors have
been used in the treatment of various tumors, including digestive
tract tumors such as esophageal cancer, gastric cancer, colorectal
cancer, and liver cancer. Liu J. ef al. concluded that anti-PD-L1
antibodies can promote ferroptosis in tumor cells through the lipid
peroxide pathway. Combining anti-PD-L1 antibodies with FINS
can greatly inhibit tumor growth, with the mechanism related to
cytotoxicity. T cells release interferon-y, activate STAT1, inhibit
XxCT expression, and subsequently induce ferroptosis.®> Few
studies have explored the immunogenicity of esophageal cancer
cells. Inducing ferroptosis in tumor cells can enhance their immu-
nogenicity, thereby boosting the anti-cancer activity of immune
cells.®* These mechanisms of ferroptosis and treatment resistance
in esophageal cancer offer new options and methods for the further
treatment of patients with advanced esophageal cancer.

Limitations and future perspectives

Current research on ferroptosis and tumors has also been explored
in other systemic tumors, such as non-small cell lung cancer,® and
breast cancer.%%-% The treatment of these tumors primarily utilizes
ferroptosis-related mechanisms and pathways, including: (1) inhib-
iting the XC-glutathione/GPX4 axis by regulating antioxidants; (2)
modulating the p62-Keap1-NRF2 pathway and NRF2 downstream
antioxidant gene expression; (3) activating the ferroptosis axis by
regulating the functions of lysosomes, ferritin, transferrin, and fer-
rophagosomes. Therefore, ferroptosis plays a crucial role in kill-
ing tumor cells and inhibiting tumor growth. Targeted induction of
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ferroptosis may be a novel strategy to overcome tumor treatment
resistance. However, clinical understanding of the factors involved
in regulating cellular ferroptosis and treatment resistance remains
limited. As alternative therapeutic targets, a deeper understanding
of the initiation and transformation of ferroptosis and treatment
resistance mechanisms in gastrointestinal tumors is needed.

Currently, ferroptosis represents a new clinical treatment direc-
tion and has garnered increasing attention in cancer therapy. De-
spite the growing research on ferroptosis, several issues remain:
(1) Further exploration is needed to understand the unknown
and regulatory mechanisms of ferroptosis in tumor treatment re-
sistance; (2) Different tissues exhibit varying sensitivities to fer-
roptosis, making the correct application of ferroptosis in tumor
treatment an important research direction; (3) Anti-tumor drugs
are often used in combination, but the antagonistic or synergis-
tic effects of these combinations are not yet fully understood, and
substantial theoretical research support is still required; (4) While
some drugs and compounds can induce ferroptosis, and new drug
delivery systems such as exosomes and nanotechnology are being
explored, clinical application remains a challenge. Further explo-
ration and effort from scholars are needed.

The detection and application of ferroptosis in tumor drug re-
sistance are crucial. Ongoing research and detection methods re-
lated to ferroptosis provide valuable tools for understanding and
intervening in this process. For example, measuring the levels of
specific lipid peroxides within cells, such as malondialdehyde and
4-hydroxynonenal, can help assess ferroptosis.®® Additionally, de-
tecting the activity of enzymes associated with ferroptosis, such
as GPX4, is an important indicator of ferroptosis occurrence. The
release of cytochrome C, changes in mitochondrial membrane
potential,’’ and increases in intracellular iron ion levels are also
key events in ferroptosis, detectable through biochemical experi-
ments.”! Techniques such as flow cytometry, fluorescence micros-
copy,’? and Western blotting are widely used for detecting fer-
roptosis.”>’* Although there is currently no single gold standard
for detecting ferroptosis, combining these methods can provide
a more comprehensive assessment. Future research may uncover
new biomarkers and detection technologies, further improving
the accuracy of ferroptosis detection and its clinical application
feasibility.

Conclusions

We anticipate seeing more meaningful clinical and basic research
in the near future. These studies will enhance our understanding
of resistance mechanisms to ferroptosis reversal therapy and lead
to more effective cancer treatments, thereby reducing the disease
burden on patients and improving their quality of life.
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive disease with difficulties in early diagnosis, poor prognosis, and lim-
ited effective therapies. Early detection and effective treatment offer the optimal chance to improve survival rates. Various studies
have shown that gut microbiota dysbiosis is closely related to PDAC, with potential mechanism involving immune regulation,
metabolic process impact, and reshaping the tumor microenvironment. A comprehensive understanding of the microbiota in
PDAC might lead to the establishment of screening or early-stage diagnosis methods, implementation of cancer bacteriotherapy

such as fecal microbiota transplantation, creating new opportunities and fostering hope for desperate PDAC patients.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most le-
thal human malignancies. Through extensive efforts and prolonged
research, the five-year survival rate has improved to approximately
10%.! Surgical resection offers a potential cure for patients with
PDAC.2 Due to the insidious onset and lack of specific early clini-
cal manifestations, only 15-20% of patients are diagnosed with
PDAC that can be removed using standard resection.? It is urgent
to find effective biomarkers and clinical treatment strategies.

The gut microbiota, consisting of trillions of microorganisms
inhabiting the intestinal tract, interacts with the host in various
ways, playing crucial roles in host physiology, including immune
regulation, metabolite exchange, and nutrient metabolism.*5 With
the progress of metagenomics and the identification of gut bacte-
rial compositions, studies on the role of gut microbiota in cancer
have become an international hotspot. Growing research suggests
a strong link between the gut microbiome and PDAC, indicating a
critical role in the development, progression, and treatment of the
disease.® Therefore, utilizing microbiota therapy to reconstruct the
composition and quantity of the gut microbiome may be a potential
therapeutic strategy for PDAC.7#
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Among all the approaches for interventions targeting the gut
microbiome, fecal microbiota transplantation (FMT), which in-
volves transferring functional microbiota from healthy donors into
the gastrointestinal tract of patients, has shown initial clinical ef-
fects in cancer therapy.® Numerous clinical studies have demon-
strated that FMT can significantly enhance the efficacy of tumor
immunotherapy, chemotherapy, and radiotherapy, and mitigate ad-
verse effects.!’ Nevertheless, concerns persist regarding the safety,
efficacy, and precision of FMT procedures.

Herein, we provide an overview of the complex association be-
tween gut microbiota and PDAC, as well as the current research
progress and prospects of FMT in the management of PDAC, with
at least one published or ongoing FMT study in human or mouse
models. Furthermore, we discuss recent challenges and offer fu-
ture research directions.

The human gut microbiome

Under healthy conditions, the gut microbiota is stable, resilient,
and maintains a mutually beneficial relationship with the host.!>12
The composition of the gut microbiota is influenced by various
factors, including diet, physical activity, daily routines, host age,
gender, genetics, and the use of antibiotics, probiotics, and other
microbiome-targeted interventions.!® Consequently, defining the
precise characteristics of a healthy gut microbiota is challenging.
Generally, the human gut microbiota is dominated by five bacterial
phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
and Verrucomicrobia.'® Elderly individuals often show reduced
levels of Bifidobacterium and elevated levels of Clostridium and
Proteobacteria.'* Additionally, based on the composition of the gut
microbiota, individuals can be classified into three enterotypes,

© 2024 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License (CC BY-NC 4.0), which
permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided. “This article has been published
in Cancer Screening and Prevention at https://doi.org/10.14218/CSP.2024.00017 and can also be viewed on the Journal’s website
at https://www.xiahepublishing.com/journal/csp”.


http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.14218/CSP.2024.00017
https://crossmark.crossref.org/dialog/?doi=10.14218/CSP.2024.00017&domain=pdf&date_stamp=2024-09-29
https://orcid.org/0000-0001-7515-2613
https://orcid.org/0000-0001-7515-2613
https://orcid.org/0000-0001-7515-2613
mailto:xiangyukong185@hotmail.com

Hu X. et al: Gut dysbiosis and FMT in pancreatic cancer

which are not influenced by gender, age, nationality, or geographi-
cal location. Enterotype 1 is characterized by Bacteroides as the
indicative taxon; Enterotype 2 is driven by Prevotella; and Ente-
rotype 3 is distinguished by the relative abundance of Firmicutes,
primarily Ruminococcus.'$

Gut dysbiosis in PDAC
Gut microbiome in PDAC

Dysbiosis of gut bacteria is a well-established phenomenon that
contributes to several aspects of PDAC.! In recent years, multiple
studies have analyzed the gut microbiota in stool samples obtained
from PDAC patients and non-tumor controls through 16S ribo-
somal RNA sequencing and metagenomic sequencing, revealing
notable differences in gut microbiota composition. Nagata and col-
leagues analyzed the gut microbiota of PDAC patients and controls
from Japanese, Spanish, and German cohorts, finding a significant
enrichment of Streptococcus and Veillonella spp., along with a re-
duced abundance of Faecalibacterium prausnitzii, as characteristic
gut signatures associated with PDAC across all three cohorts.!”
A study conducted by Zhou and colleagues,'® which included
PDAC patients (32), autoimmune pancreatitis patients (32), and
healthy controls (32), showed a marked increase in the phylum
Proteobacteria and a decrease in the phylum Firmicutes in PDAC
patients compared to autoimmune pancreatitis patients and con-
trols. Additionally, meta-analyses and prospective cohort studies
have suggested a positive correlation between Helicobacter pylori
infection and PDAC, indicating that patients with Helicobacter
pylori infection have a higher risk of developing PDAC.!%-?0 The
characteristics of gut microbiota in PDAC patients vary across dif-
ferent studies, which may be due to substantial geographical and
ethnicity-specific heterogeneity of the gut microbiota, differences
in fecal collection, and sequencing protocols. Therefore, larger-
scale investigations are warranted to develop a comprehensive gut
microbiota profile unique to PDAC.

The characteristic alterations observed in the gut microbiota of
PDAC patients are being proposed as promising biomarkers for the
diagnosis of PDAC. Kartal et al.?! assessed the gut microbiota of
57 PDAC patients, 50 controls, and 29 chronic pancreatitis patients
to construct fecal metagenomic classifiers based on 27 microbial
species, achieving an accuracy of up to 0.84 in the area under the
receiver operating characteristic curve (AUC), which accurately
identified PDAC. Furthermore, when combined with CA199, the
AUC increased to 0.94, demonstrating high predictive accuracy in
26 validation cohorts.?! Similarly, Yang and colleagues, comparing
the gut microbiota of 44 PDAC patients and 50 healthy individu-
als, identified Streptococcus as an accurate discriminator of PDAC
(AUC = 0.927) and PDAC with liver metastasis (AUC = 0.796),
suggesting its utility as an effective screening tool.?? Considering
the convenience and non-invasiveness of gut microbiota detection,
along with high compliance in the initial screening population,
gut microbiota-related markers hold promise as valuable tools for
PDAC screening and early diagnosis.

Gut dysbiosis and immune regulation

The complex interplay between the gut microbiota and the immune
system regulates host immunity via various pathways, leading to
either immune activation or suppression, consequently impacting
the onset and treatment of PDAC.'%23 KRAS mutation is one of the
initiating factors in PDAC.2* Lipopolysaccharides, the major com-
ponents of gram-negative bacterial cell walls, can activate Toll-
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like receptor signaling pathways and stimulate the secretion of cy-
tokines such as IL-8 and TNF-a.25 In mouse models of PDAC, gut
microbiome depletion significantly reduced tumor volumes and
the number of both primary and liver metastatic tumors, with an
increase in interferon gamma-producing T cells and a correspond-
ing decrease in interleukin 17A and interleukin 10-producing T
cells in the tumor microenvironment.?® Moreover, gut microbiota
may migrate into the pancreas, exerting immunosuppressive ef-
fects. Pushalkar and colleagues found that intrapancreatic bacteria
were elevated in PDAC compared with normal pancreatic tissue,
and certain bacteria were selectively increased in PDAC compared
with the gut.?” Furthermore, bacterial ablation was shown to inhibit
PDAC growth and was associated with immunogenic reprogram-
ming of the tumor microenvironment, including a reduction in the
activation of specific Toll-like receptors on monocytic cells and an
increase in the polarization of tumor-protective M1 macrophages,
which facilitated the infiltration and activation of T helper cells
and cytotoxic T cells.?” Alam et al.?® discovered that the intratu-
moral fungal mycobiome drives IL-33 secretion, promoting type 2
immune responses and accelerating PDAC progression.

Microbiota-derived metabolites and their effects on PDAC

Metabolites produced by the gut microbiota play crucial roles in
various physiological and pathological processes, including cell
proliferation, differentiation, apoptosis, and even tumor treat-
ment.® Short-chain fatty acids, primarily including acetate, propi-
onate, and butyrate, are the most abundant microbial metabolites
in the colonic lumen and are mainly produced by the microbial
fermentation of prebiotics. Among short-chain fatty acids, butyric
acid has been shown to activate differentiation and inhibit invasion
in PDAC cells.?*-3! In PDAC patients, lower concentrations of bu-
tyrate and reduced relative abundance of butyrate-producing bac-
teria in the gut have been reported. More recently, indole-3-acetic
acid, a tryptophan metabolite produced by Bacteroides fragilis and
Bacteroides thetaiotaomicron, enhanced the efficacy of chemo-
therapy in PDAC. In combination with chemotherapy, it downreg-
ulates the reactive oxygen species-degrading enzymes glutathione
peroxidase 3 and glutathione peroxidase 7, leading to the accumu-
lation of reactive oxygen species and downregulation of autophagy
in PDAC cells, thereby inhibiting cell proliferation.3* Mirji ef al.3?
identified that the gut microbe-derived metabolite trimethylamine
N-oxide enhanced immunotherapy sensitivity, associated with an
immunostimulatory tumor-associated macrophage and activated
effector T cell response in the tumor microenvironment. Uro A,
an intestinal microbial metabolite of ellagitannin, inhibited phos-
phorylation of AKT and p70S6K through the PI3K/AKT/mTOR
pathway and induced strong antiproliferative and proapoptotic ef-
fects in PDAC, along with reduced levels of infiltrating immuno-
suppressive cell populations such as myeloid-derived suppressor
cells, tumor-associated macrophages, and regulatory T cells.3* Al-
together, the biological activity of microbiota-derived metabolites
in PDAC still needs to be further explored.

Gut dysbiosis and PDAC treatment

Systemic therapy, which includes chemotherapy as the primary
treatment modality supplemented by radiotherapy, targeted ther-
apy, immunotherapy, and other approaches, remains crucial in
managing PDAC.3 The gut microbiome has been shown to influ-
ence the efficacy of these treatments. For instance, gemcitabine, a
commonly used chemotherapy drug for PDAC, may have reduced
efficacy due to Gammaproteobacteria, which are suggested to mi-
grate from the gut to pancreatic tumors.?® FOLFIRINOX, consid-
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ered frontline therapy for advanced PDAC, consists of leucovorin,
fluorouracil, irinotecan, and oxaliplatin. Irinotecan is metabolized
in the liver to SN-38G, an inactive metabolite. However, in the
intestines, bacterial B-glucuronidase enzymes produced by the
commensal microbiota can convert SN-38G back into its active
form, SN-38.37-38 This activation process in the intestines can lead
to delayed diarrhea.’® Antibiotics have the potential to disrupt the
gut microbiota’s composition. A study involving 20 volunteers ex-
posed to four common antibiotic regimens showed a significant
decrease in species richness immediately after treatment. While
most volunteers’ microbiomes returned to pre-treatment richness
after two months, the taxonomy and metabolism were altered.*?
However, some volunteers experienced a persistent reduction in
microbiome diversity.*? For tumor patients treated with immuno-
therapy, antibiotic administration is associated with poor progres-
sion-free survival and overall survival. Therefore, caution should
be exercised when prescribing antibiotics to patients planning to
undergo immunotherapy.*'~** Park et al.** identified that the gut
microbiota can promote responses to programmed death 1 (PD-
1) checkpoint blockade by downregulating the programmed death
ligand 2 (PD-L2)/repulsive guidance molecule b (RGMb) pathway
in FMT. Interestingly, the gut microbiome could be linked to post-
operative complications after pancreatic surgery. In a prospective
clinical pilot study, Schmitt et al.*5 analyzed 116 stool samples
from 32 patients before and after pancreatic surgery and revealed
that distinct microbiome patterns are associated with surgical
complications. Patients with a specific gut microbial composition
pattern, characterized by an increase in Akkermansia, Enterobac-
teriaceae, and Bacteroidales, and a decrease in Lachnospiraceae,
Prevotella, and Bacteroides, were found to be at a significantly
higher risk for developing postoperative complications.*5 Overall,
the intricate relationship between the gut microbiome and treat-
ment outcomes in PDAC underscores the importance of preserving
microbiome integrity during therapy.

An overview of FMT

FMT is a therapeutic approach that delivers the full spectrum of
gut microbiota to patients to combat or alleviate microbial imbal-
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ances. Historical records in traditional Chinese medicine docu-
ment the use of feces to treat illnesses, dating back approximately
1,700 years when Ge Hong used human fecal infusions to treat
patients on the brink of death due to food poisoning, diarrhea, and
fever.*® In modern medicine, FMT was first approved for the treat-
ment of multiply recurrent or refractory Clostridioides difficile
infection.#’ In 2023, the first international Rome consensus con-
ference on gut microbiota and fecal microbiota transplantation in
inflammatory bowel disease was published.*® Currently, in clinical
practice, FMT has been applied to treat various diseases associated
with intestinal dysbiosis, including inflammatory bowel disease,*’
irritable bowel syndrome,’ diarrhea,5! as well as disorders of the
nervous and metabolic systems,3>-5* and cancer,>"»55 with its effec-
tiveness and safety widely recognized.

Based on consensus from various regions, the implementation
of FMT can be broadly divided into several steps (Fig. 1): donor
selection, preparation of transplant material, recipient preparation,
transplantation, and post-transplant follow-up management.6-57
(1) Prior to FMT implementation, rigorous donor screening and
regular assessment of donor health status are necessary; (2) Re-
cipients must undergo comprehensive clinical evaluation before
transplantation and prepare their intestines according to their in-
dividual conditions; (3) Transplant materials are typically in the
form of a solution or freeze-dried capsules derived from donor
feces. The method of transplantation varies depending on the type
of transplant material, with options including infusion of the solu-
tion via upper gastrointestinal routes (nasogastric tube, gastrosco-
py) or lower gastrointestinal routes (colonoscopy, sigmoidoscopy)
to introduce functional microbial communities into the patient’s
intestines; (4) Close post-transplant follow-up is essential to moni-
tor the therapeutic efficacy of FMT and any associated adverse
reactions.

Potential mechanisms of FMT

FMT has gained attention for its potential to treat cancer by alter-
ing the composition of gut microbiota. While the precise mecha-
nisms underlying FMT are still under investigation, several po-
tential pathways have been proposed (Fig. 2). FMT can replenish
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and diversify the recipient’s gut microbiota, correcting imbalances
and fostering a healthier microbial community, which improves
intestinal barriers and regulates mucosal immunity. Huang et al.5
discovered that FMT reduced gut inflammation by decreasing toll-
like receptor 4. It also provided significant relief from intestinal mu-
cosal injury and reduced intestinal permeability by increasing the
expression of mucin and tight junction proteins.>® The intestine, as
the largest immune organ in the human body, plays a pivotal role
in maintaining host balance and defense through its mucosal im-
mune system. The intestinal microbiome promotes the differentia-
tion of naive CD8" T cells into CD4" T cells in the large intestine.>
FMT may also impact metabolites that regulate and alleviate tumors
locally in the gut or systemically throughout the body. Inosine, a
prominent microbial metabolite, in the presence of exogenous inter-
feron-gamma, promotes T helper 1 cell differentiation by binding to
the adenosine 2A receptor on the surface of T cells and significantly
enhances the anticancer ability of T helper 1 cells in tumors.%"

FMT and PDAC treatment

FMT is a potent approach to restoring gut microbiota, and several
preclinical models have demonstrated its potential in treating PDAC.
Pushalkar et al.?” conducted mouse-to-mouse FMT experiments and
observed that mice receiving fecal samples from PDAC mice exhib-
ited accelerated tumor growth compared to those receiving samples
from control mice. This suggests that FMT modulates tumor growth
by altering the gut microbiota. Riquelme et al.%! conducted FMT
experiments in mice using samples from PDAC patients with short-
term survival (STS), PDAC patients with long-term survival (LTS),
and healthy controls. They found that mice receiving fecal samples
from LTS patients exhibited significantly slower tumor growth com-
pared to those transplanted with samples from STS patients (P <
0.001) or controls (P =0.02). Moreover, there was a notable increase
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in the infiltration of CD8" T cells and activated T cells in the tumor
microenvironment of mice that received FMT from LTS patients.
Conversely, mice that received FMT from STS patients showed an
increase in the infiltration of CD4*FOXP3* cells and bone marrow-
derived suppressor cells in the tumor. These findings indicate that
FMT therapy can modulate the tumor immune microenvironment
and the natural history of the disease.

FMT and chemotherapy

Chemotherapy is one of the primary methods for systemic treat-
ment of PDAC; however, drug resistance limits its effectiveness
and is a major cause of recurrence and poor prognosis in PDAC
patients.9263 Recently, growing evidence suggests that microbes
impact the efficacy of chemotherapeutic drugs in cancer thera-
pies. Bacterial modification of pharmaceuticals might either po-
tentiate desirable effects, compromise efficacy, or release harm-
ful compounds, both directly and indirectly.®* It is reported that
bacteria can metabolize the chemotherapeutic drug gemcitabine
(2',2'-difluorodeoxycytidine) into its inactive form (2',2'-difluoro-
deoxyuridine), which depends on the bacterial enzyme cytidine
deaminase.? In a preclinical study, Tintelnot et al.3? utilized pa-
tient-to-mouse FMT experiments and observed that mice receiv-
ing fecal samples from chemotherapy-responder patients exhibited
increased sensitivity to chemotherapy compared to those receiving
samples from chemotherapy-non-responder patients. Additionally,
receiving fecal samples from healthy mice led to a reduction in
tumor growth.3? These studies lay the foundation for conducting
clinical trials of FMT alongside chemotherapy for PDAC.

FMT and radiotherapy

Radiotherapy is an important modality for the local treatment of
PDAC. However, the side effects of radiotherapy are associated
with significant morbidity and mortality that impact patients’ qual-
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ity of life.%5 Radiation enteritis is a common complication of ra-
diotherapy for abdominal and pelvic tumors, often manifesting as
abdominal pain, diarrhea, and rectal bleeding, which are prone to
recurrence and poorly responsive to traditional treatments.% In a
case report, a 64-year-old female with cervical cancer and chronic
radiation enteritis underwent two courses of FMT and then experi-
enced short- and long-term relief from symptoms without adverse
effects.%” In a pilot study, FMT was performed on five patients with
chronic radiation enteritis who were unresponsive to conventional
treatment. Healthy donor gut microbiota was transplanted into
the patients, and the patients’ radiation toxicity, gastrointestinal
symptoms, and changes in gut microbiota were regularly evalu-
ated. After eight weeks, three patients showed improvement, one
underwent surgery for other reasons, and one showed no improve-
ment, with no FMT-related deaths or infectious complications.®®
In a prospective cohort study, researchers treated 20 patients with
radiation enteritis complicated by intestinal obstruction with FMT
and followed them up for six months.®® Compared to the conven-
tional treatment group (25 patients), the FMT group showed supe-
rior gastrointestinal quality of life scores, body mass index, total
protein, and albumin levels, effectively improving the patients’
early nutritional status and quality of life.%® Another study involv-
ing 127 patients with radiation enteritis treated with FMT showed
clinical cure rates of 61.4%, 56.5%, and 47.6% at three, 12, and 36
months, respectively.”®

FMT and immunotherapy

The unique immune-suppressive microenvironment and low im-
munogenicity of PDAC make it challenging for immunotherapy
to achieve desirable outcomes.”’~73 Improving responses to im-
munotherapy and developing effective immunotherapeutic strate-
gies remain long-term tasks. Increasing evidence suggests that gut
microbiota modulation plays a significant role in cancer immuno-
therapy.”* For example, the gut microbiota metabolite trimethyl-
amine-N-oxide has immunomodulatory effects and can enhance
the sensitivity of PDAC to immune checkpoint inhibitors.3* Com-
pared to tumor patients who did not receive antibiotic treatment
before and after their first PD-1/PD-L1 treatment, the group re-
ceiving antibiotic treatment showed significantly shortened pro-
gression-free survival and overall survival.*>»’5> Moreover, immune
checkpoint inhibitor-induced colitis, an adverse effect of immu-
notherapy treatment, could be ameliorated by FMT.”%"7 Although
there are no clinical studies on FMT for immunotherapy in PDAC,
initial successes have been achieved in immunotherapy for other
cancers. Several FMT clinical trials have shown that transplanting
gut microbiota from immunotherapy responders can reverse tumor
resistance to PD-1/PD-L1 treatment,’>7%7° and healthy individuals
as donors can also reverse the refractoriness of tumors to immu-
notherapy.80-81

Based on the above research, combining FMT with existing
therapies such as chemotherapy, radiotherapy, and immunotherapy
holds promise for improving treatment efficiency and reducing
side effects. Previous research on FMT in cancer treatment has
primarily concentrated on its combination with immunotherapy,
chemotherapy, and radiation therapy. The neoadjuvant therapy
and perioperative periods may also present opportune times for
combining FMT with treatment in the future, as earlier modula-
tion of gut microbiota, immune function, and nutritional status in
cancer patients could potentially enhance therapeutic outcomes
against tumors. Although there is currently no publicly available
clinical data on FMT for PDAC treatment, the enormous potential
of FMT in treating PDAC cannot be denied. Several clinical tri-
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als are currently underway. In one preliminary study, researchers
initiated FMT treatment four weeks before Whipple surgery for
PDAC patients (NCT04975217). Other clinical trials are explor-
ing the application of FMT in the treatment of advanced PDAC
(ChiCTR2100049431) (Table 1).

Current issues in FMT treatment for PDAC

Complications of FMT treatment

Although FMT is recognized as a safe and low-risk medical in-
novation, it still carries the risk of complications. In a previous
report, two recipients of FMT developed bacteremia caused by ex-
tended-spectrum beta-lactamase-producing Escherichia coli, with
both cases linked to the same stool donor. One of the patients died,
which was attributed to the donor not undergoing screening for
multidrug resistance.?? Therefore, ensuring the safety of transplant
materials is crucial for the safety profile of FMT. Currently, guide-
lines and consensus on FMT have been developed, outlining donor
screening and management protocols, as well as requirements for
the preparation and quality control of transplant materials. Enhanc-
ing donor screening and daily management is a critical measure to
ensure the quality and safety of transplants. Before FMT, a com-
prehensive assessment of the donor’s recent health status is nec-
essary, including medical history, clinical symptoms, blood tests,
fecal microbial tests, and lifestyle and dietary habits. Additionally,
cohabitation is an important factor in the transmission of microbes,
with the median strain-sharing rates of gut and oral microbiota
among cohabiting individuals being 12% and 32%, respectively.
The impact of cohabitation duration on strain sharing is greater
than that of age and genetics.33* Therefore, it may also be neces-
sary to focus on the gut microbiota health of cohabitants in the
future. A systematic review of 129 FMT-related studies conducted
from 2000 to 2020 found that most FMT-related adverse events
were mild or moderate and self-limiting. The most common ad-
verse events were diarrhea (10%) and abdominal discomfort/pain/
cramping (7%); 1.4% of FMT recipients experienced severe ad-
verse events, all related to mucosal barrier damage.®s Thus, an ac-
curate evaluation of the recipient’s tolerance for FMT is essential
before proceeding with the procedure. Moreover, selecting an ap-
propriate route of FMT delivery, enhancing donor screening before
transplantation, and regularly monitoring recipients throughout the
process may help reduce risks to some extent.

Challenges and unresolved issues in FMT

FMT presents a double-edged sword, with potential risks of trans-
mitting harmful microorganisms alongside the benefits of im-
proving gut microbiota, underscoring the critical importance of
establishing implementation guidelines. With its widespread ap-
plication, FMT protocols have been established across different
regions, but specific details have not been standardized. Donor
screening and management are among the most challenging as-
pects of FMT implementation and are crucial factors affecting the
safety and efficacy of the procedure. Strict donor screening criteria
result in a screening success rate of only 1.7%, which is far from
meeting clinical demands.?¢ Additionally, rules for donor-recipi-
ent matching are still under exploration, and further discussion is
needed on how to select suitable donors based on recipient-specific
factors to maximize therapeutic effects. For example, should the
recipient’s gut microbiota characteristics be considered? Could
the diversity of the recipient’s gut microbiota potentially influence
the outcomes of FMT? Donor-recipient enterotype matching and
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complementarity may contribute to the colonization of microbiota
and the outcomes of FMT.8788 FMT transplant materials include
liquid and capsule forms, with administration methods including
upper gastrointestinal tract liquid injection, lower gastrointestinal
tract liquid injection, and oral capsules. Currently, there is a lack
of comparative studies on the efficacy of different administration
methods in tumor patients, and no consensus exists on the optimal
dosage for FMT. The infusion dosage, frequency, and duration of
FMT treatment may vary considerably across different diseases
and patients. In theory, greater quantities of donor microbes can
enhance colonization of the recipient’s gut, achievable through
either increasing the microbial amounts per single FMT or the
frequency of administration. In many clinical studies, long-term
and repeated FMT have been considered more favorable for out-
comes.?*93 Therefore, a considerable number of clinical trials are
still needed to further address these issues.

Conclusions

It is increasingly recognized that the intricate relationship between
the gut microbiota and PDAC underscores the potential of mi-
crobiome-based strategies in the management of this devastating
disease. The identification of specific microbial signatures associ-
ated with PDAC offers a promising avenue for the development of
non-invasive diagnostic tools. These tools could facilitate early de-
tection, thereby improving patient prognosis through timely inter-
vention. Moreover, the modulation of the gut microbiota through
targeted interventions, such as fecal microbiota transplantation,
presents a novel therapeutic approach that could enhance the effi-
cacy of current treatments and potentially alleviate treatment-relat-
ed adverse effects. Nevertheless, FMT also faces numerous chal-
lenges, such as dosage optimization, patient acceptance, and the
scientific matching of donors and recipients. Multiple exploration
gaps remain in the FMT validity and its long-term consequences.
However, for microbiota-based strategies to become more practi-
cal in clinical applications, there is still a long way to go.
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Abstract

Gastric cancer is the third most common cause of cancer-related death globally. The highest incidence is encountered in Asia,
followed by Europe which has the second highest incidence worldwide. In Europe, gastric cancer is typically diagnosed at an ad-
vanced stage, with an estimated five-year survival rate of 24%, compared to 59% in Japan. This disparity is largely attributed to the
significant role of screening in Japan. Given the expected rise in absolute numbers of gastric cancer cases, there has been a demand
for gastric cancer screening programmes in high-intermediate risk countries, advocated by the International Agency for Research
on Cancer, the Science Advice for Policy by European Academies, the European Commission as part of the Europe Beating Cancer
Plan, and the Maastricht VI/Florence consensus guidelines. This review article summarizes the current disparities in screening
strategies between countries in the East and West and comments on future developments in population-based screening research
in this field. The references for this article were identified through PubMed, the Cochrane Database of Systematic Reviews, and

a7

the Cochrane Controlled Register of Trials using the search terms “gastric cancer”, “stomach cancer”, “Helicobacter pylori”, and
“screening” over the period from 1995 until March 2024. Overall, this review identifies three potential approaches to screening:
primary, secondary, and opportunistic. It highlights the lack of a uniform consensus on the best approach to screening, the dispar-
ity in the information available in different populations, and upcoming research to address this disparity.

Introduction ronmental risk factors include smoking, alcohol consumption, high
salt intake, ingestion of smoked or cured meat, poor housing sani-
tation, and exposure to chemicals such as nitrosamines. Regarding
genetic causes, familial clustering is observed in approximately
10% of cases, with hereditary mutations accounting for only 1-3%
of all gastric cancer cases.’

Over 90% of gastric cancers are adenocarcinomas, with the ma-
jority being classified as non-cardia tumors. Lauren’s histopatho-
logic classification, created in 1960, is the most frequently used
histopathological classification system in gastric cancer classifi-
cation in Europe.” It divides gastric cancers into ‘intestinal type’
and ‘diffuse type’ based on histopathological findings. The most
frequent type is the ‘intestinal type’ because of its morphological
similarity to adenocarcinomas arising in the intestinal tract. It is
a slow-growing tumor typically seen in older male patients with
severe atrophic gastritis and is strongly associated with intestinal
metaplasia caused by persistent H. pylori infection. The less com-

Over one million new cases and 770,000 deaths of gastric cancer
were estimated in 2020, making it the 6" most common cancer
worldwide.! While the prevalence has been decreasing, the abso-
lute burden has increased due to the aging population. It is pre-
dicted that by 2040, the annual burden of gastric cancer will rise to
nearly 2 million new cases and 1.3 million deaths globally.? How-
ever, not all regions are equally affected; higher incidence rates are
encountered in Asia, Latin America, and Central and Eastern Eu-
rope (Fig. 1).3 This discrepancy in incidence is thought to be driven
predominantly by environmental risk factors, the most significant
of which is Helicobacter pylori (H. pylori) infection.*5 Other envi-
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mon type is diffuse-type gastric cancer, which is more commonly
seen in younger age groups and tends to have a more aggressive
disease course and poorer outcomes.

Screening and prevention of gastric cancer

The Wilson and Junger criteria

The Wilson and Junger criteria for screening, established in 1968,
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outline key requirements for the development of an effective
screening programme. These criteria include that the condition
being screened for is an important health concern, that it has a
recognizable early symptomatic stage, and that we understand the
condition’s natural course. It also requires the availability of a suit-
able test that is acceptable to the population and the availability of
treatment and facilities for diagnosis and treatment.® In the case
of gastric cancer, the disecase pathway is detailed by the Correa
cascade,” which describes the progression from normal mucosa
through intestinal metaplasia, gastric atrophy, and ultimately, can-
cer. A significant promoter along this carcinogenic cascade is the
presence of H. pylori. While H. pylori infection is not necessary for
cancer development, it significantly promotes progression along
this pathway. H. pylori can be tested for non-invasively using urea
breath testing, stool antigen testing, or serology. Fortunately, ef-
fective treatment exists for this pathogen.!? Notably, in countries
with reducing H. pylori prevalence, there has been a corresponding
reduction in gastric cancer cases (Figs. 2 and 3).11

Screening mechanisms

Three potential screening strategies have been suggested to target
gastric cancer: primary prevention, secondary prevention, and op-
portunistic screening. A primary preventive strategy focuses on
screening individuals for this carcinogenic bacteria before the devel-
opment of preneoplastic lesions and treating it where present; this is
known as a ‘screen and treat’ strategy.!? A substantial body of evi-
dence supports this approach, at reducing the risk of gastric cancer
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mortality and incidence. However, debate exists around the optimal
age to begin screening. Recent studies have suggested the poten-
tial role of screening school-aged children, while others argue that
infection in childhood rarely causes complications such as peptic
ulcer disease.!3-15 A recent meta-analysis of randomized controlled
trials using this ‘screen and treat” approach in adult populations es-
timated the number needed to treat to prevent one case of gastric
cancer as 72 and one cancer-related death as 135.1¢ A significant
body of observational data in Asia also supports this approach. The
most notable of these is the Matsu Islands study. In this study, 7,000
adults over the age of 30 were screened and treated for H. pylori.
Compared to the historical period from 1995 to 2003, there was a
53% reduction in gastric cancer incidence and a 23% reduction in
mortality.!” While limited, observational population data exists in a
European population to support this approach. A systematic review
conducted by Doorakkers ef al.!® on the Swedish database provided
data associating H. pylori eradication with a reduction in gastric can-
cer in a Western population. The most significant benefit was ob-
served when H. pylori infection was treated earlier, with a reported
standardized incidence ratio over 5-7 years of 0.87.1°

Secondary preventive strategies involve screening those in a
high-risk age cohort when a pre-neoplastic or early neoplastic le-
sion has already occurred and endoscopically treating these be-
fore progression. Research on secondary prevention has primar-
ily focused on endoscopic screening, the role of X-rays as part of
an upper gastrointestinal series (UGIS), and serological markers.
While both endoscopic screening and UGIS have limitations, me-
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Fig. 2. The declining global prevalence of Helicobacter pylori infection.

ta-analysis supports the role of endoscopic screening over UGIS.?
UGIS carries concerns over radioactivity, lack of biopsy capabil-
ity, and low sensitivity and specificity compared to endoscopy, po-
tentially resulting in lost opportunities to treat early-stage cancers
endoscopically. Endoscopy, while both a screening and diagnostic
test, is costly, comes with a small risk of significant complications,
and requires considerable training to perform at a high quality. De-
spite these factors, UGIS has largely been replaced by endoscopic
screening in national gastric cancer screening programmes in East
Asian countries. However, in areas lacking facilities and trained
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Fig. 3. The declining age standardized rate (ASR) of gastric cancer.
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endoscopy staff, UGIS can still be considered based on the pa-
tient’s clinical situation.?!

Research has been ongoing on the role of serological mark-
ers as a potential screening mechanism for decades.??23 H. pylori
antibodies, pepsinogen I & II levels, gastrin-17, and anti-parietal
cell antibodies have been studied for their potential role as a pre-
screening tool to determine who requires a gastroscopy. Support
currently exists for the potential use of pepsinogen and H. pylori
antibodies as a screening mechanism from the Kyoto Global Con-
sensus; however, limitations exist in their application across popu-
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DOI: 10.14218/CSP.2024.00008 | Volume 3 Issue 3, September 2024


https://doi.org/10.14218/CSP.2024.00008

Deane C. et al: Gastric cancer screening

Table 1. A summary of existing screening strategies by country or region

Cancer Screen Prev

Region National screening programme available Methods of screening
Japan Yes Endoscopic screening every 2—3 years from age 50
Korea Yes Endoscopic screening every two

Mainland China

Targeted population screening: Individuals in selected

years for those aged 40-75
Endoscopy from age 40-69

high-risk rural areas; High-risk individuals in urban cities

Europe No

North America No

lations.?* Four key models have been proposed using these mark-
ers, including the ABC, ABCD, five-markers study, and the seven
variables study. All scoring systems incorporate serology, with the
more recent seven variables study also including recognized gastric
cancer risk factors. The ABC and ABCD methods measure serum
pepsinogen 1, 11, /Il ratio, and H. pylori antibody status.?>*% The
five-markers and seven variables methods measure H. pylori anti-
body status, pepsinogen 1 & II levels, gastrin-17 levels, and anti-
parietal cell antibodies. The seven variables method also assesses
exposure to nitroso compounds such as pickled and fried food.?’28
Out of these scoring systems, the seven variables method suggests a
better discriminative ability to identify patients with gastric cancer
than the other methods.?? However, it is important to note differenc-
es in baseline risk in these study groups and variations in reproduc-
ibility of results in different populations. In Europe, a retrospective
review by Gasenko ez al.* found a poor correlation between chang-
es in pepsinogen and gastrin-17 levels and gastric cancer, suggesting
these serological markers have an uncertain application in a Cauca-
sian population. Despite this, in countries where these markers are
validated in the population being screened, they could potentially be
used to select those who require gastroscopy, allowing for a ‘work
smart’ approach to screening.

Vaccination against H. pylori

Research into the development of a vaccine against H. pylori has
been ongoing for decades. While a significant body of knowl-
edge about the bacteria has been developed, only one vaccine has
reached a phase 111 clinical trial 3! H. pylori possesses several strat-
egies to survive hostile gastric environments and modify the host
immune response to ensure its survival. As a result, no vaccine
has successfully induced long-term protection against H. pylori,
which is important since most infections occur in childhood.3?33
Consequently, a vaccination strategy to reduce gastric cancer rates
is not currently feasible.

Recommendations on gastric cancer screening from different
societies

There has been a growing focus on adopting an evidence-based
approach to gastric cancer screening. The 8th report from the Inter-
national Agency for Research on Cancer Working Group strongly
recommended that all nations incorporate gastric cancer into na-
tional cancer control programmes.3* Their suggestion emphasized
the importance of evaluating H. pylori prevalence and the potential
effectiveness of prevention strategies tailored to each country.
The 2015 Kyoto Global Consensus Report on H. pylori gas-
tritis further supported the importance of treatment, highlighting
that eradicating H. pylori significantly diminishes the risk of de-
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veloping gastric cancer.2* This sentiment was echoed by the Taipei
global consensus in 2020.3

The Maastricht/Florence VI guidelines propose incorporating
gastric cancer screening in countries reporting an intermediate-
high incidence of gastric cancer. They also support the role of
mechanisms such as H. pylori screening in lower-incidence coun-
tries; however, they note that it may impact cost-effectiveness.>
The Science Advice for Policy by European Academies network
recommends implementing population-based screening and treat-
ment programmes for H. pylori in regions with intermediate to
high gastric cancer incidence.3¢ Lastly, the European Commission
identified gastric cancer as a target for an upcoming screening pro-
gramme as part of the Europe Beating Cancer Plan.?

This collective body of recommendations from international
organizations and academic reports underscores the global consen-
sus on gastric cancer as a significant problem and the importance
of evidence-based strategies for its screening and prevention. No-
tably, screening for gastric cancer is not a new concept, and certain
countries have been screening for decades. This is explored further
below and summarized in Table 1.

Screening strategies in high and intermediate-incidence coun-
tries and regions

Japan

Japan pioneered its inaugural gastric cancer screening initiative in
the 1960s, and since then, screening initiatives have had a substan-
tial influence on reducing mortality associated with gastric cancer.
The 5-year survival rate in Japan stands at 59%, a stark contrast
to Europe’s lower rate of only 24%.38 In 1983, the gastric cancer
screening programme was expanded for all residents aged 40 years
and older, involving an indirect UGIS using a barium meal. In 2018,
the guidelines were updated to recommend biannual gastric cancer
screening (using endoscopy) for individuals aged 50 and above.?

Korea

The Korean National Cancer Screening Programme for gastric
cancer was launched in 2002, and the Korean National Guideline
for gastric cancer screening was published in 2015. They currently
recommend screening individuals aged 40—75 through endoscopy
every two years.*’ They do not recommend screening those aged
75-84 due to insufficient evidence to assess the benefits and risks
of screening in this age group and actively advise against screening
adults over 85. While endoscopy is recommended as the screen-
ing test of choice, the guidelines allow for clinician judgment and
patient preference, should they deem UGIS more appropriate in
individual cases.
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Mainland China

There is currently no nationwide screening programme in China;
opportunistic screening with endoscopy is the primary method of
early gastric cancer detection and prevention. Since 2005, two or-
ganized screening programmes for gastric cancer have been im-
plemented in high-risk areas: the Cancer Screening Programme in
Urban China and the Cancer Screening Programme in Rural Areas.
These programmes focused on high-risk individuals in rural and
urban areas.?! High-risk individuals, as defined by the Chinese
national guidelines, aged 40 years or above, were invited for up-
per gastrointestinal screening. Those with severe atrophic gastritis,
intestinal metaplasia, and low-grade intestinal metaplasia at endos-
copy were offered follow-up gastroscopy at least once within three
years. By the end of 2018, more than 2 million rural people had
undergone endoscopy, with a cancer detection rate of 2%, of which
70% were detected at an early stage.

Chinese Taiwan

Taiwan has no documented population-based screening strategy;
however, several proposed methods to reduce gastric cancer in-
cidence have been investigated. The most notable are the Matsu
Island studies, detailed above and the Changhua County study.!”#!
The Changhua County study combined the national colorectal can-
cer screening strategy with screening for H. pylori. In this ran-
domized controlled trial, stool samples were tested for fecal im-
munochemical testing and H. pylori in the intervention group, and
those who tested positive were treated. This resulted in a 9% lower
gastric cancer mortality rate in the intervention arm.

Europe

There is currently no population-based screening programme
available in Europe despite it having the second highest incidence
in the world after Asia. The current European guidelines, Man-
agement of Epithelial Precancerous Conditions and Lesions in the
Stomach II, suggest opportunistic screening in those already iden-
tified as having premalignant lesions.** They do not make recom-
mendations on screening the general population.

In comparison, the Maastricht VI/Florence consensus guide-
lines, published on behalf of the European Helicobacter and Mi-
crobiota Study Group, state that a population-based H. pylori
‘screen and treat’ programme is cost-effective in populations with
an intermediate or high incidence of gastric cancer and that screen-
ing modalities for gastric cancer prevention (non-invasive or endo-
scopic) combined with colorectal cancer screening are a potential
opportunity for screening.3® The appetite for such recommenda-
tions has grown in response to the EU’s Beating Cancer Plan.

Low-incidence countries and prevention studies

The United Kingdom (UK)

The UK lacks a standardized national screening programme for
gastric cancer. Screening is currently based on recommendations
by the British Society of Gastroenterology, which advises endo-
scopic screening for those over the age of 50 with risk factors for
gastric cancer. These risk factors include pernicious anemia, a
first-degree relative with a family history of gastric cancer, and
other risk factors such as smoking and male gender.*?

North America

No national gastric cancer screening programme is endorsed in
North America. Furthermore, there is limited support for oppor-
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tunistic screening in the guidelines from the American Gastroen-
terology Association. Currently, the support for endoscopic sur-
veillance of intestinal metaplasia is debated and is generally only
suggested for those at high risk of gastric cancer.>* However, data
does support the positive effect of H. pylori eradication on risk re-
duction for non-cardia gastric cancer eight years after treatment in
a North American population.** Riquelme et al.*> proposed meas-
ures for the Americas that could be used to control gastric cancer.
These measures include promoting improvements in population-
based cancer registry data to capture the burden of gastric can-
cer, supporting the development and dissemination of standards
aimed at promoting quality endoscopy, enabling the training of
healthcare workers specialized in gastric cancer, creating a H. py-
lori database to ensure optimal testing, follow-up and monitoring
for resistance, ensuring endoscopic surveillance of patients with
high-risk intestinal metaplasia, establishing quality research, and
promoting population-based measures to reduce the incidence of
gastric cancer such as strengthening smoking regulations, creating
strategies to reduce salt intake, and promoting health literacy in
the community.*?

Future research developments in screening

Upcoming population-based screening

Research funded by the European Union is underway as part of the
Eurohelican and the Towards Gastric Cancer Screening Implemen-
tation in the European Union (TOGAS) studies to determine the
feasibility of a screening programme in member states. The Euro-
helican research, based in Slovenia, seeks to evaluate the feasibil-
ity and cost-effectiveness of a primary preventive strategy towards
gastric cancer.*® The Towards Gastric Cancer Screening Imple-
mentation in the European Union trial is being run in 14 European
countries with varying prevalence rates. The aim is to compare
the feasibility and cost-effectiveness of primary and secondary
preventive strategies amongst member states.*” Two longitudinal
studies evaluating the impact of screening in a European popula-
tion are also underway. The Helicobacter Pylori Screening Study,
a longitudinal study based in the UK that will conclude in 2024,
aims to determine the potential impact of screening and treating
H. pylori on gastric cancer risk over ten years in a low-incidence
country.*® The GISTAR study in Latvia will examine this effect
in a high-incidence European country; it is due for completion in
2035.%° These studies hold promise in offering valuable insights
into the effectiveness of H. pylori screening and treatment strate-
gies in an adult population in the context of low-intermediate and
intermediate-high-risk European populations. In doing so, these
studies will guide European member states in implementing local
policies.

Other vital studies due for completion include the Linqu County
study in China and the Helicobacter Pylori Eradication for Gas-
tric Cancer Prevention in the General Population study from Ko-
rea. %50 These will provide data on the impact of H. pylori eradica-
tion on gastric cancer incidence. The clinical study by Gallardo et
al 51 in Chile, in which 14-18-year-olds are screened for H. pylori,
will also provide data on the acceptability of this approach in a
young adult cohort.

Requirement for the development of key performance indicators

Finally, future screening programmes will need to consider po-
tential key performance indicators for gastric cancer screening,
taking into account the mode of screening, cost of screening, and
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diagnostic yield. In the case where a ‘screen and treat’ approach is
adopted, consideration should be given to creating local registries
that would allow for the audit of treatment compliance and effec-
tiveness. If endoscopic screening is adopted, defining the mini-
mum standards and markers of a ‘quality screening endoscopy’
will be required.

Conclusion

While the incidence of gastric cancer is falling, the absolute bur-
den is rising, and it is estimated that there will be over a million
cases by 2040. Despite the call for screening programmes, dispari-
ties still exist in the availability of gastric cancer screening. While
national screening programmes have been created in high-inci-
dence countries such as Japan and Korea, this contrasts with other
high-incidence regions, such as Eastern Europe, where no national
screening programme exists. This disparity is further exacerbated
by the limited research available in Europe evaluating the feasibil-
ity of screening. Research is expected in the medium term that will
aim to address this disparity.
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