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Editorial on the Research Topic

The impact of specific environmental exposures on breast,

lung, and colon cancer: advancing public health strategies for

enhanced outcomes

Cancer remains one of the most formidable public health challenges, with breast,

lung, and colon cancer being the most prevalent and deadly cancer types worldwide

(1, 2). It has become increasingly clear, that aside from genetic disposition, lifestyle

choices and environmental factors have a profound impact on increasing an individual’s

risk of developing cancer (3–6). Exposure to harmful environmental agents—ranging

from air pollutants to toxic chemicals—significantly influences cancer incidence,

particularly in vulnerable populations (7). To effectively combat these cancers and reduce

disparities among patients/survivors, public health strategies must be refined to address

environmental risks, improve early detection, and ensure equitable access to care. This

Research Topic focuses on advancing our understanding of the specific environmental

exposures implicated in breast, lung, and colon cancer, primarily focusing on informing

and advancing public health strategies. By exploring breakthrough information related

to these cancers, we seek to uncover novel insights into the associations between these

environmental exposures and their impact on carcinogenesis.

The relationship between environmental risk factors and cancer incidence is well-

documented, yet it often lacks visibility in public discourse. Carcinogenic substances like

tobacco, industrial pollutants, etc. are known to increase cancer incidence, particularly

for lung, breast, and colon cancers. For example, prolonged exposure to air pollutants,

such as particulate matter, has been directly linked to an increased incidence of lung

cancer (8). Similarly, chemicals found in pesticides and plastics have been associated with

breast cancer, while environmental influences on diet, such as the availability of processed

foods, contribute to the incidence of colon cancer (9–11). In this Research Topic, several
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studies from various parts of the world as well as the United States

present evidence of a growing risk of breast, colon, and lung

cancer incidence due to prolonged exposure to environmental

pollutants. Dos Santos et al. (12) in their study, showed that

occupational exposure to pesticides in rural working women

induced significant changes in the levels of cytokines necessary for

tumor control and were positively correlated with worse prognostic

outcomes. A meta-analysis study by Liu et al. (13) demonstrated

significant associations between exposure to endocrine-disrupting

chemicals (EDCs), which have the potential to interfere with the

function of normal hormones, and an increased risk of breast

cancer. They found that breast cancer risk was increased by

exposure to certain EDC congeners and their metabolites, such as

benzene, chlordane, hexachlorocyclohexane, and polychlorinated

biphenyls. Similarly, Yuan et al. conducted a prospective cohort

study to determine the relationship between Bisphenol A (BPA)

exposure and cancer mortality. BPA, an environmental phenol,

is utilized in various products, including baby bottles, and food

containers (14), and has been shown to be detectable in more

than 90% of urine samples in the general population in the

United States (15), promoting some states to enforce regulations

to restrict the use of BPA. The authors of this study determined

that a lower level of BPA of <1.99 ng/mL was associated with

a higher risk of cancer mortality. In their scoping review on

military environmental exposures (MEE) including volatile organic

compounds (VOCs), endocrine-disrupting chemicals (EDCs),

tactile herbicides, airborne hazards and open burn pits (AHOBP),

and depleted uranium on the risk of breast cancer among service

members and Veterans, Jester et al. determined that MEE poses

a unique risk to women veterans who were affected by MEE

during their service. However, the authors concede that further

studies are needed to validate these findings owing to the mixed

and limited availability of literature on MEE and breast cancer

among veterans.

Socio-economic demographics, resulting in higher carcinogen

exposures and higher behavioral risk factors such as diet, physical

activity, and obesity, or substance use such as smoking and alcohol

consumption, also play integral roles in increasing cancer risk (16–

19). For example, one-third of cancer deaths in the United States

are attributed to diet, lack of physical activity, and obesity, while

another third is correlated to exposure to tobacco products (20).

In their perspective article, Atchade et al. highlight changes in

Westernized dietary patterns in the United States as a significant

contributor impacting the colonic microbiome and contributing

to the recent surge of early-onset CRC (EOCRC). To determine

the correlation between caffeine consumption and the prevalence

of colon cancer, Qu et al. applied weighted logistic regression to

the National Health and Nutrition Examination Survey (NHANES)

dataset to evaluate correlations. They determined a potential

dose–response relationship between an increased risk of colon

cancer and higher caffeine intake levels. In continuation of their

previous work demonstrating alcohol exposure selectively activates

mammalian p38 mitogen-activated protein kinase (MAPK) in

breast cancer cells, in their current study, Li et al. aimed to

determine if Pirfenidone (PFD), an antifibrotic compound and

pharmacological inhibitor of p38γ MAPK, could inhibit alcohol-

induced promotion of breast cancer. Their results demonstrate that

PFD successfully inhibited mammary tumor growth and alcohol-

promoted metastasis, suggesting that this agent, which is currently

approved for the treatment of idiopathic pulmonary fibrosis, could

be re-purposed and used to treat aggressive breast cancer and

alcohol-promoted mammary tumor progression.

It is also important to note that exposure to environmental

carcinogens is not evenly distributed across populations, creating

environmental inequity. Studies have shown that higher exposures

to hazardous air pollutants as well as non-air-pollutant-related

hazards, including water contaminants such as lead (21), lack

of greenspace (22, 23), and poor walkability scores (24, 25)

among socially and/or economically disadvantaged populations

(26–32). An assessment of differences in colorectal cancer (CRC)

survival between urban and rural areas by Fu et al., revealed a

notable difference in CRC survival, highlighting the importance

of considering urban–rural disparities in CRC prognosis and the

influence of socioeconomic factors on survival outcomes. Higher

total and CRC-specific mortality rates were found in rural areas as

compared to urban areas. Interestingly, household incomes below

$75,000 and $55,000 were found to be independent prognostic

factors for the overall survival of CRC in urban and rural

areas, respectively. The study also identified several independent

prognostic factors influencing the overall survival of CRC patients,

such as age over 40 years, male gender, black ethnicity, tumor

location in the right colon, advanced stages (stage III and stage

IV), and tumor size over 5 cm. To understand the impact of

industrial installations such as steel plants, oil refineries urban

discharges, etc.) two articles in the current Research Topic present

their findings regarding correlations between residence in areas

with high environmental pressures and death rates with a focus

on female breast cancer characteristics (Giannico et al.) and

bronchus/lung cancer characteristics (Mincuzzi et al.) respectively.

Both studies found several independent prognostic factors for

breast and lung cancer characteristics, respectively. While neither

study was able to determine a clear association between these

prognostic factors and living in the contaminated site of national

interest (SIN) of Taranto, Italy, they did find a correlation

between residential sites and an increased all-cause death rate.

Interestingly, Mincuzzi et al. also found an association between

male gender and a higher prevalence of poorly differentiated

cancer and squamous-cell carcinoma. Finally, Zhao et al. sort to

determine associations among incidence and mortality of Tracheal,

Bronchus, and Lung (TBL) cancer, air pollutants, and greenspaces

(which are known to improve air quality). The authors found

positive associations between green spaces and air pollutants with

TBL cancer, particularly among individuals aged 20 to 54. In

summary, this study suggests that more green spaces/forests serve

as protective factors, along with higher health care coverage, better

health status, and participation in physical activities.

Despite the clear connection between environmental exposures

and cancer incidence, public health efforts tomitigate these risks are

often insufficient. This is especially concerning given that cancer

survivors in underserved communities frequently face disparities

in outcomes due to continued exposure to environmental hazards.

Addressing these disparities requires a comprehensive approach

that targets environmental risk factors and prioritizes the needs of

vulnerable populations. Nolazco et al., in their cross-sectional study
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utilizing self-reported cancer histories from 39,578 participants in

the Behavioral Risk Factor Surveillance System (BRFSS) database,

found current and former smokers exhibited significantly poorer

health-related quality of life (HRQoL) when compared to never

smokers. These findings highlight the need to prioritize smoking

cessation among cancer survivors. In conjunction, Tesfaw et al., in

their systematic review to assess the comprehensive and common

mortality-related risk factors of lung cancer, identified positive

correlations between age, gender, stage, and comorbidities such as

cardiovascular disease, hypertension, and diabetes on lung cancer

mortality. In their nested case-control study, Xu et al. determined

that prior history of chronic bronchitis, long-term wheezing

symptoms, as well as exposure to environmental pollutants such

as smoking, and biofuel combustion increased the risk of chronic

obstructive pulmonary disease (COPD). Finally, Xiao et al.’s study

investigating the epidemiological characteristics of lung cancer

among healthcare workers in the Hunan Province, as well as the

occupational risk factors, revealed that the prevalence of lung

cancer among this cohort was much higher than that of the general

population. Moreover, the prevalence of lung cancer was found to

increase exponentially with age. In summary, this article highlights

the occupational risks faced by general practitioners and medical

imaging technicians, and the need to implement better personal

safety measures.

Thus, addressing the impact of environmental exposure

on breast, lung, and colon cancer requires a concerted effort

from governments, public health officials, healthcare providers,

and communities. By strengthening regulations, promoting

environmental justice, enhancing public education, investing in

research, and integrating environmental health into healthcare, we

can advance public health strategies that lead to better outcomes

for all. The fight against cancer is ongoing, but with a focus on

environmental factors, we can make significant strides toward

reducing its burden and improving the health and wellbeing of

future generations.

In conclusion, the time is now for a proactive and

comprehensive approach to addressing the environmental

causes of cancer. By prioritizing this Research Topic within the

broader public health agenda, we can move closer to a future where

the incidence of breast, lung, and colon cancer is significantly

reduced, and where all individuals have the opportunity to live in

healthier environments.
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with poor clinical outcomes
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Pesticides are compounds known to cause immunetoxicity in exposed

individuals, which have a potential to substantially modify the prognosis of

pathologies dependent on an efficient immune response, such as breast

cancer. In this context, we examined the circulating cytokine profile of Th1/

Th2/Th17 patterns in women occupationally exposed to pesticides and their

correlation with worse prognostic outcomes. Peripheral blood samples were

collected from 187 rural working women with breast cancer, occupationally

exposed or not to pesticides, to quantify the levels of cytokines IL-1b, IL-12, IL-4,
IL-17-A, and TNF -a. Data on the disease profile and clinical outcomes were

collected throughmedical follow-up. IL-12 was reduced in exposed womenwith

tumors larger than 2 cm and in those with lymph node metastases. Significantly

reduced levels of IL-17A were observed in exposed patients with Luminal B

subtype tumors, with high ki67 proliferation rates, high histological grade, and

positive for the progesterone receptor. Reduced IL-4 was also seen in exposed

women with lymph node invasion. Our data show that occupational exposure to

pesticides induces significant changes in the levels of cytokines necessary for

tumor control and correlates with poor prognosis clinical outcomes in

breast cancer.
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Introduction

Breast cancer is a multifactorial disease whose origin is

influenced by genetic and environmental risk factors. In recent

years, growing evidence has been accumulated regarding pesticide

exposure’s impact on cancer risk (1–6), and mechanisms include

oxidative stress generation, hormonal disbalance, epigenetic

changes, and immunological deregulation, among others (7–10).

The immune response is a critical factor in avoiding breast

cancer development. Due to the sustained carcinogenic challenges

faced by the human body, cancerous or precancerous cells arise

lifelong, and most of them are eliminated by a healthy immune

system. However, some cells can escape immunosurveillance and

origin cancer mainly due to immune failure during its

elimination (11).

After tumor establishment, immune responses can also act by

favoring its progression (12). In this context, cytokines play a

pivotal role by affecting tumor-promoting processes such as

growth, invasion, and metastatic capacity (13, 14), determining

disease prognosis. Because of this dual role, it is unclear when or

why the immune response will work in favor of or against breast

cancer. Thus, the exposure of patients carrying breast tumors to

pro-carcinogenic factors such as pesticides must negatively affect

their immune response and disease evolution.

In vitro data have evidenced that pesticide exposure favors

malign breast cancer cells’ capabilities as migration, angiogenesis

(15) and proliferation (16), which are biological features linked to

highly aggressive breast tumors in humans. Also, in vitro data has

pointed out the immunogenotoxicity of pesticides (16–19).

However, little is known regarding the relationship between

pesticide exposure, breast cancer behavior and immune

response. In the same way, evidence concerning pesticide-

induced immune deregulation in breast cancer patients has

been recently pointed out, but they are preliminary and allow

limited conclusions. It has been reported that rural women

occupationally exposed to pesticides have reduced circulating

levels of the antitumor cytokines TNF-a and IL-1b (20). In

addition, a recent study demonstrated that a specific set of

immune response components are affected by occupational

exposure to pesticides in breast cancer patients, including

tumor CTLA-4 overexpression and systemic IL-12 decrease,

specifically in those under intermediate disease risk and

recurrence (21).

Considering that breast cancer is a disease with systemic

immunological implications (22), such findings suggest that

expanding this investigation to more cytokines and other

clinicopathological parameters could help establish a systemic

cytokine signature linked to disease aggressiveness in women

chronically exposed to pesticide mixtures and correlate it to

specific prognosis features. To reach this goal, this study

characterized the Th1/Th2/Th17 circulating profiles and

investigated their relationship to clinicopathological features that

are determinants of poor disease prognosis.
Frontiers in Immunology 0210
Materials and methods

Study design

The Institutional Ethics Committee approved this study under

CAAE 35524814.4.0000.0107, opinion number 810.501. Only

patients who signed the informed consent were included. After

screening 422 women, a total of 187 were included. Women

attended at the Francisco Beltrão Cancer Hospital – Paraná,

Brazil, between 2015 and 2021, from 27 municipalities included

in the 8th Health Regional of Paraná, were evaluated. A data

collection instrument validated for this population was used to

obtain the occupational exposure profile to pesticides (23). The

exposure criteria were based on women’s continuous, unprotected,

and direct handling of pesticides. Rural women with a history of

direct handling of pesticides without wearing protective gloves

during the preparation and dilution of the concentrated pesticide

solution, or that spray pesticide, and/or were responsible for

decontaminating personal protective equipment (PPE), and/or

washing of clothes used during spraying, and that reported living

at least 50% of their lives under direct pesticide handling at least

twice a week during all weeks of the year were classified as

occupationally exposed. The unexposed group consisted of urban

female workers with no previous or current history of occupational

exposure to pesticides (24).

The clinicopathological profile was categorized by collecting data

from medical records. The following prognostic information was

evaluated, based on the National Comprehensive Cancer Network

(NCCN) guidelines (25) and the Saint Gallen Consensus (26):

estrogen receptor (ER) and progesterone (PR) expression, human

epidermal growth factor receptor 2 (HER2) overexpression, ki67

proliferation index, breast cancer molecular subtype, histological

grade, presence of intratumoral emboli, presence of metastases in

axillary lymph nodes, presence of distant metastasis, age at diagnosis,

menopausal status at diagnosis, body mass index (BMI), the

occurrence of recurrence and survival profile in the period studied.
Sample collection and Th1/Th2/Th17
cytokine profiling

Samples of heparinized peripheral blood were collected and

centrifuged for 5 minutes at 4.000 rpm to obtain plasma, which was

frozen until the analysis.

To quantify the plasma levels of cytokines, interleukin 1 b (IL-

1b), interleukin 12 (IL-12), and tumor necrosis factor-alpha (TNF-

a) were measured for the Th1 profile of the patients; interleukin 4

(IL-4) for the Th2 profile and interleukin 17 A (IL-17-A) for the

Th17 profile. Enzyme-linked immunoassay commercial kits were

used (e-Biosciences®, USA). Plasma aliquots were incubated on a

plate containing a capture antibody specific for each cytokine,

followed by successive washes and incubation with streptavidin-

labeled secondary antibody. A specific substrate was added for
frontiersin.org
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reaction detection, and the plate read at 642 nm. Results were

calculated in pg/ml from standard curve data for each cytokine. The

detection limit of the kits was 2 pg/mL.
Statistical analysis

The statistical study was conducted to assess whether there are

differences between the immunological profile of cytokines in

cancer patients occupationally exposed and not occupationally

exposed to pesticides under different clinicopathological

parameters. The sample was also characterized concerning the

clinicopathological aspects of the patients, comparing the women

exposed and those not occupationally exposed to pesticides.

The frequencies of the categories of each clinicopathological

variable were compared for patients belonging to both groups using

the chi-square test for adherence. In addition, this same test was

used to compare groups according to the categories of each variable.

Tests were performed with 5% statistical significance.

The Chi-square test for independence was also performed for

each variable to analyze the association between categories and

groups. In injury situations with the assumption of a minimum

expected frequency of 5, the Monte Carlo method was used as an

association test, also with a 5% significance level. The purpose of this

test is the same as the Chi-square test for independence. However, it

is statistically more robust when the assumptions are not verified.

Data analyzes were performed using the R software (27).

For cytokine level analyses, GraphPad Prism version 9.0 was

used. Data distribution was tested by using the Shapiro-Wilk test.

Variables normally distributed were analyzed with parametric tests,

and nonparametric tests were used to analyze the nonparametric

ones (Student’s t-test or the Mann-Whitney test, respectively). Data

are presented as box-plot and described in results as means

(parametric data) or medians (nonparametric data). For all

analyses, a p ≤ 0.05 was considered significant. P values are

shown in Table 1 as follows: p-value1 of the chi-square test for

adherence comparing the categories of each variable for patients not

exposed to pesticides; p-value2 of the chi-square test for adherence

comparing the categories of each variable for patients exposed to

pesticides; p-value3 of the Chi-square test for adherence comparing

the groups according to the categories of each variable. A

multivariate analysis, based on the principal component analysis

(PCA) was conducted concerning cytokines and pesticide exposure.

Only data with a p-value < 0.05 were showed as Figures.
Results

We included 187 women in the study (111 occupationally

exposed to pesticides and 71 non-exposed). As shown in Table 1,

estrogen receptor was positive in about 65% of cases in the

unexposed group, while HER2 expression was negative in 78.87%

of women in this group. The ki67 was over or equal to 14% for most

cases (52.11%). The most frequent molecular subtypes were

Luminal A (29.58%) and Luminal B (30.99%). Tumor size was

greater than 20 mm (47.89%), with the prevalence of intratumoral
Frontiers in Immunology 0311
emboli (66.20%). No lymph node was affected in 60.56% of the

women; distant metastasis was found in 8.45%. In most cases,

women were in menopause (66.20%) and overweight/obese

(56.34%). Most of the patients were responsible for the first-line

treatment (cytotoxic chemotherapy, 63.38%) without disease

recurrence (83.10%) or death (90.14%). There was no statistical

difference between the categories of variables PR, tumor

aggressiveness according to its molecular subtype (more

aggressive = triple-negative vs. less aggressive = Luminal), and

histological grade.

Concerning women exposed to pesticides, it was found that the

ER was positive in about 62% of the cases, and the amplification of

HER2 was negative in 78.38% of the women in this group. The most

common molecular subtypes were Luminal A (34.23%) and triple-

negative (29.58%). Tumor size was greater than 20 mm (53.15%),

with histological grade 2 (45.05%) and absence of intratumoral

emboli (54.05%). No lymph node invasion was found in 53.15% of

the women, and distant metastasis was found in 10.81%. In most

patients in this group, women were in menopause (65.77%) and

overweight/obese (61.26%). Most were responsible for the first-line

treatment (63.06%) without recurrence (86.49%) or death (94.59%)

in most patients. There was no statistical difference between the

categories of variables PR, ki67>14%, and tumor aggressiveness.

In exposed patients, higher lymph nodal invasion was identified

(34.23%) compared to non-exposed women (23.94%) (p-value 3

<0.0001; Table 1). We also found higher BMI in this group,

indicating overweight or obesity (p-value 3 = 0.0001; Table 1).

Figure 1 shows the significant changes observed concerning

cytokines from the Th1 axis. Reduced IL-12 was observed in

exposed patients carrying tumors lower than 2 cm (Figure 1A,

range: 12.70-147.1 pg/mL to unexposed and 9.29-182.8 pg/mL to

the exposed ones, p = 0.051). Patients with lymph nodal invasion

presented a reduced IL-1b (Figure 1B, range: 48.80-141.2 pg/mL to

unexposed and 12.70-111.2 pg/mL to the exposed ones, p = 0.0105).

Regarding IL-4 levels, a significant reduction was observed in the

group of exposed women with lymph nodal invasion (Figure 1C,

range:13.07-117.1 pg/mL to unexposed and 12.00-63.01 pg/mL to

the exposed ones, p = 0.0414).

Main variations were observed in the Th17 axis, represented

here by IL-17-A (Figure 2). A significant decrease in circulating

levels of this cytokine was observed in patients occupationally

exposed to pesticides, when compared to those not exposed, in

the following conditions: carriers of luminal molecular subtype B

tumors (Figure 2A, range: 36.36-222.7 pg/dL to the unexposed and

13.52-133.7 pg/dL to the exposed ones, p = 0.0176), with high

proliferation tumors (ki67 >14%, Figure 2B, range: 12.12-291.1 pg/

mL to the unexposed and 13.52-173.00 pg/mL to the exposed ones,

p = 0.0493), with high histological grade tumors (Figure 2C, range:

60.80-222.70 pg/mL to the unexposed and 15.02-52.88 pg/mL to the

exposed ones, p = 0.0159) and in those with progesterone receptor-

positive tumors (Figure 2D, range: 12.12-221.70 pg/mL to the

unexposed and 13.52-133.7 pg/mL to the exposed ones, p =

0.0263). A significant increase in IL-17-A was observed in

eutrophic patients exposed to pesticides compared to those not

exposed (Figure 2E, range: 12.12-106.7 pg/mL to the unexposed and

42.52-204.1 pg/mL to the exposed ones, p = 0.0119).
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TABLE 1 Frequency (n) and percentage (%) of clinicopathological data (discrete variables) considering exposure to pesticides.

Not exposed Exposed

Variable Category % p-value1 % p-value2 p-value3

Estrogen receptors

Negative 19.72

<0.0001

22.52

<0.0001

0,0127

Positive 64.79 62.16 0,0024

NA 15.49 15.32

Progesterone receptors

Negative 42.25

0.8563

41.44

0.8834

0,0094

Positive 43.66 42.34 0,0104

NA 14.08 16.22

HER2
expression

Negative 78.87

<0.0001

78.38

<0.0001

0,0002

Positive 7.04 5.41 0,6698

NA 14.08 16.22

Ki67%

14 33.80

0.0186

37.84

0.1447

0,0017

14 52.11 46.85 0,0245

NA 14.08 15.32

Tumor aggressiveness

Less aggressive 36.62

0.1032

40.54

0.6600

0,0014

More aggressive 49.30 43.24 0,0436

NA 14.08 16.22

Molecular subtypes

Luminal A 29.58

0.0009

34.23

<0.0001

0,0017

Luminal B 30.99 6.31 0,1617

HER2 18.31 16.22 0,4142

Triple-negative 14.08 29.58 0,1336

NA 34.23 30.99

Tumor size (mm)

20 32.39

0.0394

32.43

0.0008

0,0167

20 47.89 53.15 0,0002

NA 19.72 14.41

Histological grade

1 26.76

0.1433

23.42

<0.0001

0,1400

2 36.62 45.05 <0,0001

3 22.54 15.32 0,8055

NA 14.08 16.22

Intratumoral emboli

No 66.20

<0.0001

54.05

<0.0001

0,0755

Yes 19.72 29.73 <0,0001

NA 14.08 16.22

Lymph nodal metastasis

None acometed 60.56

<0.0001

53.15

0.0026

0,0251

At least one acometed 23.94 34.23 <0,0001

NA 15.49 12.61

Distant metastasis

No 76.06

<0.0001

76.58

<0.0001

0,0002

Yes 8.45 10.81 0,0455

NA 15.49 12.61

Diagnosis
Early 40.85

0.0291
35.14

<0.0001
0,2195

Late 59.15 64.86 <0,0001

(Continued)
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Spearman’s correlation analysis (Figure 3A) performed in the

exposed patients’ group showed that PR positively correlated to IL-

1b levels (R = 0.4481 for percent expression and 0.3373 for the

presence of PR, p<0.05). For IL-4, positive correlations were found

between its levels and disease aggressiveness (R = 0.2613, p<0.05), as

well as the presence of intratumoral emboli (R =0.2678, p<0.05).

TNF-a levels positively correlated to tumor size (R = 0.2624,

p<0.05) and negatively to lymph nodal invasion (R = -0.2633,

p<0.05). For IL-17-A, a negative correlation was found

concerning BMI categorization (R = - 0.3276, p< 0.05). No

significant correlations were observed regarding IL-12.

Figure 3B shows the results from PCA analysis among cytokine

levels and pesticide exposure. The principal component 1 (PC1)

strongly correlated positively to IL-1b and TNF-a (loadings 0.836

and 0.779, respectively), while the principal component 2 (PC2)
Frontiers in Immunology 0513
strongly correlated positively to pesticide exposure and IL-17-A

(loadings 0.654 and 0.786, respectively).
Discussion

Immune response polarization is crucial to determine the

outcome of diseases whose prognosis depends on this, such as

breast cancer. In this study, we demonstrated that chronic and

continued exposure to pesticides significantly and simultaneously

affects the levels of circulating Th1/Th2/Th17 cytokines in association

with clinicopathological characteristics of worse prognosis.

Pesticides are immunotoxic by multiple mechanisms,

interfering with innate and adaptative responses that are crucial

against cancer (8), and it is suggested that the chronic antigenic
TABLE 1 Continued

Not exposed Exposed

Variable Category % p-value1 % p-value2 p-value3

Menopause at diagnosis

No 32.39

<0.0001

30.63

<0.0001

0,0008

Yes 66.20 65.77 0,0394

NA 1.41 3.60

Trophic-adipose status

Eutrophic 38.03

0.0247

32.43

<0.0001

0,1088

Overweight/Obese 56.34 61.26 0,0001

NA 5.63 6.31

Chemoresistance

No 63.38

<0.0001

63.06

<0.0001

0,0010

Yes 19.72 19.82 0,0593

NA 16.90 17.12

Recurrence

No 83.10

<0.0001

86.49

<0.0001

<0,0001

Yes 12.68 11.71 0,2278

NA 4.23 1.80

Death
No 90.14

<0.0001
94.59

<0.0001
<0,0001

Yes 9.86 5.41 0,6949
NA, data not available. The frequency of the NA category was not considered in the statistical analyses. Values in bold indicate that there was a statistical difference between the categories of the
variable.
B CA

FIGURE 1

Significant variants in the systemic Thl profile of women with breast cancer occupationally exposed or not to pesticides. The Thl profile was
determined through plasma levels of interleukin 12 (IL-12), interleukin 1b (IL-1b,) and tumor necrosis factor alpha (TNF-a). Levels detected in the
exposed and non-exposed groups according to the following clinicopathological variables: (A) – Tumorsize under 2 cm for IL-12, (B) – presence of
lymph node metastasis for IL-1b and (C) – Lymphnodal metastasis for IL-4. Data are shown as a box-plot of minimum, maximum and median
variations. + represents the mean of each group. The p values are shown in the graphs, p<0.05 was considered significant.
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stimulus due to continuous pesticide exposure can induce immune

exhaustion (10). In this context, the imbalance in the production of

cytokines enrolled in carcinogenesis is described (28).

The immune response against cancer has as its central

mechanism a network of cytokines, whose production and

signalling work in a homeostatic way within the T helper

polarization patterns to effectively combat tumours (29, 30). The

Th1 response, represented in our work by the circulating levels of IL-

1b, IL-12, and TNF-a, was negatively affected by pesticide exposure,

resulting in more aggressive clinicopathological conditions. For

example, we observed depletion of IL-12, a main tumor-fighting

cytokine. Specifically, women with tumors smaller than 2 cm exposed

to pesticides had lower circulating levels of IL-12 compared to non-
Frontiers in Immunology 0614
exposed women. This cytokine has potent antineoplastic activity by

inducing a Th1-type response and tumor rejection (31), correlated

with increased survival (32). Failure to produce it, even at a stage

where the tumor represents a small mass, can influence the

development of large tumor masses in the long term, potentially

resulting in aggressive tumor behaviours such as the occurrence of

metastases observed in such exposed patients (33).

In the present study, we observed that IL-1b levels were reduced in
patients with lymph node metastasis, reinforcing the immune

dysfunction reported in breast cancer patients exposed to pesticides

reported by others (34–36). Th1-mediated immunity is known for its

antitumor activity and is associated with longer life expectancy, unlike

patients with tumors associated with Th2 subpopulation markers,
B C

D E

A

FIGURE 2

Significant variations in the systemic Thl7 profile of women with breast cancer occupationally exposed or not pesticides. The Thl7 profile was
determined by measuring plasma interleukin 17 A (IL-17A). Levels detected in the exposed and non-exposed groups according to the following
clinicopathological variables: (A) – Luminal molecular subtype B, (B) – ki67 proliferation index, (C) – tumor histological grade, (D) – Presence of
progesterone receptors and (E) – Eutrophic patients. Data are shown as a box-plot of minimum, maximum and median variations. + represents the
mean of each group. The p values are shown in the graphs, p<0.05 was considered significant.
BA

FIGURE 3

Correlaion analysis of clinicopathological data according to systemic levels of cytokines of exposed breast cancer patients. In A, the heatmap of
Spearman's R values. Red squares indicate positive correlations. Blue squares indicate the negative ones. As intense the color as stronger the
correlation (range from 0 = no correlation to 1 = total correlation). *p<0.05. In B, the principal component analysis. ER, estrogen receptors; PR,
Progesterone receptors; HER2, amplification to the receptor of the human epidermal growth factor 2; LN, lymphnodal; Mx, metastasis.
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with a more unfavorable prognosis (37). Thus, the pesticide-driven

reduction of Th1 cytokines observed here may represent a substantial

impairment for the immune responses against breast cancer.

Some mechanisms are pointed out concerning how pesticide

exposure can affect Th1 cytokines. Our study population is under

chronic handling of a mix of glyphosate, atrazine, and 2,4D

pesticides. Atrazine, for example, changes the secretome pattern

of immunoregulatory compartments as the mesenchymal stromal

stem cells, attenuating Th1-related molecule production (38). A

study (39) investigating the in vitro impact of this mixture at

low concentrations demonstrated significant disturbances in

macrophage polarization in association with a decrease in pro-

inflammatory cytokine secretion. Healthy greenhouse workers

occupationally exposed to pesticides exhibit significant reduction

of circulating pro-inflammatory cytokines such as IL-2, IL-8, IL-

12p70 and IFN-g (35), and the same depletion pattern has been

reported for exposed macrophages (40). These data support the idea

that pesticides may have a direct deleterious effect on immune cells,

which could explain our findings concerning Th1 cytokines

depletion in poor prognosis patients. Human data in this context

is scarce, which highlights the relevance of the present investigation.

We further demonstrated that pesticide exposure substantially

modified the circulating levels of IL-17-A, a Th17 cytokine. The

responses modulated by this axis involve innate and adaptive

immunity inflammatory processes, affecting the production of other

cytokines that modulate breast cancer progression (41).We observed a

significant reduction in IL-17-A levels in patients occupationally

exposed to pesticides compared to the non-exposed group under

several conditions that determine a worse prognosis, such as in

patients with proliferative and high-grade tumors. No data was

found in literature about IL-17A deregulation in the context of

pesticide exposure and breast cancer. In non-cancer conditions, IL-

17A levels do not vary in workers exposed to pesticides (42), but in

vitro and in vivo studies show that IL-17-A is related to cancer

mechanisms (41, 43, 44). Distinct pesticides seem to act by different

mechanisms on Th17 axis. For example, paraquat enriches the gene

expression for IL17 signalling in human cells (45). Murine exposure to

glyphosate leads to IL-17A reduction in peripheral blood at low doses

and has been linked to immune deregulation across generations (46).

Pesticide exposure also augmented IL-17A in eutrophic breast

cancer patients. Despite obesity dysregulates IL17-A production

(47), and no data was found concerning its meaning in eutrophic

patients, these findings support that pesticide exposure induce

significant immunological changes in breast cancer patients,

which vary according to the clinicopathological status of patients.

Our findings suggest that the combination of both pesticide

exposure and breast cancer depletes this cytokine systemically in

exposed women. PCA analysis reinforced the strong correlation

between this cytokine and pesticide exposure. No data was found

regarding atrazine or 2,4D exposures, and there is no information

concerning IL-17A changes in the context of breast cancer and

pesticide exposure.

Our study has limitations, including the need for measuring other

cytokines, the single-point analysis instead of multiple collection

points, and the modest sample size. Despite this, we believe that

the main novelty and contribution relies on the fact that this is the
Frontiers in Immunology 0715
first study to point out systemic changes in cytokine profiles induced

by human exposure to pesticides in the context of breast cancer.

Although the specific mechanisms by which pesticides induce such

changes in breast cancer patients are unclear, our data reinforce

pesticide exposures as potential immunological disruptors of

cytokines produced in the immune response against breast cancer,

especially in clinical conditions linked to worse prognoses.
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Background: Globally, the burden of breast cancer has increased significantly in

recent decades. Emerging evidence suggested that endocrine-disrupting

chemicals (EDCs), which have the potential to interfere with the function of

normal hormones, may play a crucial role in this trend. However, the potential

relationships were inconsistent in various studies.

Objective and search methods: In our study, we sought to fully evaluate the

currently available epidemiological evidence to ascertain whether certain EDC

congeners and their metabolites are related to breast cancer risk. Following the

Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines,

we conducted a comprehensive literature search of original peer-reviewed

publications in three electronic databases: PubMed, Web of Science, and

Embase. Publications that covered xenobiotic EDC exposures and breast

cancer–confirmed histological results or antecedent medical records or

reporting to health registers were taken into consideration.

Outcomes: The final result of the literature search was 6,498 references, out

which we found 67 publications that matched the requirements for meta-

analysis and eight publications for qualitative trend synthesis. In this meta-

analysis, statistically significant associations revealed that (i) 1-chloro-4-[2,2,2-

trichloro-1-(4-chlorophenyl)ethyl]benzene (p,p'-DDT) and its major metabolite

2,2-bis(4-chlorophenyl)-1,1-dichloroethylene (p,p'-DDE) were somewhat

related to a greater risk of breast cancer. However, this relationship only

existed in blood serum but not in adipose tissue. (ii) Breast cancer risk was

increased by exposure to chlordane and hexachlorocyclohexane. (iii) Five

polychlorinated biphenyls (PCB 99, PCB 105, PCB 118, PCB 138, and PCB 183)

can increase the risk of breast cancer. (iv) One phthalate congener (BBP) and one

per- and polyfluoroalkyl substance congener (PFDoDA) were negatively

associated with breast cancer risk. Unfortunately, heterogeneity was not well

explained in our review, and a limited number of available prospective studies

investigating the associations between EDC exposure and breast cancer were
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included in our meta-analysis. To elucidate the overall associations, future large,

longitudinal epidemiological investigations are needed.

Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/,

identifier CRD 42023420927.
KEYWORDS

endocrine-disrupting chemicals, breast cancer, epidemiological studies, pesticides,
polychlorinated biphenyl, meta-analysis
Introduction

The global burden of breast cancer is increasing significantly.

According to GLOBOCAN 2020 (2021), an estimated of 2.3 million

new breast cancer cases were diagnosed in 2020, which contributed

to the most female cancer deaths globally (1). These numbers are

expected to double by 2040, particularly in low- and middle-income

countries (2). Epidemiological evidence has correlated different

factors for the high incidence and death rates in breast cancer,

such as obesity, late age for marriage, first childbirth, menopause,

and early age at menarche. However, these factors only partially

contributed to breast cancer risk (3). Recently, there has been an

ongoing topic of debate regarding whether endocrine-disrupting

chemicals (EDCs), which have evidence of being hormonally active,

are partly attributed to breast cancer risk.

EDCs, which have the potential to interfere with the function of

normal hormones and thus have a negative impact on an intact

organism’s or its offspring’s health (4), are ubiquitous in the

environment, and they can be widely absorbed by the human body

through the skin, inhaled, and ingested. Although some EDC

compounds have been banned in many countries, pollution still

exists in the environment and in the food chain (5, 6). For example,

dichloroethylene (DDT) and hexachlorocyclohexane (HCH), which

were banned in 1983, are still detectable at considerable levels in some

soils in China (7). EDC exposure is one stressor that might adversely

affect normal human development. Adverse health outcomes, such as

cardiovascular risk, autoimmune defects, male reproductive

disorders, earlier timing of pubertal onset, and behavioral disorders

are linked to EDC exposure (4, 8, 9). In addition, accumulating

evidence has shown that the estrogenic properties of EDCs are

potentially linked to the increasing rates of breast cancer. However,

there is presently no consensus. In 2022, a systematic review,

including 131 publications, identified that EDC exposure played a

potential role in elevating the risk of breast cancer (10). However, no

meta-analyses were conducted in this review. In light of recent

epidemiological data, a meta-analysis study of the effects of

environmental endocrine-disrupting xenobiotics on breast cancer

has become necessary. In this meta-analysis, we conducted a

comprehensive peer-reviewed of original literature search to obtain

epidemiological evidence and analyzed whether 10 certain compound

groups of common EDCs [bisphenol A (BPA), dioxins, parabens,
0219
phthalates diesters and their metabolites, flame retardants,

polyaromatic hydrocarbons (PAHs), polychlorinated biphenyls

(PCBs), organochloride pesticides, per- and polyfluoroalkyl

substance (PFAS), and triclosan] and their metabolites (using

biomarker measures) are related to breast cancer risk.
Methods

Protocol

This meta-analysis was carried out entirely in accordance with

the protocol registered at PROSPERO.org (registration number

CRD 42023420927) and Preferred Reporting Items for Systematic

Reviews and Meta-Analyses (PRISMA) guidelines (11).
Search strategy

The available research on EDC exposure and breast cancer was

identified through a comprehensive peer-reviewed of original

literature search in three electronic databases, namely, PubMed,

Web of Science, and Embase, from 1961 to May 2023. The identified

search terms were divided into three search blocks: the first dealt

with the EDC exposure, the second covered the outcome (breast

cancer), and the last covered study design (case−control and cohort

study). A manual search of the included article’s reference lists was

subsequently performed. The search protocol provided the search

specifications and respective hits in each search block

(Supplementary Table 1).
Inclusion criteria

Original research papers published in English were included in

our analysis. The full text of the corresponding article was reviewed

after the title and abstract had been evaluated. Publications were

considered eligible for inclusion if they met all the below criteria.
1. Exposures: Exposures to certain EDCs documented by

measurements in biological specimens (blood, urine, and
frontiersin.org
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adipose tissue) were included in the meta-analysis. The

following 10 compound groups of EDCs were investigated

in the included publications: (i) BPA, (ii) dioxins, (iii)

parabens, (iv) phthalates diesters and their metabolites,

(v) flame retardants, (vi) PAHs, (vii) PCBs, (viii)

organochloride pesticides, (ix) PFAS, and (x) triclosan.

2. Breast cancer: Breast cancer–confirmed histological results

or antecedent medical, records, or reporting to health

registers were taken into consideration.

3. Risk estimates [relative risk (RR), odds ratio (OR), and

hazard ratio (HR)] and their 95% confidence intervals (95%

CI) as an outcome according to higher versus lower levels

of EDC exposure contacts within the given study.

4. Only cohort studies and case−control studies were included

in our analysis.
Exclusion criteria

Criteria for exclusion of studies were as follows:
1. Research studies conducted on animals, case reports, cross-

sectional researches, reviews, conference proceedings/

abstracts, letters, editorials, and comments were not

included in our analysis.

2. Publications that discussed prescription hormones, did not

report risk estimates, or reported repeated estimates from

other publications were excluded.

3. Publications that reported DDT, PCBs, PFAS, and

phthalate congener summary estimates but no specific

risk estimates were excluded.

4. Self-reported breast cancer was excluded.
Data extraction

The process of data extraction was performed independently by

KR and YS, and any inconsistency was resolved by JL. The following

information was extracted from each publication including author,

location, study design, number of cases and referents, biospecimens,

exposure contrast, and substance. Risk estimates with 95% CIs were

recorded for each measured compound. When risks according to

several levels of exposure were reported, The risk estimate of the

highest versus lowest levels was chosen. If a study reported that the

OR value was in both unadjusted and adjusted models, then we gave

preference to the adjusted OR value.
Statistical analysis

Studies were eligible in the meta-analysis when the effect sizes

were reported as an relative risk (OR, RR, and HR) and sample types

were human specimens. Separate forest plots for each EDC exposure
tiers in Oncology 0320
were conducted to illustrate summary ORs with 95% CIs. The

random-effects model was used to summarize the risk estimates. A

meta-analysis was performed independently when ≥3 studies

reported the compound. Heterogeneity was assessed using the

degree of I2-test statistic and p-value. Significant heterogeneity was

defined as I2 > 50% or value of p < 0.10. Low, moderate, and high

degrees of heterogeneity were defined with I2-values of 25%, 50%, and

75% (12). Subgroup analysis was used to determine the source of

heterogeneity when it was assessed as moderate or high degree. We

stratified our analysis into categories on the basis of the study design

(case−control and nested case−control) and sample type (blood,

adipose tissue, or urine). The leave-one-out method was used to

perform sensitivity analysis. All statistical analyses of the data were

performed using STATA software (version 15.0; State Corporation,

College Station, Texas, USA) with a significance level of 0.05.
Risk of bias and quality assessment

The process of risk of bias and quality assessment was

performed independently by two authors (KR and YS), and any

inconsistency was resolved by a third author (JL). Each study was

assessed for the completeness of reporting using a standardized

form adapted from (9). There are a total of 11 items that need to be

evaluated, and the 11 areas were equally weighted with the value one

given for adequate reporting. We deemed a total of 8 to be adequate

for reporting completion. A standardized questionnaire that was

derived from (13) was used to assess the potential sources of bias in

each study. There are a total of seven items, including reporting of

tested hypotheses, sample size justification, selection bias,

information bias, confounding, measuring of confounding factors,

and exposure contrast, that need to be evaluated and each area was

either rated as high risk, uncertain risk, or low risk (the evaluation

form is available in Supplementary Table 11). If two or more of the

specified areas were found to carry a high risk of bias, then

publications were deemed to be biased in that direction. The

potential sources of bias are showed in Supplementary Table 12.
Results

Study selection and characteristics

Figure 1 depicts the screening and selection procedure for the

study. A total of 6,498 records were retrieved from PubMed, Web of

Science, and Embase, of which 1,186 were duplications. Another

5,147 were disqualified when the titles and abstracts were examined

because these studies were review articles, conference abstracts, or

case reports or without measures of EDC exposure. No full-text

studies were also disqualified. The full texts of 165 articles were

reviewed after reading the titles and abstracts. Finally, 67

publications met the qualifying requirements for meta-analysis

and eight publications for qualitative trend synthesis. All included

studies concerned breast cancer only in women. Supplementary
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Tables 2–10 provide an overview of the characteristics of the

included publications.
Pesticides

The relationship between pesticides and breast cancer has

received the most attention because of their persistence in the

environment (14). However, the results were inconsistent in

various studies. In this meta-analysis, we included 38 publications

addressing pesticides. The characteristics of the studies in our

review are shown in Supplementary Tables 2–5.
DDT and breast cancer

There were twenty-eight case−control articles and eight nested

case−control studies (Supplementary Table 2). Of these, six

publications reported DDT levels from adipose tissues, whereas

others presented concentrations of DDT from blood samples.

Thirty-six case-referent studies provided thirty-four risk estimates

for p,p′-DDE, twenty-five risk estimates for p,p′-DDT, four risk

estimates for o,p′-DDT, and four risk estimates for p,p′-DDD. The
summary OR based on twenty-four studies showed that there was a

positive association between p,p′-DDT and breast cancer (OR, 1.22;

95% CI, 1.03–1.45) with high heterogeneity (I2 = 77.7%, P < 0.001)

(Figure 2). In subgroups stratified by study design and sample type,

the OR for case−control studies was close to unity but not

statistically significant (OR, 1.22; 95% CI, 1.00–1.49; I2 = 81.7%; P
Frontiers in Oncology 0421
< 0.001), whereas the blood serum p,p′-DDT was associated with an

increase in breast cancer (OR, 1.32; 95%CI, 1.03-1.70; I2 = 80.5%; P

< 0.001) (Supplementary Figures 1, 2). The pooled OR found that p,

p′-DDE was associated with a significant increase in breast cancer

(OR, 1.15; 95% CI, 1.01–1.30) with high heterogeneity between

them (I2 = 59.9%, P < 0.001) (Figure 3). In subgroups stratified by

study design and sample type, the OR for case−control studies was

1.17 (95% CI, 1.02–1.34; I2 = 63.4; P < 0.001), and the OR for blood

serum was close to unity but not significant (OR, 1.15; 95% CI,

1.00–1.32; I2 = 59.7%; P < 0.001) (Supplementary Figures 3, 4).

There were only four studies that addressed o,p'-DDT in blood and

an inverse association was observed in the meta-analysis (OR, 0.62;

95% CI, 0.42–0.92; I2 = 5.6%; P = 0.365) (Supplementary Figure 5).

The summary OR for p,p′-DDD in blood was slightly elevated but

not statistically significant (OR, 2.78; 95% CI, 0.62–12.41;

I2 = 97.6%; P < 0.001) (Supplementary Figure 6).
Hexachlorobenzene and breast cancer

There were twelve case−control articles and two nested case

−control studies (Supplementary Table 3). Of these, three

publications reported hexachlorobenzene (HCB) levels from

adipose tissues, whereas others presented concentrations of HCB

from blood samples. As shown in Figure 4, the overall OR for the

highest vs. lowest HCB levels was 1.06 (95% CI, 0.68–1.65), with

high heterogeneity among these studies (I2 = 77.4%). The

heterogeneity was not affected by subgroups of sample type

(Supplementary Figure 7).
FIGURE 1

Flow diagram according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol recommendations.
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Hexachlorocyclohexane and breast cancer

Sixteen case-referent studies provided twenty-two risk estimates

for hexachlorocyclohexane (HCH). There were 12 case−control

articles and four nested case−control studies (Supplementary

Table 4). Of these, three publications reported HCH levels from

adipose tissues, whereas others presented concentrations of HCH

from blood samples. As shown in Figure 5. The pooled OR showed

that higher blood/fat levels of HCH was associated with a

substantial increase in the risk of breast cancer in individuals

(OR, 1.33; 95% CI, 1.05–1.67; I2 = 70.3%; P < 0.001). The

heterogeneity was affected by subgroups of sample type and study

design. In blood serum, the concentrations of HCH were associated

with a significant increase in breast cancer (OR, 1.48; 95% CI, 1.19–

1.86; I2 = 64.2%; P < 0.001). The summary OR for HCH in adipose

tissue was significantly reduced (OR, 0.61; 95% CI, 0.42–0.90) with

no heterogeneity (Supplementary Figure 8). The summary estimate

risk of twelve case−control publications was a statistically

significant increase (OR, 1.47; 95% CI, 1.15–1.87; I2 = 67%; P <

0.001) (Supplementary Figure 9).
Other pesticides

There were 17 publications that reported the associations

between other pest ic ide exposure and breast cancer .

Supplementary Table 5 details the features of the studies included

in our meta-analysis. The pooled OR for chlordane showed a

significant increase in the risk of breast cancer (OR, 2.36; 95% CI,

1.20–4.63; I2 = 88.5%; P < 0.001). No significant increase were
Frontiers in Oncology 0522
observed in other pooled ORs. The results are summarized

in Figure 6.
PCBs and breast cancer

Twenty-two studies were enrolled, including four nested

case−control studies and eighteen case−control studies

(Supplementary Table 6). Of these, eight publications reported PCB

concentrations from adipose tissues, whereas others presented

concentrations of PCBs from blood samples. Twenty-two

publications provided 13 summary risk estimates for breast cancer.

The pooled ORs showed that individuals with higher blood/fat levels

of PCB 99, PCB 105 and PCB 183 increased the risk of breast cancer

(OR 1.43; 95% CI, 1.17-1.76; OR 2.05; 95% CI, 1.42-2.97; OR 1.57;

95% CI, 1.27-1.94) with no heterogeneity (Figures 7A–C). The

summary ORs for PCB 118 and PCB 138 were statistically

significantly elevated with high heterogeneity between them (OR,

1.28; 95% CI, 1.01–1.62; I2 = 74.0%; OR, 1.33; 95% CI, 1.10–1.60;

I2 = 52.9%) (Figures 7D, E). These heterogeneities were affected by

subgroups of sample type and study design. In subsequent subgroup

analysis, we found that PCB 118 in case−control studies and PCB 138

in blood samples were positively associated with breast cancer risk

(OR, 1.38; 95% CI, 1.04–1.83; I2 = 77.7%; and OR, 1.29; 95% CI, 1.05–

1.60; I2 = 30.8%) (Supplementary Figures 10, 11). The summary

estimate for PCB 187 was near to unity (OR, 1.23; 95% CI, 1.00–1.53)

with low heterogeneity (I2 = 24.6%) (Supplementary Figure 12). In

addition, the pooled ORs of PCB 52, PCB 74, PCB 101, PCB 153, PCB

156, PCB 170, and PCB 180 showed no significant increase in breast

cancer (Supplementary Figures 13–19).
FIGURE 2

Summary estimates of the meta-analysis: association between p,p′-DDT exposure and breast cancer.
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Phthalates and breast cancer

The characteristics of the studies included in our review are

shown in Supplementary Table 7. Six publications provided five

summary risk estimates for breast cancer. The urinary benzyl butyl
Frontiers in Oncology 0623
phthalate (BBP) was negatively associated with breast cancer (OR,

0.76; 95% CI, 0.61–0.95; I2 = 33.0%; P = 0.1888). However, the

overall ORs for DBP, DEHP, DEP, and DIBP were not statistically

significant (Supplementary Figures 20–24). The results are

summarized in Figure 8.
FIGURE 4

Summary estimates of the meta-analysis: association between HCB exposure and breast cancer.
FIGURE 3

Summary estimates of the meta-analysis: association between p,p′-DDE exposure and breast cancer.
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Per- and polyfluoroalkyl substances and
breast cancer

The characteristics of the studies included in our review are

shown in Supplementary Table 8. Eleven publications provided

nine summary risk estimates for breast cancer following exposure to

PFASs. The summary estimates were above unity for

perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid

(PFOS), perfluorodecanoic acid (PFDA), perfluorohexanesulfonic

acid (PFHxS), and perfluoro heptanoic acid (PFHpA) but were not

statistically significantly elevated. Conversely, the pooled ORs were

below unity for perfluorononanoic acid (PFNA), perfluoro

undecanoic acid (PFUnDA), perfluoro-n-tridecanoic acid

(PFTrDA), and perfluorododecanoic acid (PFDoDA) but only

statistically significantly decreased for PFDoDA (OR, 0.69; 95%

CI, 0.50–0.95; I2 = 21.7%). The results are summarized in Figure 9.
Frontiers in Oncology 0724
Polybrominated diphenyl ethers and
breast cancer

There were only four publications for polybrominated diphenyl

ethers (PBDEs) included in our meta-analysis. The characteristics

of the studies are shown in Supplementary Table 9. As shown in

Figure 10, the overall OR for the highest versus lowest PBDE levels

was 1.04 (95% CI, 0.82–1.30; I2 = 45.1%).
Bisphenol A and breast cancer

The characteristics of the studies included in our meta-analysis

are shown in Supplementary Table 10. There were four

case−control studies and one nested case−control study. Four

articles reported PBA levels from blood serum. As shown in
FIGURE 6

ORs (95% CI) of the summary estimate of analyses for associations between other pesticides and breast cancer.
FIGURE 5

Summary estimates of the meta-analysis: association between HCH exposure and breast cancer.
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Figure 11, the overall OR for the highest versus lowest PBA levels

was 0.91 (95% CI, 0.77–1.07).
Risk of bias assessment

Figure 12 summarizes the risk of bias assessment for

randomized controlled trials and crossover trials that are

included. Overall, most of the included publications reported

tested hypotheses, and there was a low risk of bias for

information bias. More than 90% of studies considered relevant

confounders and measured confounding factors. Five of all papers

were considered to have a high risk of selection bias, and the bias in

the other 31 studies were not clearly described. Approximately 30%

of all studies did not report whether they addressed sample size in
Frontiers in Oncology 0825
the discussion. Fourteen articles had a high risk of exposure contrast

because exposure categories were split by the median or by ad-hoc

grouping comparison of median values in cases and controls rather

than divided by tertiles and quantiles (or more detailed) or by

grouping of levels. For example, this case–control study that only

contrasted the median values in cases and control has assessed as

high risk of exposure contrast (15).
Discussion

This meta-analysis aimed to pool available epidemiological

evidence on 10 compound groups of EDCs and breast cancer. We

finally pooled six compound groups because of limited publications.

We included publications with real measurements of the chemical
B

C

D

E

A

FIGURE 7

Summary estimates of the meta-analysis. (A) Associations between PCB 99 and breast cancer. (B) Associations between PCB 105 and breast cancer.
(C) Associations between PCB 183 and breast cancer. (D) Associations between PCB 138 and breast cancer. (E) Associations between PCB 118 and
breast cancer.
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in biospecimens because reliable exposure assessment is necessary

for the compounds of interest. This is a meta-analysis that, to our

knowledge, has rigorously assessed the epidemiological data on the

association between common endocrine-disrupting compounds

and breast cancer. A total of 67 articles provided over 300 risk

estimates regarding EDC exposure and breast cancer.
Meta-analysis

DDT and breast cancer
Paul Müller discovered that DDT can kill insects in 1939, and it

has been widely used in agriculture since then (16). The results of this

meta-analysis showed that the most recent body of literature

supported a moderately positive relationship between DDT/DDE

and breast cancer. DDT was a common organochlorine pesticide

(OCP) during the 1940s and 1950s (17). Although many countries

banned DDT from agricultural usage in the 1970s, especially in

developed countries, the pollution still exists in the environment and

in the food chain (5). There is growing interest in DDT/DDE

exposure to breast cancer that has been evaluated and recognized

by many systematic reviews and meta-analyses (11, 18, 19). Differing

from meta-analyses conducted in 2013, we analyzed the risk of four

isoforms of DDT: p,p′-DDT, p,p′-DDE, o,p′-DDT, and p,p′-DDD,
respectively. These statistical results revealed that p,p′-DDT and p,p′-
DDE were marginally associated with a higher risk of breast cancer

with moderate to high levels of heterogeneity although the

associations were weak. However, we did not observe consistent

results after stratifying by study design and sample type. Overall,
Frontiers in Oncology 0926
DDT/DDE in blood serum, not in adipose tissue, was positively

associated with breast cancer. One possible explanation was that most

of the control’s adipose tissues came from those people with benign

breast disease, which may confuse our final results. Unfortunately, we

did not observe a positive relationship from nested case−control

publications. There were only eight publications designed as

prospective cohort, and these nested case−control publications

most published before 2009 excluded one published in 2019. Cohn

et al. found that blood serum p,p′-DDT was positively associated with

breast cancer risk in 2019 (20), which was consistent with our

analysis. A growing body of studies have analyzed the underlying

mechanisms. Among of them, the estrogen-like properties of DDT

are considered the most likely mechanism because overexpression of

the estrogen hormone is associated with an increased risk for breast

cancer (21, 22). Unfortunately, there were only four publications

regarding o,p′-DDT and p,p′-DDD, respectively. Thus, the impact of

o,p′-DDT and p,p′-DDD exposure on breast cancer cannot be

determined in our review. More prospective studies are needed to

clarify the relationship between DDT/DDE and breast cancer.

Other pesticides and breast cancer
In addition, we pooled another nine OCPs. Thereinto, HCH and

chlordane were also related to breast cancer risk. However, in

subgroups stratified by sample type, the summary OR for HCH in

adipose tissue was significantly reduced. There were only three

publications addressing HCH in adipose tissues, and these articles

were published before 2005. Meanwhile, no association was observed

for HCH from nested case−control studies and breast cancer. There

were only four nested case−control publications, and these studies

were conducted before 2008. To our knowledge, this is the first meta-

analysis to analyze the relationship between HCH and breast cancer.

PCBs and breast cancer
The International Agency for Research on Cancer (IARC)

upgraded PCBs to group 1 “Carcinogenic to humans” in 2015, on

the basis of sufficient evidence of an excess risk for melanoma (23).

In recent decades, an increasing number of epidemiological studies

have investigated the connection between PCBs and the risk of

breast cancer. However, the results were inconsistent. Two meta-

analyses were conducted to investigate the relationship between

individual PCB congeners and breast cancer in 2015 and 2016 (24,
FIGURE 9

ORs (95% CI) of the summary estimate of analyses for associations between PFAS and breast cancer.
FIGURE 8

ORs (95% CI) of the summary estimate of analyses for associations
between phthalates and breast cancer.
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25). As epidemiological evidence has been updated in recent years

(26–31), we further evaluated the association between PCBs and

breast cancer. In 1995, Wolff and Toniolo classified PCB congeners

into three groups: (i) group 1, containing PCBs that act as estrogen

agonists, such as PCB 187; (ii) group 2, containing PCBs that act as

dioxin, such as PCB 105, PCB 118, PCB 138, PCB 156, and PCB

170; and (iii) group 3, containing PCBs that work by stimulating

cytochrome P450 enzymes, such as PCB 99, PCB 153, PCB 180, and

PCB 183 (32). Zhang et al. found that group 2 and group 3 PCB

exposure, but not group 1 PCB exposure, increased the risk of breast

cancer in 2015 (25). However, it proved challenging to identify

which specific PCB congeners are associated with breast cancer. In

our review, 13 PCB congeners were reported by more than two

studies. Similarly, we found that the highest (vs. lowest) tertiles of

PCB 99 and PCB 183 (group 3) were positively associated with the
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risk of breast cancer in our analysis, which was consistent with the

meta-analysis conducted in 2016. In addition, we also found that

the risk of breast cancer can be increased by PCB 105, PCB 118, and

PCB 138 (group 2).

Other EDCs and breast cancer
There are numerous unavoidable and accidental causes of

exposure to BPA, phthalates, PBDEs, and PFASs in daily life. We

found that one PFAS congener (PGDoDA) and one phthalate

congener (BBP) were passively linked with the risk of breast

cancer. However, only three publications addressing PGDoDA

matched the requirements for meta-analysis. More studies are

needed to identify the association. The impact of other phthalates,

PFAS, BPA, and PBDE on breast cancer was not sufficiently

supported by the results.
FIGURE 11

Summary estimates of the meta-analysis: association between PBA exposure and breast cancer.
FIGURE 10

Summary estimates of the meta-analysis: association between PBDE exposure and breast cancer.
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Studies not eligible for meta-analysis
In addition, there were four compound groups of EDCs that

were not eligible for meta-analysis because of limited studies.

Further larger population-based studies are needed to clarify the

real relationship between environmental EDCs and breast cancer.

There were only two studies addressing the relationship between

parabens and breast cancer. Wu et al. found that breast cancer was

inversely associated with total parabens (OR, 0.77; 95% CI, 0.62–0.97) in

a nested case−control study in 2021 (33). Parada et al. found that there

was no association between the risk of breast cancer and the highest (vs.

lowest) quintiles of urine propylparaben (OR, 1.31; 95% CI, 0.90–1.90)

and total parabens (OR, 1.35; 95% CI, 0.93–1.97), but the positive

association was found between methylparaben and breast cancer (OR,

1.50; 95% CI, 1.03–1.18) (34). 2,3,7,8-Tetrachlorodibenzo-p-dioxins

(TCDD), the most toxic congener of dioxin, is a widespread

environmental contaminant that has been classified as carcinogenic to

humans by the IARC (35). Two studies, conducted in 2002 and 2011,

found that the TCDD levels in serumwere not associated with the risk of

breast cancer (36, 37). However, Rhee et al. found that residential

exposure to dioxin emissions may confer an increased risk of breast

cancer (38). Larger longitudinal studies are necessary to clarify the

relationship between TCDD and breast cancer. Triclosan is a

nonpersistent EDC that has caused serious public health concerns

because it is widely absorbed through the skin, inhaled, and ingested.

To date, only two studies have addressed the effect of individual exposure

to triclosan on breast cancer. These two publications suggested that

exposure to triclosan was not associated with breast cancer (33, 34). Two

nested case−control studies found inconsistent results for PHA and

breast cancer. In 2017, Shen et al. found that plasma PHAwas positively

associated with breast cancer risk (39). However, Wu et al. found no

significant association between PHA and breast cancer in 2021 (40).

Strengths and limitations of the review

We have rigorously assessed the epidemiological data on 10

compound groups of EDCs (BPA, dioxins, parabens, phthalates
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diesters and their metabolites, flame retardants, PAHs, PCBs,

organochloride pesticides, PFAS, and triclosan) and breast cancer

and, finally, summarized risk estimates for six compounds

(organochloride pesticides, PCBs, phthalates diesters and their

metabolites, PFAS, flame retardants, and BPA). To our

knowledge, we have for the first time summarized the

relationship between HCH and breast cancer, and found that

HCH was positively related to breast cancer risk. Meanwhile, the

relationships between several common EDC congeners and breast

cancer have been updated. such as DDT, PCBs, and phthalates. This

facilitated a better understanding of the association between each

type of EDCs and breast cancer. Unfortunately, heterogeneity was

not well explained in our review, and a limited number of available

prospective studies investigating the associations between EDC

exposure and breast cancer were included in our meta-analysis.

More attention was given to women, not men, perhaps because

breast cancer is more common in women. To elucidate the overall

associations, future large, longitudinal epidemiological

investigations are needed.
Conclusions

In this meta-analysis, statistically significant associations

revealed that (i) p,p′-DDT and its major metabolite p,p′-DDE
were somewhat related to a greater risk of breast cancer.

However, this relationship only existed in blood serum but not in

adipose tissue. (ii) Breast cancer risk was increased by exposure to

chlordane and HCH. (iii) Five polychlorinated biphenyls (PCB 99,

PCB 105, PCB 118, PCB 138, and PCB 183) can increase the risk of

breast cancer. (iv) One phthalate congener (BBP) and one PFAS

congener (PFDoDA) were negatively associated with breast cancer

risk. Our meta-analysis suggested that exposure to a few specific

EDCs was identified as a risk factor for breast cancer. More effective

preventive measures should be taken to control the environmental

pollution of EDCs.
FIGURE 12

Risk of bias. The proportion of included publications with each of the identified risk categories (low risk, some concerns, and high risk).
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Glossary

BBP Benzyl butyl phthalate

BPA Bisphenol A

EDCs Endocrine-disrupting chemicals

DBP Dibutyl phthalate

DDT 1,1-(2,2,2-trichloroethane-1,1-diyl)bis (4-chlorobenzene)

DEP Diethyl phthalate

DEHP Di(2-ethylhexyl) phthalate

DIBP Diisobutyl phthalate

HCB Hexachlorobenzene

HCH Hexachlorocyclohexane

HR Hazard ratio

IARC International Agency for Research on Cancer

OCPs Organochlorine pesticide

o,p'-DDT 1-methoxy-2-[2,2,2-trichloro-1-(4 methoxyphenyl)ethyl]benzene)

OR Odds ratio

PAHs Polyaromatic hydrocarbons

PBDE Polybrominated diphenyl ethers

PCB Polychlorinated biphenyls

PFAS Per- and polyfluoroalkyl substances

PFDA Perfluorodecanoic acid

PFDoDA Perfluorododecanoic acid

PFHpA Perfluoro heptanoic acid

PFHxS Perfluorohexanesulfonic acid

PFNA Perfluorononanoic acid

PFOA Perfluorooctanoic acid

PFOS Perfluorooctanesulfonic acid

PFTrDA Perfluoro-n-tridecanoic acid

PFUnDA Perfluoro undecanoic acid

p,p′-DDE 2,2-bis(4-chlorophenyl)-1,1-dichloroethylene

p,p′-DDT 1-chloro-4-[2,2,2-trichloro-1-(4-chlorophenyl)ethyl]benzene

p,p′-DDD 2,2-bis(4-chlorophenyl)-1,1-dichloroethane

RR Relative risk

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxins

95% CI 95% confidence interval
F
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Background: Chronic obstructive pulmonary disease (COPD) has become one 
of the most significant chronic diseases in China. According to conventional 
wisdom, smoking is the pathogenic factor. However, current research indicates 
that the pathophysiology of COPD may be  associated with prior respiratory 
system events (e.g., childhood hospitalization for pneumonia, chronic bronchitis) 
and environmental exposure (e.g., dust from workplace, indoor combustion 
particles). Dyspnea, persistent wheezing, and other respiratory symptoms further 
point to the need for pulmonary function tests in this population. Reducing the 
burden of chronic diseases in China requires a thorough understanding of the 
various factors that influence the occurrence of COPD.

Methods: Using a cohort from the natural population, this study used nested case-
control analysis. We carried out a number of researches, including questionnaire 
surveys and pulmonary function testing, in the Northwest and Southeast cohorts 
of China between 2014 and 2021. After removing any variations in the baseline 
data between patients and control subjects using propensity score matching 
analysis, the risk factors were examined using univariate or multivariate regression.

Result: It was discovered that prior history of chronic bronchitis, long-term 
wheezing symptoms, and environmental exposure—including smoking and 
biofuel combustion—were risk factors for COPD. Dyspnea, symptoms of mobility 
limitation, organic matter, and a history of hospitalization for pneumonia at an 
early age were not significant in the clinical model but their incidence in COPD 
group is higher than that in healthy population.

Discussion: COPD screening effectiveness can be  increased by looking for 
individuals with chronic respiratory symptoms. Smokers should give up as soon 
as they can, and families that have been exposed to biofuels for a long time 
should convert to clean energy or upgrade their ventilation. Individuals who have 
previously been diagnosed with emphysema and chronic bronchitis ought to 
be extra mindful of the prevention or advancement of COPD.
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Introduction

The significant death rate linked with chronic obstructive 
pulmonary disease (COPD) has made it a global public health 
concern. By 2030, it is predicted to rank as the third most common 
cause of death globally (1, 2). A survey on the prevalence of COPD in 
China was carried out by Zhong et al. between 2002 and 2004 In 
China, the overall COPD prevalence was 8.2% (males: 12.4%; females: 
5.1%) (3). Ten years later, the Chinese Lung Health (CPH) survey by 
Wang et al. revealed that 8.6% (95% CI7.5–9.9) of Chinese people had 
COPD overall in 2012–2015 (4). It is anticipated that China’s COPD 
burden would continue to increase significantly (5).

Small airway disease and lung parenchymal damage work together 
to develop COPD. Chronic inflammation brought on by a variety of 
conditions results in lung parenchymal damage, small airway stenosis, 
structural abnormalities, and impaired mucociliary function (6). 
Smoking cessation should be the first priority in the treatment due to 
it is one of the main risk factors for COPD (7, 8). Hazardous gases, 
dust at work and indoor air pollution are all regarded as environmental 
exposures that require attention. Fuel exposure and occupational 
exposure are probably the second most important risk factors for 
COPD after smoking in developing and developed countries, 
respectively (9, 10). COPD risk can be decreased by adding exhaust 
fans or upgrading biomass burners (11). Workers who have been 
exposed to a range of dangerous compounds have demonstrated a 
greater incidence of COPD and a corresponding rise in death (10, 12). 
A few prior conditions, particularly those pertaining to the respiratory 
symptoms, may potentially serve as early indicators of COPD (4). 
Additional risk variables for COPD included age, gender, and a low 
body mass index (3). The aforementioned impacting elements will 
be covered in this paper.

We discovered that the majority of COPD researches had been 
regionally oriented since Zhong et al.’s (3) survey on the total prevalence 
of COPD in China and Wang et al.’s (4) study. Nonetheless, China has 
an unequal demographic and economic distribution, which could have 
an effect on how the risk factors for COPD are determined. In order to 
conduct a retrospective inquiry and analysis, this study chose the 
population cohorts from 2014 to 2021 in the Northwest and Southeast 
of China, respectively, and then qualifying people were chosen to 
be included in the study. Moreover, we did not restrict our investigation 
to exposure to dust or gasoline. The study refined categories of exposure 
and included traceability of previous clinical conditions, which were not 
available in the two previous population-based national cohort studies.

Methods

Study design and subjects

A natural population cohort study served as the foundation for our 
cross-sectional survey investigation. Due to the significant economic 
and social difference between the Southeast and Northwest regions of 
China, the study was first separated into two lines. Zhejiang Province 
was picked to represent Southeastern China, and the province of Gansu 
was chosen to represent Northwestern China. In the second round, 
software was utilized to generate random numbers, which were used to 
select three districts or counties in each province. Third, depending on 
differences in urban and rural development, equal share of urban streets 

or rural towns were randomly selected from the designated urban or 
county. Lastly, based on population size, cluster units made up of 
villages or urban settlements were chosen with using a random cluster 
sampling technique. Tests of pulmonary function and questionnaire 
surveys were conducted among individuals who were 40 years of age or 
older. After the two provinces’ natural population cohorts were 
established, specific groups were screened for the case–control research.

The institutional review boards of the participating centers in each 
province approved the study’s protocol and procedures.

Data collection

The goal of the study was explained to the subjects, and their 
informed consent was acquired. Every tester employed identical 
instruments, protocols, and questionnaires. Prior to conducting the 
survey, operators and interviewers underwent rigorous training. 
We obtained data from the research participants through a combination 
of in-person interviews, comprehensive physical examinations, and 
laboratory testing. A standardized and structured questionnaire was 
used by interviewers with training. The worldwide BOLD study was 
followed in developing the questionnaire’s content (13). Certain things 
were added or removed based on the social and economic conditions 
in two different provinces. Demographic, socioeconomic, lifestyle, diet, 
employment history, occupational exposure, self-reported medical 
history, and other details were included in the information. The 
definition of exposure to relevant substances was indicated in the 
questionnaire. For example, A smoker was classified as someone who 
had smoked for more than 6 months straight. Occupational exposure 
was defined as more than a year of exposure to chemicals or dust at 
work (14). The discussion section goes over other pertinent definitions. 
Exclusions included recent surgery, history of stroke, pregnancy, and 
other conditions that would influence the pulmonary function test 
(15). Following the determination of spirometry eligibility, the 
individuals were scheduled for spirometry evaluation.

Diagnostic criteria

Although some studies have suggested that the LLN (lower limit 
of normal) is more valuable for the diagnosis of COPD, we adhere to 
the GOLD criteria: COPD was defined as FEV1/ FVC < 70% (FEV1: 
Forced Expiratory Volume in the first second; FVC: Forced Vital 
Capacity; The ratio serves as an indicator of the extent of airway 
obstruction) after the bronchodilator test (inhalation of salbutamol 
400 μg for at least 15 min) (16, 17). All populations using uniform 
spirometeres. All subjects underwent pulmonary function tests twice. 
If the post-bronchodilator FEV1/FVC was less than 0.70 during the 
two tests, we confirmed it on a separate occasion by repeating lung 
function test. This is because of the inaccuracy of making a diagnosis 
of COPD based on a single lung function measurement (18). 
Bronchodilators were prohibited for 48 h prior to testing.

Data processing

Chi-square tests were used to ascertain differences across 
variables, and exposure rates were computed as crude rates and 95% 
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confidence intervals. Using univariate/multivariate regression, the 
odd ratio (OR) and 95% confidence interval (CI) of COPD and 
possible risk variables were determined. SPSS version 27 and SAS 
version 9.4 were used for data analysis. Based on two-sided tests 
with a significant level of 0.05, all stated p values have 
been calculated.

Results

Participants characteristics

Included in the initial natural population cohort were more than 
40,000 people. 2,530 people meet every requirement included in the 
analysis, as seen in Figure 1. Following 1:1 propensity score matching 
(PSM) based on age, gender, and educational attainment between the 

case group and the control group, 728 patients were ultimately chosen 
for the nested case-control investigation.

Between the two groups, the average age was 60.74 (SD = 9.22). 
Men made up 75.3% of the population, far more than women. The 
majority of them only completed middle school or less, so the 
population under study has a low average level of education. The data 
presented in Table 1 indicates that there is no statistically significant 
variation in gender, age, or cultural level among the various groups.

Clinical signs and symptoms

The rate at which symptoms emerge varies significantly between 
the COPD group and the healthy population. According to Table 2, the 
case group experienced greater respiratory symptoms than the control 
group. Long-term cough and phlegm did not differ between the two 

FIGURE 1

Procedures for data acquisition, screening and inclusion of subjects. The nested case-control study’s technical path is depicted in this figure. The 
original cohort’s formation is displayed in the upper portion of the image, along with the inclusion and exclusion criteria. The PSM method and the 
portion of the case-control research are displayed in the lower part of the figure.

TABLE 1 The basic demography characteristics of inclusion objects.

Characteristics Total (n  =  728) Cases (n  =  364) Controls (n  =  364) p-valueb

Sex 0.39

Male 548 279 269

Female 180 85 95

Age (years)a 60.74 ± 9.22 60.68 ± 9.10 60.80 ± 9.35 0.85

Education 0.73

Less than primary 348 175 173

Middle or high school 363 179 184

College or above 17 10 7

aMean (standard deviation, SD).
bCase group vs. control group.
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groups, but the case group experienced significantly greater rates of 
panting (28.3 vs. 15.9%), dyspnea during activities (44.2 vs. 28.0%), and 
limited mobility due to breathing difficulties (12.4 vs. 6.6%; p < 0.05).

Exposure factors

The respondents’ prior exposure history was charted in Table 3. 
According to the majority of published research, smoking was 

discovered to be a risk factor for COPD. Both the case and control 
groups had more than half of their participants smoking (both past 
and present); the case group even reached 64.0%, which was 
statistically different from the control group. The case group had less 
secondhand smoke (SHS) exposure than the control group, but the 
difference was not statistically significant.

We separated the fuels into biofuels (straw and animal dung) and 
coal (kerosene and coal) based on the economic and environmental 
conditions of the two sites. We also divided the occupational exposure 

TABLE 2 Different clinical symptoms of 2 groups.

Symptoms Cases n (%) Controls n (%) p-valuea OR (95%CI)

Cough

Yes 94 (25.8) 90 (24.7) 0.73 1.06 (0.76,1.48)

No 270 (71.2) 274 (75.3) 1.00 (reference)

Expectoration

Yes 93 (25.5) 76 (20.9) 0.14 1.30 (0.92–1.84)

No 271 (74.5) 288 (79.1) 1.00 (reference)

Pant

Yes 103 (28.3) 58 (15.9) < 0.05 2.08 (1.45–2.99)

No 261 (71.7) 306 (84.1) 1.00 (reference)

Dyspnea

Yes 161 (44.2) 102 (28.0) < 0.05 2.04 (1.50–2.77)

No 203 (55.8) 262 (72.0) 1.00 (reference)

Activity limitation

Yes 45 (12.4) 24 (6.6) < 0.05 2.00 (1.19–3.36)

No 319 (87.6) 340 (93.4) 1.00 (reference)

CI, confidence interval. 
aCase group vs. control group.

TABLE 3 Exposure factors comparison between 2 groups.

Exposures Cases n (%) Controls n (%) p-valueb OR (95%CI)

Smoking

Yes 233 (64.0) 199 (54.7) <0.05 1.48 (1.10–1.99)

No 131 (36.0) 165 (45.3) 1.00 (reference)

SHSa

Yes 176 (48.4) 189 (51.9) 0.34 0.87 (0.65–1.16)

No 188 (51.6) 175 (48.1) 1.00 (reference)

Fuel exposure

Biofuels 203 (55.8) 177 (48.6) <0.05 1.33 (1.00–1.78)

Coal fuel 98 (26.9) 92 (25.3) 0.61 1.09 (0.78–1.52)

None 131 (36.0) 176 (48.4) 1.00 (reference)

Winter heating

Yes 237 (64.3) 246 (67.6) 0.48 0.90 (0.66–1.22)

No 127 (34.9) 118 (32.4) 1.00 (reference)

Dust exposure

Chemical 42 (11.5) 51 (14.0) 0.32 0.80 (0.52–1.24)

Metal 12 (3.3) 8 (2.2) 0.37 1.52 (0.61–3.76)

Inorganic minerals 30 (8.2) 29 (8.0) 0.89 1.04 (0.61–1.77)

Organic matter 24 (6.6) 11 (3.0) <0.05 2.27 (1.09–4.70)

Crops 94 (25.8) 90 (24.7) 0.73 1.06 (0.76–1.48)

None 221 (60.7) 230 (63.2) 1.00 (reference)

CI, confidence interval. 
aSecondhand smoke.
bCase group vs. control group.
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into five categories: metal dust, inorganic dust (silica, coal mining, 
cement manufacturing, etc.), chemical dust (detergent, hair dye, 
smoke, etc.), organic dust (poultry feathers or other animal hair), and 
crop dust (planting soil, grain dust, cotton dust, etc.). The case group’s 
rate of long-term biofuel use was greater than that of the other group’s 
(55.8 vs. 48.6%) in terms of solid particle matter exposure. Although 
there were comparable numbers of coal users in the two groups, the 
case group’s rate was generally higher. In terms of occupational dust 
exposure, the case group was slightly more than the control group, and 
the two groups’ exposure amounts to various chemicals were 
comparable. Only the exposure to organic compounds (6.6 vs. 3.0%) 
showed differences.

Previous history

The participant’s past medical history, including a few common 
chronic conditions, was included in our questionnaire (Table 4). In the 
case group, the percentage of subjects who had been hospitalized for 

pneumonia in childhood (6.6 vs. 3.0%), or who had been diagnosed 
with chronic bronchitis (18.4 vs. 8.8%) or emphysema (8.0 vs. 0.3%), 
was significantly higher than that of the control group, according to 
the comparison of prior diseases. The prior history of bronchial 
asthma, which has diagnostic criteria comparable to COPD but is 
significantly reversible with bronchodilators, did not, however, show 
a statistically significant difference. Additionally, there was no change 
in the factor—a history of tuberculosis. Furthermore, chronic diseases 
like diabetes and cardiovascular disease were excluded from the 
clinical model since there was no evidence linking them to the illness.

Establish clinical model

While multi-factor analysis can adjust for the influence of multiple 
confounding factors and change the study’s findings, univariate 
analysis frequently yields results that are not very dependable. 
Figure 2’s risk factors that showed statistical significance in univariate 
regression were examined using logistic regression, and our clinical 

TABLE 4 Comparison of past disease between 2 groups.

Past history Cases n (%) Controls n (%) p-valuea OR (95%CI)

Hospitalization for pneumonia in childhood

Yes 24 (6.6) 11 (3.0) <0.05 1.27 (1.09–4.70)

No 340 (93.4) 353 (97.0) 1.00 (reference)

Asthma

Yes 25 (6.9) 17 (4.7) 0.21 1.51 (0.80–2.84)

No 339 (93.1) 347 (95.3) 1.00 (reference)

Chronic bronchitis

Yes 67 (18.4) 32 (8.8) <0.05 2.34 (1.49–3.67)

No 297 (81.6) 332 (91.2) 1.00 (reference)

Emphysema

Yes 29 (8.0) 1 (0.3) <0.05 31.42 (4.26–231.96)

No 335 (92.0) 363 (99.7) 1.00 (reference)

Allergic rhinitis

Yes 6 (1.6) 10 (2.7) 0.32 0.59 (0.21–1.65)

No 358 (98.4) 354 (97.3) 1.00 (reference)

Pulmonary tuberculosis

Yes 5 (1.4) 3 (0.8) 0.48 1.68 (0.40–7.07)

No 359 (98.6) 361 (99.2) 1.00 (reference)

Hypertension

Yes 76 (20.9) 88 (24.2) 0.29 0.83 (0.58–1.17)

No 288 (79.1) 276 (75.8) 1.00 (reference)

Coronary heart disease

Yes 6 (1.6) 8 (2.2) 0.59 0.75 (0.26–2.17)

No 358 (98.4) 356 (97.8) 1.00 (reference)

Diabetes

Yes 19 (5.2) 17 (4.7) 0.73 1.12 (0.58–2.20)

No 345 (94.8) 347 (95.3) 1.00 (reference)

CI, confidence interval. 
aCase group vs. control group.
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model contained variables that showed statistical significance in 
multivariate regression. Using references to pertinent literature, the 
clinical model also incorporated the respiratory system’s past history. 
Despite the fact that the univariate regression showed a substantial 
correlation (OR = 31.42) between the onset of the disease and a prior 
history of emphysema, we did not incorporate this into the clinical 
model due to the small number of patients with emphysema in the 
control group. There were worries that adding it would cause the result 
to be  inaccurate. In the clinical model following multivariate 
regression, the symptoms of wheezing (OR = 1.65), smoking history 
(OR = 1.50), exposure to biofuels (OR = 1.36), and prior history of 
bronchitis (OR = 2.13) were identified as risk factors for COPD.

Discussion

COPD is a type of chronic lung disease. In order to increase 
screening efficiency, a well-designed COPD screening questionnaire 
revealed that respiratory symptoms like cough, expectoration, 
dyspnea, and wheezing could be useful in identifying individuals who 
would benefit most from pulmonary function testing (19). The 
percentage of individuals in both groups who had expectoration and 
cough was comparable. On the other hand, the case group experienced 
almost twice as many symptoms of wheezing or activity limitation as 
the control group. Dyspnea affected a notably higher number of 
individuals in the case group. Using a symptom-based questionnaire 
in the community can increase the effectiveness of COPD screening 
(20). It is recommended that individuals exhibiting respiratory 
symptoms, particularly those with persistent wheezing, should 
promptly undergo a pulmonary function test to ascertain the presence 
of COPD. Those with respiratory problems should receive extra 
consideration when being screened. The COPD disease burden can 
be decreased with early diagnosis (21).

Smoking was found to be a significant risk factor for COPD by 
both Ma et al. (OR value = 1.51) and Zhong et al. (OR value between 
1.27 and 1.72) (2, 3). They were all rather close to the 1.50 OR value 
found in our investigation. Without a question, the most important 
factor in COPD is smoking. It has the potential to hasten FEV1 
decrease. Accelerated airway oxidative stress, airway collapse, and 
inadequate lung tissue repair are some of the pathophysiological 
processes (22). The aetiology of COPD has been steadily revealed in 
recent years to involve occupational exposure to substances other than 
tobacco smoke and air pollution (2, 23). Our research, however, does 
not support the conception that exposure to secondhand smoke (SHS) 
increases the risk of developing COPD. Our questionnaire did not 
specify the precision of exposure time and degree, but we hypothesize 
that only a certain amount of secondhand smoking exposure can 
cause COPD (24). Patients may experience greater success quitting 
smoking if their respiratory symptoms are more acute. It may be more 
successful to implement interventions to improve COPD patients’ 
adherence to smoking cessation therapy (8). It makes sense to counsel 
smokers to give up their habit (2, 25), not only to slow down the 
deterioration of their lungs but also to lessen the amount of 
secondhand smoke that they are exposed to in the community.

In addition to tobacco use, solid fuel use is a significant risk factor 
for COPD, particularly in developing nations (26, 27). The combustion 
of these solid fuels in domestic inefficient household stoves is the main 
source of indoor air pollution and have a negative impact on the 
respiratory system (11, 28). In Xuanwei, Yunnan Province, lung cancer 
and COPD have been discovered to be directly linked to the burning 
of these fuels (10, 29). According to the aforementioned extensive 
epidemiological study of COPD in China conducted by Zhong et al., 
exposure to indoor biomass for heating or cooking was linked to 
COPD (OR = 1.35 95%CI:1.20–1.52). In comparison to clean fuels, 
coal had an HR of 1.16 (95%CI, 1.04–1.29) and wood had an HR of 
1.21 (95%CI, 1.09–1.35) for heating, according to a large prospective 

FIGURE 2

Odds ratios of different risk factors in clinical model. The screened exposure factors are displayed on the left side of the figure, while the corresponding 
OR values and 95%CI are displayed on the right side. The clinical model was adjusted for gender, age and education. Indicators that were positive in 
the comparison of respiratory symptoms, exposure factors and history of past illness were included. According to the findings, the clinical model of 
COPD includes smoking, using biofuel, having a history of bronchitis, and having pant symptoms as risk factors (p  <  0.05).
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domestic study (30). The use of coal fuel did not significantly differ 
between individuals with and without COPD, according to our 
research. However, compared to the control group, COPD patients 
were more likely to use biomass fuel. After the multivariate analysis, 
the OR value of biomass fuel exposure was 1.36 (95%CI, 1.00–1.85), 
which was comparable to the findings of Zhong et al. We consider the 
following factors could be at play: In rural China, coal and biofuels are 
the primary sources of heat and cooking for almost half the population 
(31). About 10% of the energy used by rural homes comes from coal, 
while about 80% comes from biomass (32). The majority of the 
responders are from rural areas in northwest China. Southeast China, 
on the other hand, has strict control of coal due to the increased 
popularity of clean fuels like natural gas. The amount of coal used 
nationwide is lower than the amount of biofuels. Delaying the onset 
of COPD can be achieved by weaning off of solid fuel exposure. As a 
result, some members of the exposed population who burned coal fuel 
did not go on to get COPD. Thus, we recommend that the government 
tighten regulations on the use of coal and biofuels while also 
promoting the use of clean fuels. In order to lower PIC (products of 
incomplete combustion) emissions, homeowners should 
be encouraged to install ventilation equipment and upgrade their 
stoves. This is especially important for residents living in rural regions 
(9, 29, 32).

Apart from smoking, occupational dust exposure may have a 
major role in pathophysiology of COPD in developed countries (10). 
Proteases can be released, oxidative stress reactions can be triggered, 
and epithelial cells can be  harmed by the accumulation of 
occupationally hazardous particles in the respiratory tract. These 
particles include inorganic dust, soot, metals, and irritants (33). During 
agricultural activities, the inflammatory response in the airways may 
be caused by microbial components in organic dust (34). According to 
the Jinchang cohort research in Northwest China, the adjusted OR 
values for the metal exposure groups with moderate and high exposure 
were 1.22 (95%CI, 0.85–1.76) and 1.50 (95%CI, 1.03–2.18), respectively. 
Like the Jinchang cohort, a sizable number of our cohort’s members 
were from northwest China, but the Jinchang cohort’s members were 
regularly exposed to heavy metals (2). Like the Jinchang cohort, a 
sizable number of our cohort’s members were from northwest China, 
but the Jinchang cohort’s members were regularly exposed to heavy 
metals. The goal of our research is to determine which occupational 
exposure affects the pathophysiology of COPD. However, in univariate 
and multivariate analysis, exposure to organic dust was the only factor 
that was significant. It has been determined that allergens, microbes, 
and disinfectants exposed to animal feed are risk factors for COPD 
(35). We did not detect any appreciable changes in the exposure rates 
of inorganic compounds and metal dust between the two groups, 
despite the fact that we thoroughly described the meaning of exposure 
and the common types of various substances during the questionnaire-
filling procedure. The confirmation of occupational exposure in many 
studies, including ours, was based on self-reports. The subjects’ 
educational background (the majority were middle school students and 
lower), lack of environmental awareness, and propensity for subjective 
feedback may have contributed to the bias. But subjective effects such 
as those generated by self-report cannot be eliminated. Furthermore, 
rather than being exposed to a single substance at work, the majority 
of workers are exposed to diverse pollutants, and various kinds of 
pollutants may interact (36). Although the relevant evidence and OR 
values of different occupational exposures need to be investigated, the 

impact of workplace exposures on the pathogenesis of COPD should 
be paid attention to in any case (10).

A prior history of lung disease may increase the likelihood of 
developing COPD. Our research shown that in clinical regression 
model, a prior diagnosis of chronic bronchitis was a risk factor for 
COPD. Patients with chronic bronchitis and COPD have a higher 
chance of dying and a more severe decrease in lung function (37). 
According to certain research, chronic bronchitis, emphysema and 
asthma are three phenotypes of COPD (33, 38). In the US, the COPD 
Gene Study examined 10,192 adult smokers and discovered a 
correlation between childhood pneumonia and COPD (OR 1.40; 
95%CI 1.17–1.66) (25). The univariate odds ratio was comparable to 
our study’s, despite the clinical model’s lack of significance for children 
pneumonia. This implies that early-life respiratory illness may have an 
impact on the development of COPD (39). Our research, however, 
does not point to a connection between COPD and pulmonary 
tuberculosis. Since tuberculosis is a treatable illness, we consider that 
the cause is recall bias—some people may not be aware of their prior 
infection history. Its impact on lung illnesses may be because to the 
oxidative stress and inflammation brought on by hyperglycemia, 
which can cause damage to the pulmonary arteries (40). However, 
there is now little direct evidence of mechanism linking one disease to 
the other’s advancement (41, 42). In a similar vein, it’s well accepted 
that COPD and cardiovascular illness are tightly associated (43). 
Common risk factors for cardiovascular disease and COPD include 
smoking and tobacco use (44). On the other hand, the aforementioned 
variables could cause cardiovascular and pulmonary illnesses to 
appear simultaneously. It is still up to us to discover and verify the 
mechanism (43, 45).

This investigation has some shortcomings. Due to the respondents’ 
cultural background and other limitations, the inquiry contains some 
recall bias, which could cause a partial variation in the results. The 
inclusion factors in the clinical model are still up for debate, and there 
may be potential elements that influence the outcome. Due to missing 
data from the survey and our use of PSM for data processing, fewer 
individuals were included in the two groups even though our overall 
population cohort size exceeded 40,000. We employ strict inclusion 
criteria in the hopes that the results from the interference of bias, but 
the objects may be too little.
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Background: Cancer is a chronic disease brought on by mutations to the genes

that control our cells’ functions and become themost common cause ofmortality

and comorbidities. Thus, this study aimed to assess the comprehensive and

common mortality-related risk factors of lung cancer using more than thirty

scientific research papers.

Methods: Possible risk factors contributing to lung cancer mortality were

assessed across 201 studies sourced from electronic databases, including

Google Scholar, Cochrane Library, Web of Science (WOS), EMBASE, Medline/

PubMed, the Lung Cancer Open Research Dataset Challenge, and Scopus. Out of

these, 32 studies meeting the eligibility criteria for meta-analysis were included.

Due to the heterogeneous nature of the studies, a random-effects model was

applied to estimate the pooled effects of covariates.

Results: The overall prevalence of mortality rate was 10% with a 95% confidence

interval of 6 and 16%. Twenty studies (62.50%) studies included in this study

considered the ages of lung cancer patients as the risk factors for mortality.

Whereas, eighteen (56.25%) and thirteen (40.63%) studies incorporated the

gender and smoking status of patients respectively. The comorbidities of lung

cancer mortality such as cardiovascular disease, hypertension, diabetes, and

pneumonia were also involved in 7 (21.90%), 6 (18.75%), 5 (15.63%), and 2 (6.25%)

studies, respectively. Patients of older age are more likely to die as compared to

patients of younger age. Similarly, lung patients who had smoking practice were

more likely to die as compared to patients who hadn’t practiced smoking

Conclusion: The mortality rate of lung cancer patients is considerably high.

Older age, gender, stage, and comorbidities such as cardiovascular,

hypertension, and diabetes have a significant positive effect on lung cancer

mortality. The study results will contribute to future research, management, and

prevention strategies for lung cancer.
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Introduction

Cancer is a chronic disease brought on by mutations to the

genes that control our cells’ functions, particularly their growth and

division, which results in uncontrolled cell growth and division that

forms malignant tumors and spreads to nearby organs (1). In 2015,

the Global Burden of Disease Cancer study found that, with 8

million deaths, cancer was the second greatest cause of death

worldwide, with cardiovascular illnesses taking the top spot (2).

According to 2018 World Cancer statistics, there were an

estimated 18 million cancer cases around the world, of which 9.5

million cases were males and 8.5 million in females (3). Recently

National Cancer Institute showed that there are more than 100

types of cancer which are usually named for the organs or tissues

where the cancers form (2, 4). With 2,093,876 cases or 12.3% of the

total, lung cancer is the first and most often diagnosed cancer

worldwide. Among the top five most frequently diagnosed cancers,

breast (2,088,849 cases, 12.2% of the total), colorectal (1,800,977

cases, 10% of the total), prostate (1,276,106 cases, 9.8% of the total),

and stomach (1,033,701 cases, 5% of the total) are ranked second,

third, fourth, and fifth, respectively (2). As a result, this study was

focused on a meta-analysis of mortality-related risk factors of

lung cancer.

Lung cancer is a malignancy that typically develops in the cells

lining the airways of the lung. It remained the leading cause of

cancer death, with an estimated 1.8 million deaths (18%), followed

by colorectal (9.4%), liver (8.3%), stomach (7.7%), and female breast

(6.9%) cancers (4, 5). Lung cancer has already become a threat to

public health around the world with nearly 2 million cases and

deaths in 2020. The cases of lung cancer annually are anticipated to

reach 3.8 million in 2050, even with current risk levels and age-

specific rates (6). Several studies reported that socioeconomic,

demographic, biological, and behavioral factors are important

determinants of lung cancer mortality (5). Among these age (7–

10), sex (11–14), cigarette smoking (8, 9, 12, 13), stage (10, 14–16),

infectious lung disease (ILD) (7, 17, 18), body mass index (BMI)

(12, 13, 19, 20), diabetes (13, 15, 19, 21), and hypertension (12, 17,

19) are the most common factors associated with lung

cancer mortality.

In regards to gender, following prostate and colorectal cancer,

lung cancer is the most common cancer and the main cause of

cancer death in men. The lung cancer death rates among women

whose husbands had ever smoked during the current marriage were

20% higher than those among those who were married to never-

smokers. Cigarette smoking is the most important preventable risk

factor for lung cancer, which is the leading cause of cancer mortality

(6). Lung cancer risk is higher in people with low BMI. When the

analysis was limited to lifetime nonsmokers, an increased risk of

lung cancer associated with a family history of the disease was

found, though this did not reach statistical significance (11, 22).

Despite, the lung cancer mortality rates are increasing and

numerous studies conducted (8, 17, 18, 21, 23, 24) to identify the

potential risk factors, still a lack of studies that show common

causes of mortality due to lung cancer. Several studies were done on

lung cancer to identify associated factors of it. However, they are

limited to some specific locations, cases, and attributes. Thus, this
Frontiers in Oncology 0242
study aimed to assess the comprehensive and common mortality-

related risk factors of lung cancer using more than thirty scientific

research papers. In this study, we provide a comprehensive and

comparable investigation of mortality-related risk factors of lung

cancer global level.
Materials and methods

Study protocol

To evaluate the association between lung cancer mortality and

comorbidities, as well as other socioeconomic, demographic, and

biological factors. The study implemented and followed PRISMA

procedures to execute the meta-analysis of the articles identified

through our systematic reviews.
Search strategy

We systematically searched electronic databases up until 10

December 2022, including Google Scholar, Cochrane Library, Web

of Sciences (WOS), EMBASE, Medline/PubMed, lung cancer Open

Research Dataset Challenge, and Scopus. The search strategy was as

follows: (lung cancer mortality OR lung neoplasms mortality OR

cancer death rate) AND (risk factors OR predictors OR

determinants) AND (adult patients OR lung cancer patients

OR lung cancer survivors). The search was also narrowed down to

articles that examined laboratory data, pre-existing comorbidities,

clinical status, and demographic traits as potential indicators of lung

cancer’s fatal outcome. The time and language of publications were

not subject to any limitations. We downloaded the literature results

into EndNote X9 to speed up the screening procedure.
Eligibility criteria

After duplicates were eliminated, the initial search results were

checked for relevance by both authors using titles and abstracts. The

eligibility requirementswere examined in the complete texts (Figure1).

Excluded fromthe analysiswere studieswithout anabstract or full text,

correspondence, studies on infants only, editorials, reviews, qualitative

studies, books, theses, expert opinion papers, and review articles. We

also used studies that only provided odds ratios (ORs), hazard ratios

(HRs), or relative risks (RR) along with 95% confidence intervals (CI)

for the association between demographic, epidemiological, or clinical

characteristics and fatal outcomes of lung cancer among the eligible

studies. The overall studies included in this study was presented

in Table 1.
Data extraction and assessment for
study quality

The downloaded EndNote X9 search outputs were

independently reviewed for inclusion by each author. Discussion
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and consensus among the authors were used to settle any

differences. The first author’s name, country, assessment

techniques, sample size, study design, publication year,

demographic and clinical variables (such as gender, age, and

comorbidities), outcome (mortality), exposure (risk factors), and

adjusted odds ratios or hazard ratios or relative risks were all

extracted by all authors.

Using the Newcast le-Ottawa method, the authors

independently assessed the articles’ quality methodological

approach. This method relied on three main elements to evaluate

the quality of the papers: evaluation of the results, comparability of

the study groups, and patient selection methods. The seven domains

in the Newcastle-Ottawa technique were scored from 3 to 0 (i.e.,

from low to high bias), and their average score was taken.
Statistical analysis

To determine the relationship between risk factors and the

likelihood that lung cancer will be fatal, we used ORs, RRs, or HRs

(and their 95%CI) that were peer-reviewed and published. The

expected between-study heterogeneity has been taken into

consideration when computing a mixed-effect model. Cochran’s Q

test was used to determine whether there was heterogeneity in effect

sizes; a significant Q value suggests that there is heterogeneity rather

than homogeneity. The I 2 statisticwas used to calculate the percentage

of the total variance that could be attributed to study heterogeneity

(39). The I 2 values between 60% and 90%, 40% and 59%, and 0% and

39% were regarded as severe, moderate, and mild, respectively. For

evaluating publication bias, funnel plots with an Egger-weighted

regression test were used (40). The pooled odds ratio, relative risk,

and hazard ratio were calculated and publication bias was examined

using STATA version 17 and R-4.0.2 statistical software, respectively.
Results

In this study, a total of 201 publications on the mortality of lung

cancer were identified using so many sites such as Google Scholar,
Frontiers in Oncology 0343
Cochrane Library, Web of Sciences (WOS), EMBASE, Medline/

PubMed, cancer research database (WHO), lung cancer open

research dataset challenge, and Scopus database, of which, 15

studies that did not have numbers of hospital death, 35 reviews,

15 non-English, and 76 duplicates were excluded. Among the

remaining 60 studies, 28 did not report cross-tabulation with ORs

or HRs, or RRs. Consequently, we got only 32 studies that satisfied

all the eligibility criteria (see Figure 1). The studies considered in

this meta-analysis consists of numerous mortality-related risk factor

of lung cancer diseases (6, 8, 10, 11, 16, 18, 25, 26, 29, 30, 32) (see

Table 1). The effect of each risk factor on mortality of lung cancer

was measured and estimated using adjusted odds ratio (OR),

relative risk (RR), or hazard ratio (HR).

The estimate of each risk factor was the pooled of OR, RR, and

HR. This was done using a forest plot in Figures 1–4 for risk factors

age, BMI; sex, smoking; cardiovascular, stage; hypertension,

diabetes; and Interstitial Lung Disease (ILD), Pneumonia,

respectively. Out of the 32 studies, ten, fourteen, and eight studies

provided the effect of risk factors were estimated using HR, OR, and

RR respectively. The Meta-analysis included studies with

retrospective and prospective study designs. The mortality rate

noticed in retrospective studies was lower as compared to

prospective studies. For instance, in the retrospective study

conducted by Zhang et al. the mortality rate was 106 to 49165

which is almost null, whereas, in the prospective study conducted

by Mansfield et al, the mortality rate was 568 to 759 which is almost

75 percent of the total. The overall prevalence of mortality rate was

10% with a 95% confidence interval of 6 and 16% (see Figure 2).

Twenty studies (62.50%) studies included in this study

considered the ages of lung cancer patients as the risk factors for

mortality. Whereas, eighteen (56.25%) and thirteen (40.63%)

studies were incorporate the gender and smoking status of

patients respectively. The comorbidities of lung cancer mortality

such as cardiovascular disease, hypertension, diabetes, and

pneumonia were also involved in 7 (21.90%), 6 (18.75%), 5

(15.63%), and 2 (6.25%) studies, respectively (see Table 2).

Besides, Table 2 depicted the overall effect size demographic and

clinical variables associated with lung cancer mortality. Except for

the BMI of the patient determinants such as patient age, gender,

smoking, cardiovascular, stage of cancer metastasis, diabetes and

pneumonia has a significant positive effect on lung cancer mortality.

For instance, patients of older age are more likely to die as

compared to patients of younger age. Similarly, lung patients who

had smoking practice were more likely to die as compared to

patients who hadn’t practiced smoking. The estimated effects of

covariates for each study separately and aggregate/overall estimated

effect were also presented using a forest plot in Figures 3–6.

Despite this, only one single study on the effect of anemia,

residence, and receiving systematic anti-cancer treatment (SACT)

on lung cancer mortality was included in this study (see Figure 7).

Patients who had and lived in rural areas were more likely to die. In

contrast, patients who took SACT were less likely to die.

The goodness of the meta-analysis for each factor was

considered using a funnel plot in Figure 8. The points within the

funnel line indicate the systematic review analysis for the

corresponding variable is a good fit.
FIGURE 1

Literature screening flow chart.
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TABLE 1 Characteristics of studies included in the systematic review and meta-analysis on lung cancer mortality.

Authors (year) Country Sample size Death
RR/OR or HR

(95%CI)

Zhang, B., et al. (8) Canada 49,165 106
Smoking: Yes: HR=14.04 (7.56-26.07)
Age: Old (>50):HR=1.74(1.45-1.87)

Chiyo, M. et al. (7) Japan 931 293
Gender: male: HR =1.766 (1.304-2.401)
Age: HR=1.015 (1.008-1.027)
ILD: Yes: HR=1.903(1.012-3.236)

Frostad, A. (23) Norway 19,998 6710 Age: Old: aOR=1.04 (1.01-1.06)

Kabat, G.C., et al. (25) China 1590 131
Duration of HRT use: Yes: aHR=1.51 (1.14–1.99).
Contraceptive use: Yes: HR=0.91 (0.78–1.06)

Yang, L., et al. (11) China 225, 721 2145

Follow up: higher: HR=0.75(0.63-0.93)
Residence: Urban: HR=2.28 (2.06-2.52)
Sex: Male: HR=1.57 (1.47-1.67)
Smoking: Yes: HR=1.77 (1.67-1.87)

Roth, K., et al. (10) Norway 148 40
Age: >=70=HR= 1.93 (1.14, 3.28)
Stage: HR=Stage IB= 1.63 (0.92, 2.89)
HR=Stage II-IV=4.16 (1.92, 9.05)

Chae, K.J et al. (9) Korea 612 220
Age: in yr=HR= 1.03 (1.01–1.05)
Smoke: yes=HR= 1.68 (1.22–2.32)
History: yes=HR= 1.44 (1.00–2.06)

Kuderer, N.M (12). Canada 1998 472

Age: a year=HR=1.013 (1.003–1.023)
Sex: male=HR=1.183 (0.979–1.430)
BMI: <35 kg/m2=HR=0.968 (0.611–1.531)
Smoke: Yes=HR=1.551 (1.185–2.030)
HPT: Yes=HR=1.131 (0.937–1.365)
Anaemia: Yes=HR=1.471 (1.185–1.826)

Duran, A.O (13) Turkey 330 125

Age: year=1.008 (0.990-1.027)
Sex: Male=0.863 (0.479-1.554)
BMI: 0.967 (0.924-1.012)
Smoking: 1.518 (0.890-2.589)
Diabetes: 1.200 (0.655-2.199)
HPT: Yes=1.076 (0.627-1.847)
Cardiac disease: Yes=1.330 (0.656-2.695)

Adair, T (22). Australia 2480 249 Tobacco: Yes: OR=1.066 (1.002-1.090)

Matakidou, A., et al. (26) UK 2561 191
Smoker: Yes: RR= 7.15 (5.70–8.96)
Age: 60+: RR=2.02 (1.22–3.34)
Relatives: Yes: RR=1.90 (1.30–4.25)

Stukenborg, G.J (17). USA 14,456 519

Liver disease: Yes=RR=2.60 (1.16-5.87)
Pneumonia: Yes=RR=
1.73 (1.24-2.42)
Hypertension: Yes=RR=1.83 (1.19-2.81)

Licker, M.J., et al. (27) Switzerland 1222 36 Respiratory complication: Yes=RR=1.9 (1.9-6.6)

Lauritsen, J.M (28). Danish 439 60 Smoking=Yes=2.02 (0.80, 6.78)

Powell, H.A. et al. (14) UK 10991 981
Sex=Male=OR= 1.62(1.17 to 2.25)
Age=85+=OR= 2.35(1.12 to 9.01)
Stage=IIIA/IA= 2.18 (1.25 to 3.81)

Kirkland, R.S (18). USA 882 67
interstitial lung disease=Yes=OR=6.14(1.9-19.4)
pulmonary HT=Yes=OR=3.1(1.6-6.2)
diabetes mellitus=Yes=OR=2.0(1.1-3.3)

Thomas, P.A (29). France 4498 351
Age: >65=OR=2.1(1.5-2.9)
BMI: Underweight: OR=2.2(1.2-4.0)
Overweight: OR=0.60(0.4-0.9)

Rosen, J.E (30). USA 119,146 4051
Age: 5-yr increase=OR=1.5(1.25, 1.77)
Sex: Male=OR=1.8 (1.3, 3.28)
Race: Non-white=OR=1.10(0.8, 1.56)

(Continued)
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TABLE 1 Continued

Authors (year) Country Sample size Death
RR/OR or HR

(95%CI)

Gibson, A.J (31). Canada 1044 233

Sex: Male=OR=1.48 (1.12–1.95)
never-smokers=OR=0.62 (0.41–0.95)
Advanced disease at diagnosis=OR=1.85 (1.19–2.88)
Receiving systemic anti-cancer therapies (SACT)=OR=0.65 (0.49–0.86)

Kozower, B.D (19) USA 18,800 413

Age: 10-year increase=OR=1.84 (1.58, 2.15)
Sex: Male=OR=1.36 (1.07, 1.73)
BMI: 10KG/M2 increase=OR=0.74 (0.58, 0.94)
HPT: Yes:=OR=1.10 (0.85, 1.43)
Diabetes: Yes:=OR=1.15 (0.82, 1.59)
Cardiovascular: Yes=OR=1.09 (0.78, 1.51)
Dialysis: Yes=OR=3.97 (1.48,10.64)

Jean, R.A (32) USA/Vreginia 6435 120
Age: year=OR=1.03(1.013-1.056)
Sex: male=OR=1.83 (1.199-2.789)
DM: Yes=OR=2.57(1.379-4.808)

Romano, P.S (21). USA/California 12,439 441

Sex: male=OR=1.5 (1.2,1.8)
Age: >79=OR=5.4 (3.5,8.4)
Heart: Yes=OR=1.8 (1.5,2.2)
Diabetes: Yes=OR=1.5 (1.1,2.2)

Kates, M., et al. (15) USA/NewYork 1844 655

Sex: male=OR= 1.45 (1.22–1.72)
Age: 80-80=OR=2.09 (1.60–2.75)
Stage: III vs I=OR=1.27 (1.02–1.59)
Heart Failure: Yes=OR=1.54 (1.24–1.93)
Cardiovascular: Yes=OR=1.75 (1.39–2.22)
Diabetes: Yes=OR=1.70 (1.18–2.45)

Breslow, R.A (33). USA 20195 158 Smoking: Yes= RR=1.2 (0.8-1.8)

Bessö, A., et al. (34) Sweden 316 92
Sex: male=RR=1.3(0.76–2.62)
Smoking: Yes=3.32 (1.35–8.20)

Borsoi, L (35). Austria 1000000 503/10-6
Sex: Female=RR= 1.12 (0.81-1.66)
Age: RR=0.77(0.29-1.22)

Cardenas, V.M (36). USA 508,576 5,469
Smoke: Yes=RR= 1.2(0.8-1.8)
Sex: Female=RR=1.45 (0.74-2.55)

Chow, W.H., et al. (37) USA 5263 219

Smoking: Yes=RR=3.5 (1.0-12.6)
Beer: Yes=RR=1.8 (1.10-3.30)
Meat: Yes=RR=1.3(0.7-2.3)
Vitamin C: high=RR=0.8(0.5-1.2)

Stoelben, E.,et al. (16) Germany 1281 131

Sex: Female=RR=0.56(0.30–1.06)
Age: >75=RR=2.46 (1.17–5.16)
Stage: I vs II 5.58 1.83–17.07
I vs IIIa 9.01 3.52–23.04
I vs IIIb 17.41 6.62–45.80
I vs IV 21.81 8.29–57.38

Sokolnikov, M.E (38). Russia 17,740 681
Sex: Male: RR=7.1 (4.9–10)
Age: 75+=RR=4.1 (0.9–10)

Kuehnl, A (20). Germany 31 22

Sex: male=RR=2.08 0.478–9.025
Age: <65 vs>65=RR=0.98 0.934–1.035
BMI: <25 vs >25= RR=0.95 0.856–1.057
Grade: G1/G2 vs G3/G4=RR=0.32 0.110–0.909

Mansfield, A.S, et al. (24) USA 759 568

Surgery= HR, 0.35; 95% CI, 0.18–0.68
Chemotherapy=HR, 2.2; 95% CI, 1.2–4.3
Radiation (ref.)
KRS (yes vs no)=HR, 1.7; 95% CI, 1.4–2.2
Age: >76= HR, 1.45: 95% CI, 1.12-2.66
Sex: male=HR, 1.32: 95% CI, 1.06-3.10
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Discussion

This study presents a comprehensive systematic review

examining the risk factors associated with lung cancer mortality.
Frontiers in Oncology 0646
The objective was to comprehensively explore potential risk factors,

including demographic, biological, behavioral, and socioeconomic

determinants associated with lung cancer mortality, and to estimate

the overall prevalence of lung cancer mortality. We delved into a
FIGURE 2

The overall mortality rate of lung cancer.
A
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FIGURE 3

The forest plot of the effect size age (A) and BMI (B).
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FIGURE 4

The forest plot of the effect size sex (A) and smoking (B).
TABLE 2 Results of meta-analysis based on demographic and clinical variables associated with lung cancer mortality.

Risk factors Numbers of
studies (%)

Effect size
(95% CI)

Heterogeneity

I2 P-value

Older age 20 (62.50) 2.61(1.75-3.47) 99.97 0.000

BMI 5 (15.63) 0.96(0.82-1.09) 73.43 0.064

Gender: Male vs Female 18 (56.25) 1.47(1.08-1.87) 94.77 0.000

Smoking status: Yes vs No 13 (40.63) 2.15(1.19-3.11) 99.40 0.000

Cardiovascular: Yes vs No 7 (21.90) 1.57(1.28-1.86) 48.34 0.000

Stage: Yes vs No 6 (18.75) 1.60(1.21-1.99) 32.55 0.020

Hypertension: Yes vs No 6 (18.75) 1.19(1.04-1.34) 0.00 0.000

Diabetes: Yes vs No 5 (15.63) 1.43(1.14-1.72) 15.23 0.000

ILD 2 (6.25) 1.97(0.86-3.08) 0.00 0.000

Pneumonia 2 (6.25) 1.80(1.23-2.37) 0.00 0.000
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total of 201 lung cancer studies sourced from diverse electronic

databases, including Google Scholar, Cochrane Library, Web of

Sciences (WOS), EMBASE, Medline/PubMed, the Lung Cancer

Open Research Dataset Challenge, and Scopus. In the meantime,

32 studies that satisfy the eligibility criteria of the Meta-analysis

were involved in this study. The majority of the studies consist of

patients’ age, gender, and smoking status (7–15, 21, 24, 26, 29, 31).

Despite reports indicating a decline in the mortality rate of

patients with lung cancer, it remains substantial. The overall
Frontiers in Oncology 0848
mortality rate stands at 10%, signifying that, on average, ten out

of every hundred lung cancer patients succumb to the disease. Put

differently, there is a one in ten likelihood that a lung cancer patient

will die. In 2012, an estimated 1.8 million new cases, accounting for

12.9% of the total, were recorded (41). In 2012, the regions with the

highest lung cancer mortality rates per 100,000 were Central and

Eastern Europe and Eastern Asia for males, and Northern America

and Northern Europe for females. Conversely, the lowest rates were

observed in sub-Saharan Africa for both males and females (42).
A

B

FIGURE 5

The forest plot of the effect size cardiovascular (A) and stage (B).
A

B

FIGURE 6

The forest plot of the effect size hypertension (A) and diabetes (B).
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This study depicted that older age, gender, stage, and

comorbidities such as cardiovascular, hypertension, and diabetes

have a significant positive effect on lung cancer mortality. A study

conducted on global trends of lung mortality revealed that the

overall trend of lung cancer mortality among females is higher than

among males (42), which contradicts the findings of this study

states that males have a higher likelihood to be died as compared to

females. The probability that an individual is affected by lung cancer

increases as age does. This was in line with studies in (43, 44), which

reported that lung cancer incidence and mortality rates steadily rise

after the age of 30, reaching a peak between the ages of 75 and 79 for

men and 70 to 74 for women. Due to less concomitant illness,

younger individuals may be able to tolerate more rigorous

multimodal therapy. Various factors, including higher prevalence

of occupational hazards like asbestos exposure and common

settings such as kitchens, where staff are exposed to smoke, may

contribute to increased lung cancer risk among females in

the population.

The majority of patients visit the hospital during the advanced

stage (III/IV) of cancer, which leads to having an effective
Frontiers in Oncology 0949
prescription or treatment. Thus, the stage of the cancer diseases

affected the survival time of the patient (43). Communities who are

living in rural areas had more vulnerability to death. This is

common because of poor health facilities and leads unable to take

treatment in time in rural areas as compared to the urban. If lung

cancer is detected early and the right treatment is available, it may

be curable. The place of residence of patients interrelates with

lifestyle, which is a considerable risk factor for cancer (45). A

potential obstacle to the effective management of future changes in

incidence and mortality rate is the lack of or limited access to health

care services in rural areas, particularly in developing nations.

The most frequent factor in both lung cancer incidence and

mortality is smoking which is in line with studies (8, 46) state that

lung cancer is directly caused by tobacco use, particularly cigarette

smoking. Thus, an essential behavioral strategy for preventing lung

cancer is quitting smoking. However, since this risk never goes back

to normal, former smokers continue to have heightened risk

compared to never smokers. Former smokers account for over

50% of instances of diagnosed lung cancer. About 58 percent of

these occurrences happened in less developed areas, which is
A

B

D

E

C

FIGURE 7

The forest plot of the effect size ILD (A), Pneumonia (B), Anemia (C), and Residence (D).
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probably a reflection of the rising cigarette usage in these nations.

Lung cancer is the most frequent kind of cancer death globally,

accounting for 1.59 million projected deaths in 2012, even though

exposure to tobacco smoke is avoidable (47, 48). In the last, this

review synthesizes evidence from multiple studies, offering a more

robust and reliable overview than individual studies. This helps in

drawing more accurate conclusions. It provides a comprehensive

understanding of the current state of knowledge regarding factors

influencing lung cancer mortality. This is valuable for researchers,

healthcare professionals, and policymakers.

Despite providing pooled estimates from 32 studies across 13

geographical locations, whichmay be seen as broadly representative of

the pandemic, our systematic review has several limitations. Firstly,

there is high heterogeneity, potentially due to substantial variations in

sample sizes among studies and differences in study designs. Secondly,

even with careful statistical adjustments, confounding variables can

affect thevalidityof the results, as not all factors influencing lungcancer

mortality are incorporated. Thirdly, it’s important to note that this

study did not consider covariates related to treatment outcomes,

survival rates, and disease progression in cancer patients. Lastly,

some included studies had very small sample sizes, possibly limiting

the identification of factors influencing lung cancer mortality.
Conclusion

Themortality rate among lung cancer patients is notably elevated.

Several factors contribute significantly to lung cancer mortality,

including older age, gender, disease stage, and the presence of

comorbidities such as cardiovascular conditions, hypertension, and
Frontiers in Oncology 1050
diabetes. These findings hold substantial implications for the field of

lung cancer research, management, and future prevention strategies.

By shedding light on the influential factors behind lung cancer

mortality, this study offers valuable insights that can inform more

effective approaches toComprehensive tobacco control policies, public

awareness campaigns highlighting the dangers of smoking, and

measures to improve air quality and regulate occupational exposures

are essential. Access to healthcare services needs enhancement,

focusing on early detection and treatment. Supporting smoking

cessation efforts, promoting a healthy lifestyle, and integrating

preventive measures into primary healthcare systems are vital

components. International collaboration for knowledge sharing and

resource allocation further strengthens the global fight against lung

cancer combatting this deadly disease, ultimately leading to improved

patient outcomes and reduced mortality rates.
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Introduction: The Health-Related Quality of Life (HRQoL) often declines among

cancer survivors due to many factors. Some cancer patients who smoke before

the cancer diagnosis continue this harmful habit, potentially contributing to a

more significant decline in their HRQoL. Therefore, this study investigates the

association between smoking status and HRQoL in cancer survivors.

Methods: We conducted a cross-sectional study utilizing self-reported cancer

history from 39,578 participants of the Behavioral Risk Factor Surveillance

System (BRFSS) database, leveraging 2016 and 2020 year questionaries. A

multidimensional composite outcome was created to assess HRQoL,

integrating four distinct dimensions - general health, mental health, physical

health, and activity limitations. After accounting for the complex survey design,

logistic regression models were used to analyze the association between

smoking status and poor HRQoL, adjusting for demographic, socioeconomic,

and health-related confounders.

Results: Our study found that, after adjusting for potential confounders, current

smokers exhibited a significantly poorer HRQoL than never smokers (OR 1.65,

95%CI 1.40-1.93). Furthermore, former smokers showed a poorer HRQoL than

never smokers; however, this association was not as strong as current smokers

(OR 1.22, 95%CI 1.09-1.38).
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Conclusion: Our findings highlight the adverse association of smoking with poor

HRQoL in cancer survivors, underscoring the importance of healthcare

professionals prioritizing smoking cessation and providing tailored

interventions to support this goal.
KEYWORDS

smoking, tobacco, health-related quality of life, cancer survivors, behavioral risk factors
surveillance system (BRFSS)
Introduction

Cancer is a leading cause of death globally, with well-established

physical and psychological ramifications for affected individuals (1).

The importance of assessing health-related quality of life (HRQoL)

in oncological research is gaining recognition. HRQoL is a

multidimensional, comprehensive, and complex concept that

includes diverse factors that collectively contribute to an

individual overall well-being (2, 3). Numerous studies have

established a strong association between increased HRQoL and

enhanced survival outcomes in cancer patients (4–6). Interestingly,

a significant number of patients perceive heightened HRQoL as

preferable to an extended survival period (7). However, despite its

significance, HRQoL often declines among cancer survivors due to a

variety of factors, including physical symptoms like pain, fatigue,

nausea, psychological distress, and social isolation (8).

According to a recent study utilizing the National Health

Interview Survey (NHIS) dataset, the general population’s smoking

prevalence in 2020 was 12.5% (9). In contrast, an investigation

encompassing 32,244 cancer survivors from the Population

Assessment of Tobacco and Health (PATH) dataset indicated a

disconcerting 17.2% smoking prevalence within this cohort (10). It

is important to consider that certain malignancies demonstrate a

more robust correlation with tobacco consumption relative to others,

underscoring the complex relationship between smoking and cancer

(11). Smoking persists as a prevalent behavior among cancer

survivors and is associated with unfavorable treatment outcomes,

including reduced treatment effectiveness, increased risk of

recurrence, complications, toxicity, and lower survival rates (12–14).

Nevertheless, there remains a limited understanding of the

specific factors influencing health-related quality of life (HRQoL)

in cancer survivors, particularly in relation to smoking status.

Although prior studies have demonstrated an association between

smoking and poor HRQoL in diverse populations (15, 16), few have
ology; BMI, Body Mass

tem; CDC, Centers for

l; CVD, Cardiovascular

HIS, National Health

ancer Network; Non-
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ated Cancers; USPSTF,

0254
investigated the association between smoking and HRQoL among

cancer patients. Uncovering this relationship is essential to improve

the overall HRQoL of these individuals. Consequently, this study

aimed to examine the relationship between smoking status and

HRQoL in cancer survivors.
Methods

Study population

This study utilized data from the Centers for Disease Control

and Prevention’s (CDC) Behavioral Risk Factor Surveillance System

(BRFSS) for the years 2016-2020, a cross-sectional, state-

based telephone survey of non-institutionalized individuals

aged 18 years or older residing in the United States (17). The

questionnaire contained sections addressing demographics,

healthcare access, and health-related behaviors. Cancer survivors

were identified through a self-reported history of cancer and those

without cancer were excluded from further analyses. The resulting

cohort comprised 39,578 adult cancer survivors living in the U.S.

with at least one self-reported HRQoL proxy (general health, mental

health, physical health, and activity limitations). The included

cancers were brain, bladder, bone, breast, colon, cervical,

endometrial, esophageal, gastric, Hodgkin’s lymphoma, leukemia,

liver, lung, melanoma, non-Hodgkin’s lymphoma, oral, ovarian,

pharyngeal, pancreatic, prostate, rectal, renal, testicular, thyroid,

and other skin cancers. Due to the small sample size (fewer than 100

cases), laryngeal, heart, and neuroblastomas were excluded from

the study.
Exposure variable

The exposure variable was defined as smoking status. Exposure

to smoking status was defined into three distinct categories: never

smokers, former smokers, and current smokers, based on

participants’ responses to two survey questions. (a) “Have you

smoked at least 100 cigarettes in your entire life?” Respondents

who answered “no” were classified as never smokers. Those who

answered “yes” to this question were further divided based on their

response to a second question: (b) “Do you now smoke cigarettes

every day, some days, or not at all?” Participants who replied “not at
frontiersin.org
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all” were classified as former smokers, while those who answered

“every day or some days” were designated as current smokers.
Outcome and variables

The primary composite outcome measure was the HRQoL. The

participants’ self-reported HRQoL was assessed using the core

section of the survey, which included questions on four domains:

general health, mental health, physical health, and activity

limitations (Supplementary Table 1). These validated questions

have previously been used to provide reliable HRQoL estimates

(18). The self-assessed general health status was dichotomized into

“fair/poor” and “excellent/very good/good.” The other three

HRQoL variables were dichotomized based on their frequency of

occurrence in the preceding 30 days, with those reporting fewer

than 14 (good) and 14 days or more (poor) following the approach

used in earlier studies on this topic (19, 20).

The composite outcome was created by first evaluating the

validity and reliability of the measurement instrument using

Cronbach’s alpha coefficient (21). An alpha score > 0.6 was

considered indicative of a valid instrument for measuring HRQoL

(22). The resulting Cronbach’s alpha was 0.658, suggesting that the

composite outcome was appropriate for the HRQoL assessment. To

create the composite outcome “HRQoL,” we computed the row

mean of the four dichotomized domains. In assessing HRQoL,

participants were partitioned into two distinct groups based on their

HRQoL scores. Individuals with an HRQoL score below 0.5 were

assigned to the “poor HRQoL” category (HRQoL < 0.5), while those

who scored 0.5 or higher were assigned to the “good HRQoL”

category (HRQoL ≥ 0.5). This cut-off value was chosen to better

identify patients with poorer quality of life, following the approach

of dichotomizing the composite outcome into better and poorer

halves, as employed by other researchers (23).

The explanatory variables included smoking status,

demographic factors (age, gender, race/ethnicity, and marital

status), socioeconomic factors (healthcare insurance, employment

status, education level, and income), and comorbidities [body mass

index (BMI), cardiovascular disease (myocardial infarction, stroke,

or coronary heart disease), diabetes, asthma, and type of cancer]. All

of these variables were considered during the analysis to assess

HRQoL outcomes among cancer survivors.
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Statistical analysis

Descriptive statistics, including frequencies and percentages,

were used to present the categorical variables, and chi-square tests

were employed to examine the differences between the two groups

by evaluating the distribution of these variables. A complex survey

design was considered by adjusting for stratification and clustering

at the primary sampling unit, using sampling weights to compute

nationwide representative frequencies and proportions. Multiple

imputations were conducted using the predictive mean-matching

method to address missing values, with k = 5 imputations.

A logistic regression model was used to calculate the odds of

having poor HRQoL among cancer survivors based on their

smoking status (never, former, and current smokers), adjusting

for multiple potential confounders based on the aforementioned

covariates. The predictive probability of poor HRQoL for each

smoking exposure group was calculated. Secondary analyses

explored the effects of tobacco-related cancers (TRC) and non-

TRC on HRQoL, as well as potential interactions between HRQoL,

age, and gender. Statistical significance was determined at a < 0.05,

with the data analyzed using STATA/BE version 17.0.
Sensitivity analysis

Several sensitivity analyses were performed to ensure robustness

of the findings. First, an analysis excluding missing data was

conducted to evaluate the potential influence of incomplete

information on the results. Subsequently, two alternative HRQoL

dichotomizations were examined. The first dichotomization classified

participants as having “good health” if they scored 1 in all self-reported

dimensions, while those with a score lower than 1 were considered

“poor HRQoL.” The second dichotomization categorized participants

with an HRQoL score of 0 as having “poor HRQoL” (Table 1).
Results

Study population

The sample consisted of 2,193,981 participants surveyed

between 2016 and 2020, of whom 39,578 were cancer survivors.
TABLE 1 Multivariate analysis of the association between smoking status and health-related quality of life at different cut-off points.

HRQoL = 0/HRQoL > 0 HRQoL <0.5/HRQoL ≥ 0.5 HRQoL < 1/HRqoL = 1

OR CI p-value OR CI p-value OR CI p-value

Smoking Status

Never Smoker Ref Ref Ref

Former Smoker 1.22 1.07 -1.39 < 0.001 1.22 1.09 -1.38 < 0.001 1.22 1.10 - 1.33 < 0.001

Current Smoker 1.65 1.39 -1.96 < 0.001 1.65 1.40 -1.92 < 0.001 1.73 1.51 - 1.98 < 0.001
fro
Multivariate analysis of the association between smoking status and health-related quality of life (HRQoL) at different cut-off points. HRQoL cut-offs: HRQoL = 0 or HRQoL > 0, HRQoL < 0.5 or
HRQoL ≥ 0.5, HRQoL < 1 or HRQoL = 1.
CI, confidence interval.
OR, odds ratio.
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The weight of this sample was estimated to represent 13,836,840

cancer survivors. Regarding the exposure status, 9.76% were current

smokers, 36.64% were former smokers, and 53.60% had never

smoked. Table 2 shows the differences between groups according

to their demographic and health-related characteristics. Compared

to never smokers, current smokers were, on average, younger, more

likely to be single, have a lower education level, and have a lower

income. A significant racial disparity in smoking status among

cancer survivors was observed. Specifically, a greater proportion of

White survivors were never or former smokers, compared to higher
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rates of current smoking observed in Black, Hispanic, and other

racial groups. Furthermore, current smokers had a higher

prevalence of comorbidities such as cardiovascular disease (CVD),

diabetes, and asthma.

Additional details regarding participant characteristics are

presented in Table 2. Multiple imputations were used to address

missing values, representing 16.80% for the income variable,

2.80% for diabetes, 1.80% for CVD, and less than 0.40% for

employment status, asthma, insurance, education, gender, and

marital status.
TABLE 2 Baseline Characteristics of Cancer Survivors by Smoking Status (n=39,578).

Cancer Survivors Characteristics Never Smokers
(n=20,733)

No. Column %

Former Smokers
(n=14,756)

No. Column %

Current Smokers
(n=4,089)

No. Column % p-value

Age <0.001

< 40 497 2.4 225 1.5 324 7.9

40 - 49 982 4.7 464 3.1 406 9.9

50 -59 2904 14.0 1423 9.6 865 21.2

60 -69 5958 28.7 3909 26.5 1385 33.9

70 -79 6324 30.5 5538 37.5 907 22.2

≥ 80 4068 19.6 3197 21.7 202 4.9

Gender <0.001

Female 13276 64.0 7491 50.8 2558 62.6

Male 7454 36.0 7262 49.2 1530 37.4

Race <0.001

White 18616 89.8 13249 89.8 3384 82.8

Black 778 3.8 518 3.5 237 5.8

Hispanic 257 1.2 209 1.4 125 3.1

Other† 1082 5.2 780 5.3 343 8.4

Marital Status <0.001

Single 8063 38.9 6242 42.3 2322 56.8

Married or Partner 12669 61.1 8514 57.7 1767 43.2

Education Level <0.001

< High School Diploma 659 3.2 816 5.5 434 10.6

High School Diploma 10085 48.7 8451 57.4 2866 70.2

College Graduate 9963 48.1 5461 37.1 781 19.1

Employment status <0.001

Yes 7860 38.1 4074 27.7 1474 36.2

No 12793 61.9 10633 72.3 2603 63.8

Income (USD) <0.001

< 25.000 3105 18.3 2667 21.5 1522 42.8

25.000 - 50.000 4325 25.5 3658 29.5 995 28.0

> 50.000 9527 56.2 6084 49.0 1037 29.2

(Continued)
fro
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Smoking status and HRQoL

In our multivariate analysis, we found that smoking status was

an independent predictor of HRQoL in cancer survivors. Our

results indicated that being a current or former smoker was

significantly associated with reduced HRQoL compared to never

smokers. Furthermore, the relationship between smoking and

HRQoL was even stronger among current smokers, who had 65%

higher odds of having a poor HRQoL than never-smokers OR of
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1.65 (95% CI 1.40-1.93). Moreover, former smokers also exhibited a

higher probability of poor HRQoL compared to never smokers,

with an OR of 1.22 (95% CI 1.09-1.38). (Table 3) The predictive

probabilities of poor HRQoL were 11,55%, 15.52%, and 21.43% for

never, former, and current smokers, respectively (Figure 1).

Impact of type of cancer: tobacco-related cancers (TRC) vs.

non-tobacco-related cancers (non-TRC) on HRQoL.

We investigated the relationship between HRQoL and the TRC

and non-TRC groups. (Supplementary Table 2) We found that
TABLE 2 Continued

Cancer Survivors Characteristics Never Smokers
(n=20,733)

No. Column %

Former Smokers
(n=14,756)

No. Column %

Current Smokers
(n=4,089)

No. Column % p-value

Insurance <0.001

Yes 20284 98.0 14469 98.2 3788 92.9

No 410 2.0 268 1.8 291 7.1

Body mass index <0.001

Underweight (< 18.5) 274 1.3 178 1.2 175 4.3

Normal (≥ 18.5 < 25) 6126 29.5 4001 27.1 1433 35.0

Overweight (≥ 25 < 30) 7346 35.4 5426 36.8 1276 31.2

Obese (≥ 30) 6987 33.7 5151 34.9 1205 29.5

CVD‡ <0.001

Yes 114 0.6 188 1.3 70 1.8

No 20310 99.4 14272 98.7 3917 98.2

Diabetes <0.001

Yes 3569 17.7 2975 20.8 707 17.9

No 16613 82.3 11359 79.2 3252 82.1

Asthma <0.001

Yes 2806 13.6 2091 14.2 796 19.6

No 17883 86.4 12628 85.8 3275 80.4
fro
HRQoL, Health-Related Quality of Life.
† Consists of Asian, Alaskan, and Native Americans.
‡ Self-reported cardiovascular disease (CVD), including (myocardial infarction, stroke, or coronary heart disease).
TABLE 3 Association between Smoking Status and Poor HRQoL: Univariate and Multivariate Analysis.

Univariate Multivariate*

Smoking Status OR CI p-value OR CI p-value

Never Smoker Ref Ref

Former Smoker 1.43 1.27 -1.60 < 0.001 1.22 1.09 -1.38 < 0.001

Current Smoker 2.54 2.19 - 2.94 < 0.001 1.65 1.40 -1.93 < 0.001
*Multivariate analysis adjusted by: age, gender, race/ethnicity, marital status, healthcare insurance, employment status, education level, income, and comorbidities [body mass index (BMI)
cardiovascular disease (myocardial infarction, stroke or coronary heart disease), diabetes, asthma, and type of cancer].
CI = confidence interval.
OR = odds ratio.
Poor HRQoL was defined as a composite outcome of HRQoL with a score below 0.5, based on a validated measurement instrument using self-assessed general health status, mental health,
physical health, and activity limitation domains.
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patients with a TRC had significantly greater odds of having a poor

HRQoL than those with non-TRC, with an OR of 1.51 (95%CI:1.32-

1.72; p < 0.001).
Interactions

We evaluated the interactions between smoking status and

tobacco-related cancers in predicting the HRQoL. The results

indicated no significant interaction between the two variables.

Additionally, we examined potential interactions between gender

and age; however, none were significant predictors of HRQoL.
Sensitivity analysis

In the sensitivity analysis, we excluded all missing data and

discovered that the outcomes were consistent with the initial

analysis after multiple imputations. The odds of poor HRQoL

were 80% higher for current smokers than never smokers, with

an OR of 1.80 (95% CI 1.46-2.22). Former smokers exhibited a

tendency toward lower HRQoL compared to never smokers, with

an OR of 1.14 (95% CI 0.98-1.33), although this relationship was

not statistically significant (p = 0.082). In our second sensitivity

analysis, we dichotomized HRQoL into two alternative categories.

The first one defined good HRQoL as those participants with a score

of 1 (representing those who had self-reported good health across

all self-reported dimensions) and participants with a score lower

than 1 (representing those with at least one of these dimensions
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affected). This first alternate dichotomization was consistent with

previous findings that former and current smokers had higher odds

of poorer HRQoL than non-smokers, as evidenced by the ORs being

1.21 (95% CI:1.10 -1.33) for former smokers and 1.73 (95% CI:1.51

-1.98) for current smokers. We also explored an alternative

classification, segregating participants with a score of 0, which

typified the poorest HRQoL, from those with a score higher than

0. Comparable results emerged, as smoking was associated with a

decline in HRQoL. This connection was evidenced by an OR of 1.22

(95% CI 1.07-1.39) for former smokers and an OR of 1.65 (95% CI

1.39-1.96) for current smokers (p < 0.001) (Table 1).
Discussion

This study found that smoking is strongly associated with poor

HRQoL among cancer survivors. The prevalence of current

smoking was approximately 10%, and that of former smokers was

37%, indicating that one-fourth of cancer survivors were currently

smoking after cancer diagnosis. The results demonstrated that

smoking status is an independent predictor of HRQoL in cancer

survivors. After adjusting for demographic, socioeconomic, and

health-related aspects, our study determined that current smokers

had a 65% heightened risk of poor HRQoL, whereas former

smokers had a 22% increased likelihood of poor HRQoL

compared to never smokers within the cancer survivor population.

Considering that HRQoL is an essential element in cancer care

and has a strong association with survival rates and treatment

results (24–27), discerning the factors affecting HRQoL among
FIGURE 1

Predictive Probability of Poor HRQoL by Smoking Status Among Cancer Survivors. (n=39,578). Predictive probability of Poor HRQoL among cancer
survivors according to smoking status after adjusting for covariates (age, gender, race/ethnicity, marital status, healthcare insurance, employment
status, education level, income, and comorbidities [body mass index (BMI) cardiovascular disease (myocardial infarction, stroke or coronary heart
disease), diabetes, asthma, and type of cancer). HRQoL encompasses General Health, Mental Health, Physical Health, and Activity Limitations.
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cancer survivors is indispensable for enhancing their overall welfare

and sustained health (28, 29). Previous studies established an

association between smoking and reduced HRQoL in the general

population and patients with diverse medical conditions (30–32).

(33, 34) However, few studies have addressed the impact of smoking

on cancer survivors’ HRQoL. Our study adds to the literature by

specifically examining the effect of smoking on HRQoL in a large

sample representative of the U.S. cancer survivor population.

The interplay between smoking and Health-Related Quality of

Life (HRQoL) among oncology patients warrants meticulous

investigation to elucidate the complex pathways through which

tobacco consumption exerts deleterious effects on individual well-

being. One potential reason for the harmful impact of smoking on

HRQoL is its connection to other unhealthy habits like not being

physically active, having poor sleep habits, consuming excessive

alcohol, and making suboptimal dietary choices. These modifiable

risk factors have consistently demonstrated associations with

heightened morbidity and mortality rates (35). Moreover, there is

accumulating evidence to suggest that tobacco attenuates the

efficacy and tolerability of cancer therapies, potentially via

mechanisms involving oxidative stress and modulation of drug-

metabolizing enzymes, thus leading to a higher risk of cancer

recurrence and progression (36, 37). Concomitantly, the burden

of comorbidities attributable to smoking can profoundly influence

the aggregate morbidity and mortality experienced by this

patient population.

Our study also found that current smokers had a significantly

higher likelihood of experiencing poor HRQoL than never smokers,

with a predictive probability of 21.43% versus 11.55%, respectively.

Moreover, former smokers had poorer HRQoL than those who

never smoked but were not as bad as current smokers. These results

highlight the significance of providing smoking cessation education

to cancer survivors and emphasize that quitting is never too late.

Given the increased risk of cancer progression, recurrence, second

primary malignancies, and inferior treatment outcomes, smoking

cessation should be a top priority in managing cancer patients who

smoke (38, 39).

While several factors like comorbidities, education, and income

level are non-modifiable, smoking is a modifiable risk factor that

offers a tangible area for supportive care interventions (40).

Therefore, healthcare professionals must prioritize smoking

cessation counseling for all cancer patients regardless of whether

their cancer is tobacco-related or not, based on the significant

potential impact of quitting smoking on HRQoL, cancer outcomes,

and overall health in cancer patients (41). Notably, tailored smoking

cessation interventions are recommended for cancer patients as an

integral component of their cancer care by multiple organizations,

such as the National Comprehensive Cancer Network (NCCN),

American Society of Clinical Oncology (ASCO), US Preventive

Services Task Force (USPSTF), and Centers for Disease Control and

Prevention (CDC) (42–44). (45) These institutions advocate that

healthcare professionals evaluate tobacco use among all cancer

patients and administer evidence-based strategies, including

pharmacotherapy and behavioral counseling, to enhance overall

health outcomes and quality of life.
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A thorough understanding of the association between smoking

and its impact on HRQoL in cancer survivors, and an evaluation of

the socioeconomic burden associated with smoking-related health

costs and loss of productivity can provide a comprehensive

understanding of the detrimental effects of smoking on society

and the healthcare system. This valuable insight can be utilized to

create effective strategies and health policies to lessen this

considerable burden, consequently improving HRQoL for cancer

survivors and potentially abating the economic strain on the

healthcare system (46, 47).

Our study has notable strengths, including its large sample size

of 39,578 cancer survivors and its use of the world’s largest

continuously conducted health survey by the CDC (48).

Additionally, we employed a composite outcome to analyze the

multidimensional concept of HRQoL and conducted a Cronbach’s

test to ensure instrument measure validity and reliability. However,

as with any other study our study has some limitations. First, the

cross-sectional design precluded the ability to establish a causal

relationship between smoking status and HRQoL. It is necessary to

conduct longitudinal investigations to obtain a more profound

comprehension of this association. Second, our reliance on self-

reported data was subject to potential misclassification due to

participants’ memory recall. Third, we must recognize that while

our logistic regression model accounts for numerous demographic,

socioeconomic, and health-related aspects, HRQoL remains a

nuanced and multifarious notion. In this context, additional

unmeasured confounders may influence the outcome. Fourth, our

investigation is susceptible to right censoring, as excluding the most

severe cancer cases, possibly attributable to mortality, may

introduce a bias to the findings. Fifth, it is essential to recognize

the restricted generalizability of our findings, given that our

investigation concentrated on a cohort of cancer survivors

residing in the United States. Consequently, the outcomes may

not be seamlessly applicabble to cancer survivor populations in

other countries. Sixth, our research did not consider temporality,

thus rendering it impossible to determine whether cancer survivors

had ceased smoking before or after their diagnosis.

In this age of precision medicine, the imperative need to

integrate patient-reported outcomes, socio-environmental

determinants of health, life quality assessments, nutritional

considerations, and behavioral data into oncological research is

increasingly evident. With a multitude of diverse and competing

treatment strategies available, it is imperative to tailor indications to

reflect the personalized needs of patients. Integrating these non-

clinical data into the treatment decision-making process is crucial

for achieving this objective. In light of this, healthcare providers

must diligently evaluate and track HRQoL at an early stage and

longitudinally. Further research should encompass a broader

spectrum of HRQoL factors, including pain and social and

emotional support, to gain deeper insights into their influence on

treatment outcomes. Other investigators have sought to understand

and address the HRQoL of patients in clinical practice. For example,

the National Comprehensive Cancer Network (NCCN) advises

incorporating distress management and HRQOL interventions

into routine practice. This suggests using the “Distress
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Thermometer tool” to screen for distress in every medical

encounter. This instrument evaluates various domains, including

physical symptoms, emotional well-being, family or interpersonal

issues, spiritual concerns, financial distress, and functional

limitations (49, 50).

In conclusion, our study showed a robust association between

smoking status and a negative impact on cancer survivors’ HRQoL.

The practical implications of our findings cannot be understated, as

it calls for prompt interventions to help cancer survivors quit

smoking and improve their HRQoL. As such, healthcare

providers must acknowledge the detrimental effects of smoking

on HRQoL and take proactive steps to facilitate smoking cessation

in this population. Nonetheless, the intricate relationship between

smoking status and HRQoL among cancer survivors warrants

further investigation, and the onus remains on the research

community to unravel this intricate association.
Data availability statement

Publicly available datasets were analyzed in this study. This data

can be found here: https://www.cdc.gov/brfss/annual_

data/annual_data.htm.
Author contributions

JN: Conceptualization, Data curation, Investigation,

Methodology, Project administration, Validation, Visualization,

Writing – original draft. BR: Conceptualization, Data curation,

Formal Analysis, Methodology, Supervision, Writing – review &

editing. ER: Visualization, Writing – original draft, Writing – review

& editing. CB: Visualization, Writing – original draft, Writing –

review & editing. ER: Visualization, Writing – original draft,

Writing – review & editing. GI: Investigation, Methodology,

Writing – review & editing. YT: Conceptualization, Data curation,

Formal Analysis, Software, Writing – original draft. RA: Software,

Writing – review & editing. DF: Data curation, Investigation,
Frontiers in Oncology 0860
Software, Visualization, Writing – original draft, Writing – review

& editing. ML: Supervision, Validation, Visualization, Writing –

review & editing. MM: Investigation, Supervision, Validation,

Writing – review & editing. SC: Conceptualization, Formal

Analysis, Investigation, Methodology, Resources, Supervision,

Validation, Visualization, Writing – original draft.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1261041/

full#supplementary-material
References
1. Stein KD, Syrjala KL, Andrykowski MA. Physical and psychological long-term
and late effects of cancer. Cancer (2008) 112(11 Suppl):2577–92. doi: 10.1002/
cncr.23448

2. Yin S, Njai R, Barker L, Siegel PZ, Liao Y. Summarizing health-related quality of
life (HRQOL): development and testing of a one-factor model. Popul Health Metr
(2016) 14:22. doi: 10.1186/s12963-016-0091-3

3. Allart-Vorelli P, Porro B, Baguet F, Michel A, Cousson-Gélie F. Haematological
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Background: The prevalence of lung cancer, a major type of malignant 
tumor, has been increasing over the years greatly impacting the health of 
Chinese residents. This study investigates the epidemiological characteristics 
of lung cancer among healthcare workers in the Hunan Province, as well as 
the occupational risk factors.

Methods: The data analyzed in this study was collected from the largest 
tumor hospital in the province: the Hunan Provincial Tumor Hospital 
affiliated with Central South University, School of Medicine. The data 
collected encompasses input collected between the years of 2004 to 2013 
of the population of healthcare workers who were hospitalized for lung 
cancer treatments. Information was obtained through statistical analysis and 
telephonic interviews.

Results: The prevalence of lung cancer among healthcare workers was much 
higher than that of the general population, as revealed by the difference 
between number of healthcare worker cases per 1,000 cases and number 
of healthcare workers per 1,000 population in the decade from 2004 to 
2013. Analysis of the data further demonstrates that lung cancer prevalence 
among healthcare workers increases exponentially with age. Although 
smoking has been shown to increase the incidence of lung cancer to some 
extent, it is most likely not the main cause of lung cancer. In addition, it 
appears that the highest rates of lung cancer incidence occurs in mainly in 
primary general practitioners, medical radiologists, and nurses. The lack of 
awareness of personal safety measures may place healthcare workers at a 
greater risk of lung cancer.
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Introduction

In 2013, there were approximately 3.682 million new cases of 
malignant tumors nationwide, and 2.229 million deaths (1). The 
morbidity rate of malignant tumors is 190.17/100,000 and the 
mortality rate is 109.95/100,000 in the Chinese population (1), 
indicating malignant tumors are a great threat to human health 
and society. The incidence of malignant tumors is predominantly 
concentrated among individuals aged over 45 years. Lung cancer 
ranks as the most common cancer among males and the second 
most among women (1). Lung cancer is also the leading cause of 
death in both males and females (1). Between 2007 and 2013, lung 
cancer has also been the leading cause of both morbidity and 
mortality in China (1–7). Within the span of 3 years, between 
2010 and 2013, the number of new cases of lung cancer in China 
increased by 133,000 reaching a total of 733,000 cases. 
Simultaneously, in 2013, the incidence of lung cancer-related 
deaths reached 591,000, due to a surge in an additional 101,000 
deaths between 2010 to 2013 (1–7). These alarming trends 
underscore the importance of lung cancer study in regional and 
global health.

Healthcare workers are a broad group of professions including 
practicing doctors, physician assistants, registered nurses, pharmacists, 
laboratory technologists, imaging technologists, health supervisors, 
and trainee doctors. Due to the nature and setting of their work, 
healthcare workers are more likely to be  exposed to various 
carcinogens that can adversely affect the lung than the 
general population.

Formaldehyde

Formalin (containing 35–40% formaldehyde) is widely used in the 
fixation and preservation of specimens, particularly in the preparation 
and preservation of human medical specimens (8). Formaldehyde has 
a very low boiling point at 19 °C causing it easily evaporate at room 
temperature. The International Agency for Research on Cancer 
(IARC) has classified formaldehyde as a Group 1 human carcinogen, 
primarily associated with nasopharyngeal carcinoma but also 
potentially associated with lung cancer and leukemia (8). The 
carcinogenicity of formaldehyde is primarily attributed to its ability to 
fragment DNA and cross-link DNA and protein structures (9–12). 
Moreover, formaldehyde, as a potent oxidant that can generate reactive 
oxygen radicals resulting in cellular and tissue damage (13–15). 
Research by Liu et al. demonstrated a higher rate of tumor death in 
groups exposed to formaldehyde in comparison to groups not exposed 
to formaldehyde, in a formaldehyde plant (16). Cui et al. showed an 
increased incidence of malignant tumors, especially gastric cancer, 
liver cancer, and lung cancer among formaldehyde plant workers (17). 
Worldwide studies had also reported elevated cancer mortality among 
workers with industrial formaldehyde exposure (18, 19). A recent 
systematic evaluation exhibits that various well-designed, high-quality 
studies also support the association between the lung cancer risk and 
formaldehyde exposure (20). In a hospital setting, healthcare workers, 
particularly those working in dissection and pathology rooms, are at 
risk of formaldehyde exposure during specimen preparation 
and preservation.

Radiation

Radiation exposure in hospitals primarily arises from tumor 
radiation therapy and X-ray procedures conducted in the laboratory 
department. Radiation causes DNA damage and genetic alterations 
(21). While fast growing tumor cells are more susceptible to radiation, 
normal cells may also accumulate DNA damages. Prolonged low-dose 
radiation exposure, spanning many years or even decades, may result 
in skin cancer, lung cancer, leukemia, and bone cancer (22). During 
radiation therapy or diagnosis, patients are often administered 
treatment by medical professionals, including doctors and nurses, who 
also might be exposed to radiation.

Anticancer drugs (ADs)

Anticancer drugs, particularly cytotoxic drugs, form the backbone 
of cancer treatment. These drugs, while effective against tumors, can 
also impact on normal cells. Patients undergoing anticancer drug 
treatment often experience various adverse reactions, with 
myelosuppression and gastrointestinal issues being the most common 
(23). Additional side effects include alopecia, liver toxicity, lung 
toxicity, kidney toxicity, and neurotoxicity. Long-term exposure to 
anticancer drugs, especially for healthcare workers such as oncology 
nurses, may be  detrimental to health. Studies have indicated that 
anticancer drugs can be detected in the air during the preparation and 
administration of these drugs (24–27). The turbulence generated 
during preparation can lead to the formation of aerosols, allowing 
drug particles to enter human bodies through the respiratory tract and 
skin (28–30). Several studies have detected the presence of anticancer 
drug molecules in the urine of healthcare workers exposed to these 
drugs (31, 32). These compounds can harm the immune system, 
disrupt hormone secretion, damage DNA, and even lead to cancer 
(33). Many general hospitals and chemotherapy units lack 
comprehensive protective equipment and do not supply sufficient 
safety education. Nurses in China, in particular, often do not prioritize 
their own safety (34). A survey of nurses in 78 city and county-level 
hospitals in the southwestern provinces in China revealed gaps in 
awareness and protection norms (35).

Bodily secretion

Healthcare workers often encounter bodily secretions including 
vomit, excrement, and saliva, in hospital environments where patients 
are closely confined. These professionals are exposed to a dense 
population with a diverse range of patients leading them to be at a 
higher risk of contracting an infection compared to the general 
population. Studies have identified a higher risk of tuberculosis (TB) 
among healthcare workers in respiratory departments. Among the 
different health professionals, doctors working in departments related 
to the respiratory tract are at an even greater risk than others (36). 
Healthcare workers are found to be  10–20 times more likely to 
contract TB in hospital settings compared to the general population. 
Research in Tianjin indicated that a significant portion of medical staff 
did not consistently wear masks when in contact with suspected TB 
patients, contributing to increased risk of exposure to the infection 
(37). The coexistence of pulmonary tuberculosis and lung cancer is 
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very common with studies indicating an increased risk of lung cancer 
among TB patients (38–40).

Other risk factors such as clinical trauma due sharp instrument 
injury or needle stab injury are also common in the medical practice 
of healthcare workers. The infection after clinical trauma may transmit 
infectious diseases like TB and viral infection, which may potentially 
be cancerous.

In summary, occupational hazards including exposure to 
formaldehyde, radiation, anticancer drugs, and infectious diseases, 
may place healthcare workers at significant risk for negative health 
outcomes. Determining whether the health of healthcare workers is 
indeed affected and the extent to which it is affected is the objective of 
this study. Addressing these risks and therefore promoting 
corresponding safety measures will protect the well-being of 
healthcare professionals and reduce the incidence of occupational 
diseases such as lung cancer. We report herewith that the prevalence 
of lung cancer among healthcare workers is much higher than that of 
the general population. Increasing awareness and compliance of 
proper safety precautions and protocols will reduce the occupational 
risks healthcare workers face and ultimately improve their 
health outcomes.

Methods

This study collected data of lung cancer patients who were 
hospitalized in the Thoracic Surgery Department of the Hunan 
Provincial Tumor Hospital Affiliated to School of Medicine, Central 
South University between 2004 and 2013. The study collected personal 
information of the patients who were healthcare workers, including 
gender, age, occupation, home address, telephone number, discharge 
records, past medical history, marriage and childbirth history, and 

family history. A total of 16,514 cases were reviewed, including 237 
cases of healthcare workers.

The home address information of the 16,514 cases were collected 
and assigned to each city according to the administrative division of 
Hunan Province (Table 1; Figure 1). The number of healthcare workers 
per 1,000 lung cancer patients and the number of healthcare workers 
per 1,000 normal population were calculated and compared (Table 2). 
Statistical analysis was performed using paired, one-tailed t test.

The study also conducted telephone interviews with the 237 cases 
of lung cancer patients who were healthcare workers. The survey 
consisted of a questionnaire on their occupation, working age, 
working time, and related occupational risk factors. The survey also 
assessed the duration and frequency of exposure to formalin, 
radiation, anticancer drugs, infectious secretions, risk factors involved 
in their scientific research, the number of workplace injuries and 
safety practices. Patients were also asked to describe/identify the likely 
cause of their lung cancer for verification. Data was collected on 57 
patients (those patients who had died or refused to answer questions 
were not included). The occupations of the 57 patients were classified 
and counted. These are reflected in Tables 3–5.

Results

Regional distribution of lung cancer

Regions with a total of 13,965 cases were recorded at Hunan 
Provincial Tumor Hospital during the eight-year period spanning 
from 2006 to 2013. These data are organized in Table 1. Within this 
dataset, 415 cases were found to be missing, resulting in a missing rate 
of 3.00%. Furthermore, 227 cases were from other provinces, while 
only 13,324 cases originated from Hunan Province. Unfortunately, 
regional information regarding lung cancer patients for the years 2004 
and 2005 is not available.

Table 1 and its associated Figure 1 shows that the lung cancer 
cases are relatively concentrated in the city of Changsha. There is a 
similar distribution of lung cancer to the distribution of normal 
population among most cities with the exception of Changsha.

Prevalence of lung cancer in healthcare 
workers

Table 2 shows that the number of healthcare workers per 1,000 
lung cancer cases within the decade of 2004–2013 was approximately 
4 fold that of the number of healthcare workers per 1,000 normal 
population, which is statistically significant (p < 0.001). This implies 
that the probability of healthcare workers contracting lung cancer is 
much higher than that of the general population.

Basic information of healthcare workers 
contracting lung cancer

Table 3 shows that as age increases, the prevalence of lung cancer 
among healthcare workers also rises. In the 25–34 age group, 
healthcare workers account for 35.6% of the total number of healthcare 
workers, whereas in this age group, cancer-contracting healthcare 

TABLE 1 2006–2013 distribution of lung cancer patients in Hunan 
Province in different cities.

City Cases LCP (%) NP (%)*
All Hunan Cities 13,324 100 100

Changsha 3,072 23.06 10.72

Zhuzhou 694 5.21 5.87

Xiangtan 501 3.76 4.18

Hengyang 850 6.38 10.87

Shaoyang 1,203 9.03 10.77

Yueyang 1,067 8.01 8.34

Changde 1,151 8.64 8.70

Zhangjiajie 265 1.99 2.25

Yiyang 1,005 7.54 6.57

Chenzhou 450 3.38 6.98

Yongzhou 1,000 7.51 7.89

Huaihua 588 4.41 7.22

Loudi 1,180 8.86 5.76

Xiangxi 297 2.23 3.88

LCP (%): Percentage of lung cancer patients of each city in the province. NP (%): Percentage 
of population of each city in the province. *From the Sixth National Population Census of 
Hunan Province.
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workers account for only 0.8% of the total number of cancer-
contracting healthcare workers, making the percentage of cancer-
contracting healthcare workers 0.023 fold of that of healthcare workers 
(0.8%/35.6%) (Figure 2). In contrast, for those aged over 60, healthcare 
workers represent only 4% of the total number of healthcare workers 
of all ages, while cancer-contracting healthcare workers account for 
56.1% of the total number of cancer-contracting healthcare workers 
of all ages, making the percentage of cancer-contracting healthcare 
workers 14.025 fold that of healthcare workers (56.1%/4%) (also see 
Figure 2). This stark increase from 0.023 to 14.025 indicates that lung 
cancer predominantly affects healthcare workers over the age of 60. 
The data obtained from all age groups also demonstrates an overall 
positive correlation between age and incidence of lung cancer 
(Figure 2).

Among the cancer-contracting healthcare workers, 52.7% (100–
47.3%) have a history of smoking cigarettes (Table 3). In contrast, only 
25% (100–75%) of all healthcare workers have a history of smoking 
cigarettes (Table 3). Moreover, the prevalence of lung cancer increases 
with the intensity of smoking, with over 20 cigarettes per day 
accounting for 47.2% (27.0% + 20.2%) of all cancer-contracting 
healthcare worker, in contrast to only 3.8, 1.7% or 0% in groups 

smoking 10–20, <10, and 0 cigarettes/day. This suggests that smoking 
may indeed influence the incidence of lung cancer among healthcare 
workers to an extent, although it is likely not the primary cause of lung 
cancer among this population.

Interestingly, the prevalence of lung cancer among healthcare 
workers appears to have little correlation with alcohol consumption.

Occupational distribution of lung cancer 
patients

Follow-up visits of the 57 healthcare workers that were 
diagnosed with lung cancer (Table 4) reveals that lung cancer is 
most prevalent in Departments of General Practice (29.3%) and 
Interna Medicine (22.0%). Considering the relative low number of 
staff in the Departments of General Practice (7.6%) and Medical 
Imaging Departments (9.6%), it appears that workers in the 
Departments of General Practice and Medical Imaging Departments 
are most likely to contract lung cancer among all the healthcare 
workers, with the ratio of LCP/NP of 3.875 and 1.025, respectively 
(Table 4).

FIGURE 1

Distribution of lung cancer patients and normal population in Hunan Province in different cities. Distribution data were from Table 1.

TABLE 2 2004–2013 the number of healthcare workers per 1,000 lung cancer patients and the number of healthcare workers per 1,000 normal 
population.

Year 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 Average p 
value

Total 1,163 1,218 1,048 1,058 1,259 1,428 1717 2,207 2,405 2,793

Case* 11 19 22 19 17 21 25 28 32 43

A** 3.15 3.18 3 3.21 3.34 3.62 3.81 3.96 4.47 4.56 3.63

B*** 9.46 15.6 20.99 17.96 13.5 14.71 14.56 12.73 13.05 15.41 14.80

Ratio# 3.00 4.91 7.00 5.60 4.04 4.06 3.82 3.21 2.92 3.38 4.19 <0.001

*Number of lung cancer cases among healthcare workers. **Number of healthcare workers per 1,000 population in Hunan Province, from 2005–2014 China Health Statistics Yearbook. 
***Number of healthcare workers per 1,000 lung cancer cases in Hunan Province (number of cases of sick doctors/total number of cases×1,000). #Ratio of B/A. P value: paired, one-tailed  
t test.
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TABLE 3 Age and consumption of cigarettes or alcohol by healthcare workers contracting lung cancer.

Cases LCP (%) NP (%) Ratio (LCP/NP)**
Total 237 100 100*

Age

0–25 0 0 8.7 0

25–34 2 0.8 35.6 0.023

35–44 17 7.2 29.2 0.247

45–54 42 17.7 17.3 1.023

55–59 43 18.2 5.2 3.5

60- 133 56.1 4.0 14.025

Smoking history

None 112 47.3 75***

Occasionally 1 0.4

<20 year 0 0

20 ~ 30 year 20 8.4

30 ~ 40 year 48 20.3

≥40 year 56 23.6

Drinking alcohol

never 164 69.2

<Once/month 24 10.1

≥Once/month 49 20.7

Smoking intensity

Never 112 47.3

Occasionally 0 0

<10/d 4 1.7 13.4**** 12.7

10 ~ 20/d 9 3.8 28.7 13.3

20 ~ 30/d 64 27 35.6–58 46.6–75.8

≥30/d 48 20.2 <22.4 >90.2

*From “2013 China Health Statistics Yearbook.” **Ratio of percentage of lung cancer population (LCP, 3rd column) to that of normal population (NP, 4th column) of healthcare workers. 
***References [41–43]. ****References [44].

FIGURE 2

Fold change of percentage of sick healthcare workers (SHW) to that of healthcare workers (HW).
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TABLE 4 Occupational distribution of lung cancer patients among healthcare workers.

Occupation/Working years Cases LCP (%) NP (%*) Ratio (LCP/NP)

Total 57 100 (41cases**) 100**** 100

General practice

Total 12 29.3 7.6 3.875

0–30 0

30–40 4

40–50 8

Internal medicine

Total 9 22.0 32.5 0.676

0–30 2

30–40 1

40–50 6

Surgery (Including orthopedics)

Total 6 14.6 19.1 0.764

0–30 0

30–40 4

40–50 2

Obstetrics & Gynecology

Total 5 12.2 13.8 0.882

0–30 2

30–40 1

40–50 2

Medical imaging

Total 4 9.8 9.6 1.025

0–30 0

30–40 2

40–50 2

Traditional Chinese medicine

Total 5 12.2 17.4 0.701

0–30 0

30–40 3

40–50 2

Total 57 100 (57cases***)

Pharmacist

Total 3 5.3

0–30 2

30–40 0

40–50 1

Nurse

Total 9 15.8

0–30 1

30–40 7

40–50 1

Rural medical doctor

Total 4 7.0

0–30 0

(Continued)
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Occupational risk factors

Questions and answers pertaining to formalin, radiation, 
anticancer drugs, exposure to saliva and other secretions, frequency 
and duration of exposure to risk factors in scientific research, the 
number of traumatic incidents, and adherence to safe guidelines are 
crucial aspects of our investigation. Due to the limited size of our 
dataset, we have not been able to compile a comprehensive table of 
occupational risk factors. However, Table 5 listed the most reliable 
records of risk factors involved in the follow-up visits. Table 5 shows 
that either of the exposure to radiation, traumatic incidents, anticancer 
drugs is not an important contributing factors to the development of 
lung cancer in the healthcare workers. However, a lack of self-
protection awareness and exposure to saliva and other secretions may 
contribute to the increased incidence of lung cancer in 
healthcare workers.

In conclusion, our study found that the incidence of lung cancer 
in Changsha, the provincial capital, is significantly higher than the 

incidence in other cities. We also observed a consistently higher 
number of healthcare workers per 1,000 lung cancer cases in our 
study compared to the number of healthcare workers per 1,000 in 
the general population from 2004 to 2013. Additionally, age and 
smoking are associated with prevalence of lung cancer in healthcare 
workers. We  have also characterized risks associated with 
occupational subspecialties, as well the potential exposure risk 
factors associated with the high incidence of lung cancer among 
healthcare workers.

Discussion

It is interesting that lung cancer patients are relatively higher in 
Changsha than the other cities of Hunan Province (Figure 1; Table 1). 
Several factors may contribute to this observation: 1. Air Quality: 
Provincial capital cities, due to their larger populations, industrial 
activities, and traffic congestion, often experience poorer air quality. 
Changsha is one of the cities with heaviest air pollution in the middle 
triangle urban agglomerations (45). Research has shown a strong 
correlation between PM2.5 and the incidence rate of male lung cancer 
in urban areas. In urban areas, if PM2.5 levels change by 10 μg/m3, the 
shift in incidence rate relative to its mean increases significantly by 
3.97% (95% CI: 2.18, 4.96%, p = 0.000) compared to rural areas (46). 
2. Smoking: Smoking is a significant cause of lung cancer (3), and in 
many cases, capital cities have higher smoking rates due to various 
factors such as stress, lifestyle, and greater accessibility to tobacco 
products. 3. Healthcare Facilities: Provincial capitals often own better 
healthcare facilities, which might lead to higher rates of diagnosis and 
reporting of lung cancer cases.

Our study was focused on the healthcare workers in the province. 
It is surprising that the number of healthcare workers per 1,000 lung 
cancer cases in the decade 2004–2013 was approximately 4 fold that 
of the number of healthcare workers per 1,000 normal population. 
This stunning revelation implies that the chance of healthcare workers 
contracting lung cancer is much higher than that of the 
general population.

This survey underscores the significant relationship between lung 
cancer incidence with both age and smoking. It shows that when age 
is increased, or when the duration or intensity of smoking is increased, 
there is a notable rise in the incidence of lung cancer, suggesting DNA 
damage either accumulated naturally with age or caused by smoking 
may be  a significant contributor to lung cancer morbidity (1–7). 
Notably, although not included in the results section, our survey also 
demonstrates that the male-to-female ratio among healthcare workers 

TABLE 5 Occupational risk factor: exposure information in lung cancer 
cases of healthcare workers.

Risk factor Cases (57)

Radiation

0 year 49

1–5 year 4

30–35 year 4

Trauma

None or very few 52

Yes and more than a few 5

Anticancer drugs

None or very few 56

Yes and more than a few 1

Exposure to secretions

None or very few 37

Occasionally 7

Often 13

Self-protection awareness

Low 13

General 10

High 23

Occupation/Working years Cases LCP (%) NP (%*) Ratio (LCP/NP)

30–40 1

40–50 3

*Composition of subspecialty practicing physicians in the five-year health statistics yearbook from 2009 to 2014 excluding physicians practicing in village clinics. Since the composition has 
remained stable over the years, the representative composition of 2009 is listed for comparison. **The numbers of village clinics, nurses and pharmacists (3 + 9 + 4 = 16) are not included in the 
total for side-by-side comparison of percentages (LCP% versus NP%). ***The proportion of pharmacists, nurses, and rural doctors in the total number of cases (57 cases) obtained in the 
follow-up visit. ****Information on the composition ratio of nurses, pharmacists, and rural doctors among the total healthcare workers was absent in the five-year health statistics yearbook. 
Current 100% including cases in General Practice, Internal Medicine, Surgery, Obstetrics & Gynecology, Medical Imaging, Traditional Chinese Medicine is only part (70.1%) of all 
departments (cases) of healthcare workers in the 2009 health statistics yearbook. Ratio (LCP/NP): Ratio of percentage of lung cancer population (LCP, 3rd column) to that of normal population 
(NP, 4th column) of healthcare workers.

TABLE 4 (Continued)
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with lung cancer is 166:71; among male healthcare workers who had 
developed lung cancer, the ratio of smokers to non-smokers is 125:41, 
while only 0:71 for females. These extra lines of evidence are not only 
in consensus with the tumorigenic effects of smoking, but also 
indicates that smoking is not a prominent factor in the development 
of lung cancer among women. Indeed, our telephone interview survey 
revealed that most women patients and their families attributed their 
lung cancer to non-smoking risk factors such as exposure to (cooking) 
oil fumes and life stressors.

Occupationally, the highest prevalence of lung cancer is 
observed among general practitioners and medical imaging 
technicians. This pattern can be  attributed to the substantial 
workload faced by professionals in these roles, along with prolonged 
patient interactions. Furthermore, grassroots hospitals where these 
professionals work often suffer from understaffing and inadequate 
equipment resources. Issues with accessibility along with a lack of 
understanding and indifference for self-protection and the use of 
personal protective equipment may contribute to this outcome. 
Importantly, there is a notable absence of a comprehensive 
occupational exposure reporting system within grassroots hospitals. 
An earlier survey by Zhu Lihong et  al. in 2008 indicated that 
awareness of hand hygiene among medical staff was generally weak, 
with an implementation rate ranging from 50 to 70% (47). 
Additionally, radiologists are exposed to the causes of radiation 
emitted by imaging equipment (48).

Given the limited number of healthcare worker cases in this 
survey, it is also important to recognize the potential errors and 
limitations of our report. In conclusion, effective mitigation of 
occupational risks for healthcare workers requires collaboration 
among government bodies, medical units, and individuals. 
Governments should establish and enforce standardized regulations 
to address various occupational risk factors, while medical units 
should provide healthcare workers with comprehensive safety 
operation guidelines, a secure working environment, and ongoing 
safety awareness training. This collective effort is vital for safeguarding 
the health and well-being of healthcare professionals. Through this 
study, we hope to raise awareness of the additional risks healthcare 
workers face and encourage the implementation of protocols that can 
help decrease the disproportionately higher rate with which healthcare 
workers develop lung cancer.
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Environmental pressures, tumor 
characteristics, and death rate in a 
female breast cancer cohort: a 
seven-years Bayesian survival 
analysis using cancer registry data 
from a contaminated area in Italy
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Introduction: In Taranto, Southern Italy, adverse impacts on the environment 
and human health due to industrial installations have been studied. In the 
literature, few associations have been reported between environmental factors 
and breast cancer mortality in women. The aim of this study was to investigate 
the relationships between residence in areas with high environmental pressures, 
female breast cancer characteristics, and death rate.

Methods: Data from the Taranto Cancer Registry were used, including all women 
with invasive breast cancer diagnosed between 01 January 2015 and 31 December 
2020 and with follow-up to 31 December 2021. Bayesian mixed effects logistic 
and Cox regression models were fitted with the approach of integrated nested 
Laplace approximation, adjusting for patients and disease characteristics.

Results: A total of 10,445 person-years were observed. Variables associated with 
higher death rate were residence in the contaminated site of national interest 
(SIN) (HR 1.22, 95% CrI 1.01–1.48), pathological/clinical stage III (HR 2.77, 95% CrI 
1.93–3.97) and IV (HR 17.05, 95% CrI 11.94–24.34), histological grade 3 (HR 2.50, 
95% CrI 1.20–5.23), Ki-67 proliferation index of 21–50% (HR 1.42, 95% CrI 1.10–
1.83) and  >  50% (HR 1.81, 95% CrI 1.29–2.55), and bilateral localization (HR 1.65, 
95% CrI 1.01–2.68). Variables associated with lower death rate were estrogen 
and/or progesterone receptor positivity (HR 0.61, 95% CrI 0.45–0.81) and HER2/
neu oncogene positivity (HR 0.59, 95% CrI 0.44–0.79).

Discussion: The findings confirmed the independent prognostic values of different 
female breast cancer characteristics. Even after adjusting for patients and disease 
characteristics, residence in the SIN of Taranto appeared to be associated with an 
increased death rate.

KEYWORDS

breast cancer, female breast cancer, cancer survival, environmental contamination, 
environmental pollution, cancer epidemiology
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Introduction

Female breast cancer is a leading cause of cancer incidence and 
mortality worldwide, with a global estimate of 2.3 million incident 
cases, 7.8 million prevalent cases, and 685,000 deaths in 2020. It is a 
global phenomenon affecting individuals of any age after puberty. 
Among all types of cancer, it causes the most disability-adjusted life 
years (DALYs) among women (1, 2).

Early cancer detection (screening) and treatment (surgery, 
radiation, and medical therapy) have proven to be effective, achieving 
survival probabilities up to 90% or higher (1). Specifically, the 
treatment of breast cancer is based on the tumor’s biological subtyping. 
Numerous disease characteristics, such as TNM staging, histological 
grading, proliferation activity (Ki-67%), estrogen receptor (ER), 
progesterone receptor (PR) and HER2/neu positivity, topography, and 
bilaterality, have been researched as potential prognostic indicators or 
as targets for specific therapies (1, 3–7). Tumor, node, and metastases 
(TNM) classification is a system used to describe the amount and 
spread of cancer in a patient’s body: T describes the size of the tumor 
and any spread of cancer into nearby tissues, N describes the spread 
of cancer to nearby lymph nodes, and M describes metastasis, i.e., the 
spread of cancer to other parts of the body. TNM combinations are 
grouped into five less-detailed stages, from 0 (carcinoma in situ: 
abnormal cells are present but have not spread to nearby tissues) to 
I-II-III (invasive cancer: the higher the number, the larger the tumor 
and the more it has spread into nearby tissues) to IV (invasive, 
metastatic cancer: cancer has spread to distant parts of the body) (3, 
8–10). In addition to TNM staging, histologic grading from 1 to 3 is 
an important predictor of disease outcome in breast cancer patients, 
with a higher tumor grade (lower differentiation) being associated 
with poorer prognosis (differentiation describes how much a tumor 
resembles the normal tissue from which it arose) (3, 5, 11). Related to 
grading is the expression of Ki-67, a nuclear protein present during 
the late G1, S, G2, and M phases of the cell cycle. It has been 
demonstrated that high Ki-67 expression (%), which reflects the 
proliferation activity of tumor cells, is associated with a higher risk of 
relapse and worse survival in breast cancer patients (3, 5). Hormonal 
receptor status is another important prognostic factor in breast cancer 
patients. Estrogen receptor-positive (ER+) and progesterone receptor-
positive (PR+) tumors are likely to respond to endocrine therapies 
such as tamoxifen or aromatase inhibitors. Hormone therapy reduces 
the chance of recurrence by nearly half. Moreover, breast cancers may 
independently overexpress a molecule called the HER2/neu oncogene 
and these HER2/neu + tumors are amenable to treatment with targeted 
biological agents such as trastuzumab, with improvement of survival 
(1, 3, 4). Moreover, associations were reported between cancer 
topography, laterality, and death rate. Specifically, better survival was 
associated with greater tumor-nipple distance in old patients, while an 
increased death rate was reported for synchronous bilateral breast 
cancer patients (6, 7).

With regard to socio-economic and environmental factors, a 
shorter breast cancer-specific survival in women from disadvantaged 
neighborhoods has been reported (12). Evidence from a meta-analysis 
indicated that patients residing in rural areas were more likely to 
be  diagnosed with more advanced breast cancer compared with 
patients from urban areas (13). Moreover, associations were reported 
between air pollutants and mortality in women with breast cancer 
(14, 15).

In some areas of the province of Taranto, a coastal city in the 
Apulia Region, Southern Italy, various industrial installations and 
polluting sources (a steel plant, an oil refinery, urban discharges, 
harbor activities, and the ship-yard of the Italian Navy) have been 
operating in close proximity to the resident population for decades 
with well-known and extensively studied adverse impacts on the 
environment and human health (16–30). With regard to 
environmental, feed, and food impacts, it is of particular importance 
that the area shows contamination of these matrices by metals and 
persistent organic pollutants, specifically dioxins and PCBs. 
Moreover, some of these substances have been detected in human 
biological samples (17, 20–25). As far as human health effects are 
concerned, evidence has been produced after studying the 
populations who resided in the contaminated site of national interest 
(SIN) of Taranto. In particular, cohort studies have reported an 
increased risk for different types of cancer incidence, including 
breast cancer incidence in women (16, 27). Some studies have also 
noted an increased risk for all-cause hospitalization; for circulatory, 
respiratory, digestive, and urinary diseases hospitalization; and for 
different types of cancer hospitalization, including breast cancer 
hospitalization in women (16, 29, 30). Different studies have also 
indicated an increased risk for all-cause mortality; for circulatory 
and digestive diseases mortality; and for some types of cancer 
mortality, with no significant evidence for breast cancer mortality in 
women (16, 19, 26, 29, 30).

To summarize, associations have been reported between the 
aforementioned factors and breast cancer mortality in women. The 
aim of this study was to investigate the relationships between residence 
in areas with high environmental pressures, female breast cancer 
characteristics, and death rate.

Methods

Study area and baseline epidemiological 
data

The study area is the province of Taranto, which consists of 29 
municipalities with a total resident population of 559,892 inhabitants 
on 1 January 2022 (31). The SIN of Taranto consists of two 
municipalities, Taranto (the provincial capital) and Statte, with 
189,461 and 13,136 inhabitants, respectively, on 1 January 2022 (29–
31). The study area with municipalities and SIN is shown in Figure 1. 
The map was created with QGIS version 3.28.4.

From 2015 to 2019, Taranto Province recorded 2,446 female breast 
cancer (ICD10 codes C50.0 to C50.9) cases, with a directly 
standardized rate of 147.6 cases per 100,000 inhabitants and a median 
age of 61 years. In the same period, 63% of patients with breast cancer 
requiring hospitalization were admitted to a hospital in the Taranto 
Province, 25% to an extra-provincial hospital in the Apulia Region, 
and 12% to an extra-regional hospital. Between 2013 and 2017, the 
relative standardized 5-year female breast cancer survival was 85.6 
(95% CI 83.1–87.7) (27).

From 2013 to 2017, in the SIN, 216 female breast cancer deaths 
were recorded, with a standardized mortality ratio (reference: Apulia 
Region) of 99 (90% CI 89–111) (29). From 2015 to 2019, in the SIN, 
979 female breast cancer cases were recorded, with a directly 
standardized rate of 155.6 cases per 100,000 inhabitants and a 
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standardized incidence ratio (reference: Taranto Province) of 109.3 
(95% CI 102.5–116.3) (27).

Data source and cancer cohort

Data collected from the Taranto Cancer Registry of the Italian 
Association of Cancer Registries (AIRTUM) were used, including all 
women with invasive breast cancer (ICD10 codes C50.0 to C50.9) 
diagnosed between 1 January 2015 and 31 December 2020 who 
resided in Taranto Province at the time of diagnosis. The follow-up 
period considered for this study was until 31 December 2021. Death 
certificate only cases (n = 29), cases registered based on an autopsy 
report (n = 1), and patients under 30 years (n = 12) were excluded. As 
a general rule, baseline patients and disease characteristics refer to the 
time of diagnosis. Mortality data (all-cause mortality) relative to the 
follow-up period (2015–2021) were retrieved from the Taranto 
Province’s Causes of Death and Health Registries. Patients with no 
mortality follow-up information due to extra-provincial transfer 
before 31 December 2021 (right-censoring, loss-to-follow-up) 
contributed to the person-time until the date of transfer (n = 7).

Study design and variables

This is a retrospective individual observational study with 
different regression analyses carried out cross-sectionally (prevalence 
study) and longitudinally (incidence study, survival analysis). 
Residence in the areas with high environmental pressures (SIN) was 
used as an environmental exposure proxy. Tumor characteristics at the 
time of diagnosis were pathological/clinical staging (TNM I to IV), 
histological grading (grade 1 to 3), proliferation index (Ki-67%), 
estrogen receptor (ER) and/or progesterone receptor (PR) status 
(positivity cut-off is ≥1% of positive cells), epidermal receptor (HER2/
neu) status (immunohistochemistry, IHC; fluorescence in situ 

hybridization, FISH), topography (ICDO3T classification. C50.0–1: 
nipple and areola, central portion of breast. C50.2–5: upper-inner/
lower-inner/upper-outer/lower-outer quadrant of breast. C50.6–8: 
axillary tail of breast, overlapping lesion of breast), and laterality 
(unilateral right, unilateral left, and synchronous bilateral breast 
cancer) (3).

In the cross-sectional study, the studied outcomes were each of the 
tumor characteristics (prevalence), and the studied exposure was 
residence in areas with high environmental pressures. The aim of this 
step was to assess possible associations between environmental factors 
and each of the tumor characteristics. In the longitudinal study, the 
studied outcome was all-cause death (incidence), and the studied 
exposures were residence in areas with high environmental pressures 
and tumor characteristics. The aim of this step was to assess possible 
associations between environmental factors, tumor characteristics, 
and death. Adjustment variables recorded at the time of diagnosis 
were age class (30–39, 40–49, 50–59, 60–69, 70–79, and ≥ 80 years), 
year, month, patient ID, municipality of residence, and tumor 
morphology (ICDO3M classification). Adjustment for the patient’s ID 
and municipality of residence was provided to account for the 
heterogeneity related to possible unobserved individual or ecological 
level variables (e.g., genetics, heredity, tobacco use, alcohol 
consumption, deprivation index, and access to health services).

Statistical analysis

Data analysis was performed using R version 4.2.3. Bayesian 
inference was performed with package INLA version 22.12.16. 
Complex models could be fitted with the Bayesian approach, including 
generalized linear models and survival analyses. The possible 
non-independence and heterogeneity of observations could be taken 
into account by fitting mixed models with both fixed and random 
effects. While traditional survival analysis relies on parameter 
estimation based on partial likelihood, Bayesian approaches for 

FIGURE 1

Map of the province of Taranto (grid interval: 20  km) (EPSG:32632 – WGS 84 / UTM zone 32N) (Modified from Italian National Institute of Statistics. 
Administrative boundaries. https://www.istat.it/it/archivio/222527).

73

https://doi.org/10.3389/fpubh.2023.1310823
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.istat.it/it/archivio/222527


Giannico et al. 10.3389/fpubh.2023.1310823

Frontiers in Public Health 04 frontiersin.org

time-to-event data allow us to use the full likelihood to estimate all 
unknown elements in the model. Bayesian generalized linear models 
comprise Bayesian logistic regression for binary response data. 
However, the computation of the posterior and the other quantities of 
interest in these complex models is usually much more difficult than 
frequentist calculations. The Integrated Nested Laplace Approximation 
(INLA) is a deterministic method for Bayesian calculations that 
applies to a wide class of models called Latent Gaussian Models. INLA 
provides fast and accurate approximations to the posterior marginals 
through a clever use of Laplace approximations and advanced 
numerical methods taking computational advantage of sparse 
matrices. In most cases, INLA is both faster and more accurate than 
other methods for Bayesian computation (32–36).

The cross-sectional study analyzed the associations between 
residence in areas with high environmental pressures and tumor 
characteristics using a series of mixed effects binary logistic 
regressions. Pathological/clinical staging (TNM III-IV; TNM IV), 
histological grading (grade 3), proliferation index (Ki-67 > 20%), 
hormonal receptors status (ER+ and/or PR+), epidermal receptor 
status (HER2/neu+), topography (C50.0–1), and laterality (bilateral) 
were considered outcome measures binary variables. For each 
regression model, records with missing values for the analyzed 
outcome were excluded. Residence in areas with high environmental 
pressures was included as a fixed effect binary variable. Age class and 
year were included as fixed effects multinominal variables. Month was 
included as a cubic b-spline with 12 degrees of freedom. Patient ID 
and municipality of residence were included as random effects 
multinominal variables (random intercepts). Bayesian binary logistic 
regression models were fitted with the INLA approach for latent 
Gaussian models, computing odds ratios (OR) and 95% credible 
intervals (CrI). An independent and identically distributed random 
distribution was chosen for patient ID and municipality of residence 
(33–35).

The longitudinal study analyzed the associations between 
residence in areas with high environmental pressures, tumor 
characteristics, and death, using a mixed effects Cox proportional 
hazard regression. Time axis was the difference in days between the 
day of cancer diagnosis and the last day of follow-up (event or right 
censoring). All-cause death was considered as the outcome measure 
binary variable (event). The proportional hazard assumption was 
verified through the analysis of plotted survival curves between the 
different levels of the variables. Residence in areas with high 
environmental pressures, pathological/clinical staging (TNM I, II,  
III, IV), histological grading (grade 1, 2, 3), proliferation index 
(Ki-67 ≤ 20%, 21–50, >50%), hormonal receptors status (ER- and PR-, 
ER+ and/or PR+), epidermal receptor status (HER2/neu-, HER2/
neu+), topography (C50.0–1, C50.2–5, C50.6–8), and laterality (right, 
left, and bilateral) were included as fixed effects binary or 
multinominal variables. An “NA” (not available) category was created 
for the records with missing values for the analyzed exposures. Age 
class and year were included as fixed effects multinominal variables. 
Month was included as a cubic b-spline with 12 degrees of freedom. 
Patient ID, municipality of residence, and tumor morphology were 
included as random effects multinominal variables (random 
intercepts). Bayesian Cox regression models were fitted with the INLA 
approach for latent Gaussian models, computing hazard ratios (HR) 
and 95% credible intervals (CrI). An independent and identically 
distributed random distribution was chosen for patient ID, 

municipality of residence, and tumor morphology, while a random 
walk model of order two was chosen for the baseline hazard function 
(32–36).

Generalized Variance Inflation Factors (GVIF) were calculated to 
test the presence of multicollinearity in the data. Sensitivity analyses 
were performed by examining the extent to which the results were 
affected by changes in methods, models, variables, influential 
observations, and inclusion/exclusion criteria. Different combinations 
of included patients and variables were tested, and for the included 
variables, different collapsed categories, as well as changes in the type 
of estimated effects (fixed or random), were also tested. The models 
were iteratively refitted by excluding from the dataset each age class, 
year, and month one at a time.

Results

Baseline patients and disease characteristics are shown in Table 1. 
A total of 10,445 person-years were observed, 4,068 for residents in 
SIN and 997 for deceased patients, with a median (IQR) age of 61.0 
(50.0,72.0) years.

The results of the mixed effects Bayesian binary logistic regression 
models are reported in Table 2. Adjusting for baseline age class, year, 
month, patient ID, and municipality of residence, the fixed effect 
variable residence in SIN did not appear to be clearly associated with 
the prevalence of the investigated tumor characteristics. However, the 
lower limit of the 95% credible interval for TNM IV is quite close to 
one (OR 1.29, 95% CrI 0.96–1.73).

Survival probabilities conditional on each analyzed variable and 
unconditional on other variables are shown in Figure 2. The curves 
suggested unconditional associations between survival probability and 
residence in SIN, pathological/clinical staging, histological grading, 
proliferation index, hormonal receptors status, epidermal receptor 
status, topography, and laterality. The results of the mixed effects 
Bayesian Cox proportional hazard regression model are reported in 
Table 3. Mutually adjusting and adjusting for baseline age class, year, 
month, patient ID, municipality of residence, and tumor morphology, 
the fixed effects variables associated with a higher death rate were 
residence in SIN (HR 1.22, 95% CrI 1.01–1.48), TNM III (HR 2.77, 
95% CrI 1.93–3.97), IV (HR 17.05, 95% CrI 11.94–24.34) and NA (HR 
4.13, 95% CrI 2.87–5.95), grade 3 (HR 2.50, 95% CrI 1.20–5.23) and 
NA (HR 2.18, 95% CrI 1.02–4.66), Ki-67 21–50% (HR 1.42, 95% CrI 
1.10–1.83) and > 50% (HR 1.81, 95% CrI 1.29–2.55), and bilateral 
localization (HR 1.65, 95% CrI 1.01–2.68). Mutually adjusting and 
adjusting for baseline age class, year, month, patient ID, municipality 
of residence, and tumor morphology, the fixed effects variables 
associated with lower death rate were ER+ and/or PR+ (HR 0.61, 95% 
CrI 0.45–0.81) and HER2/neu + (HR 0.59, 95% CrI 0.44–0.79).

Discussion

The results of the present study confirmed that TNM staging, 
histological grading, proliferation index, estrogen and/or progesterone 
positivity, HER2/neu positivity, and bilaterality are independent 
prognostic factors in breast cancer patients. In our cohort, only 
topography did not seem to be  independently associated with the 
analyzed outcome. Of interest was the finding during the follow-up 
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TABLE 1 Baseline patients and disease characteristics and follow-up survival status in the female breast cancer cohort by residence in SIN and survival 
status.

Baseline patients and 
disease characteristics 
and follow-up survival 
status

Female breast cancer cohort

N  =  2,837; person-years  =  10,445

Extra-SIN SIN Survived Deceased Total

Age

Age [Median(IQR)] 61.0 (50.0;72.0) 61.0 (50.0;73.0) 59.0 (49.0;69.0) 76.0 (63.5;84.0) 61.0 (50.0;72.0)

30–39 [n (%)] 91 (5.32%) 47 (4.17%) 129 (5.40%) 9 (2.01%) 138 (4.86%)

40–49 [n (%)] 314 (18.36%) 213 (18.90%) 502 (21.00%) 25 (5.59%) 527 (18.58%)

50–59 [n (%)] 385 (22.51%) 269 (23.87%) 601 (25.15%) 53 (11.86%) 654 (23.05%)

60–69 [n (%)] 427 (24.97%) 239 (21.21%) 590 (24.69%) 76 (17.00%) 666 (23.48%)

70–79 [n (%)] 297 (17.37%) 212 (18.81%) 398 (16.65%) 111 (24.83%) 509 (17.94%)

≥80 [n (%)] 196 (11.46%) 147 (13.04%) 170 (7.11%) 173 (38.70%) 343 (12.09%)

Year

2015 [n (%)] 337 (19.71%) 203 (18.01%) 418 (17.49%) 122 (27.29%) 540 (19.03%)

2016 [n (%)] 282 (16.49%) 190 (16.86%) 373 (15.61%) 99 (22.15%) 472 (16.64%)

2017 [n (%)] 260 (15.20%) 190 (16.86%) 374 (15.65%) 76 (17.00%) 450 (15.86%)

2018 [n (%)] 278 (16.26%) 169 (15.00%) 375 (15.69%) 72 (16.11%) 447 (15.76%)

2019 [n (%)] 288 (16.84%) 209 (18.54%) 451 (18.87%) 46 (10.29%) 497 (17.52%)

2020 [n (%)] 265 (15.50%) 166 (14.73%) 399 (16.69%) 32 (7.16%) 431 (15.19%)

Pathological/clinical staging

TNM I [n (%)] 646 (37.78%) 421 (37.36%) 1,012 (42.34%) 55 (12.30%) 1,067 (37.61%)

TNM II [n (%)] 536 (31.35%) 335 (29.72%) 793 (33.18%) 78 (17.45%) 871 (30.70%)

TNM III [n (%)] 234 (13.68%) 148 (13.13%) 302 (12.64%) 80 (17.90%) 382 (13.46%)

TNM IV [n (%)] 113 (6.61%) 92 (8.16%) 69 (2.89%) 136 (30.43%) 205 (7.23%)

NA [n (%)] 181 (10.58%) 131 (11.62%) 214 (8.95%) 98 (21.92%) 312 (11.00%)

Histological grading

Grade 1 [n (%)] 115 (6.73%) 70 (6.21%) 177 (7.41%) 8 (1.79%) 185 (6.52%)

Grade 2 [n (%)] 844 (49.36%) 561 (49.78%) 1,255 (52.51%) 150 (33.56%) 1,405 (49.52%)

Grade 3 [n (%)] 603 (35.26%) 387 (34.34%) 795 (33.26%) 195 (43.62%) 990 (34.90%)

NA [n (%)] 148 (8.65%) 109 (9.67%) 163 (6.82%) 94 (21.03%) 257 (9.06%)

Proliferation index

Ki-67 ≤ 20% [n (%)] 1,059 (61.93%) 710 (63.00%) 1,569 (65.65%) 200 (44.74%) 1,769 (62.35%)

Ki-67 21–50% [n (%)] 410 (23.98%) 256 (22.72%) 548 (22.93%) 118 (26.40%) 666 (23.48%)

Ki-67 > 50% [n (%)] 168 (9.82%) 110 (9.76%) 213 (8.91%) 65 (14.54%) 278 (9.80%)

NA [n (%)] 73 (4.27%) 51 (4.53%) 60 (2.51%) 64 (14.32%) 124 (4.37%)

Hormonal receptors status

ER- and PR- [n (%)] 217 (12.69%) 144 (12.78%) 280 (11.72%) 81 (18.12%) 361 (12.72%)

ER+ and/or PR+ [n (%)] 1,428 (83.51%) 934 (82.87%) 2,057 (86.07%) 305 (68.23%) 2,362 (83.26%)

NA [n (%)] 65 (3.80%) 49 (4.35%) 53 (2.22%) 61 (13.65%) 114 (4.02%)

Epidermal receptor status

HER2/neu- [n (%)] 1,326 (77.54%) 867 (76.93%) 1,888 (79.00%) 305 (68.23%) 2,193 (77.30%)

HER2/neu+ [n (%)] 274 (16.02%) 176 (15.62%) 388 (16.23%) 62 (13.87%) 450 (15.86%)

NA [n (%)] 110 (6.43%) 84 (7.45%) 114 (4.77%) 80 (17.90%) 194 (6.84%)

Topography

C50.0–1 [n (%)] 172 (10.06%) 101 (8.96%) 213 (8.91%) 60 (13.42%) 273 (9.62%)

(Continued)
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period of an overall average negative association between HER2/neu 
positivity and death rate in our cohort, although it may be non-constant 
over time. This association could be explained by the development and 
implementation of HER2/neu targeting treatments. In fact, patients with 
HER2/neu + tumors are amenable to treatment with targeted biological 
agents such as trastuzumab. For these reasons, the presence of this 
marker could be assumed as a proxy of treatment with these drugs, 
which is information not directly available in the cancer registry. Given 

this assumption, our findings could be  supported by the scientific 
literature about the improvement of survival in the treated patients (1, 3). 
Another interesting result was the negative prognostic value of the 
presence of missing data for some variables (“NA” category) in our 
cohort. This could be partly explained by the fact that patients without 
information on some variables (e.g., grading) could correspond to poor 
prognosis patients who, due to a severe condition at the time of diagnosis, 
were unable to undergo further interventions or investigations (37).

TABLE 1 (Continued)

Baseline patients and 
disease characteristics 
and follow-up survival 
status

Female breast cancer cohort

N  =  2,837; person-years  =  10,445

Extra-SIN SIN Survived Deceased Total

C50.2–5 [n (%)] 1,047 (61.23%) 695 (61.67%) 1,526 (63.85%) 216 (48.32%) 1,742 (61.40%)

C50.6–8 [n (%)] 337 (19.71%) 210 (18.63%) 485 (20.29%) 62 (13.87%) 547 (19.28%)

NA [n (%)] 154 (9.01%) 121 (10.74%) 166 (6.95%) 109 (24.38%) 275 (9.69%)

Laterality

Right [n (%)] 800 (46.78%) 549 (48.71%) 1,157 (48.41%) 192 (42.95%) 1,349 (47.55%)

Left [n (%)] 835 (48.83%) 531 (47.12%) 1,153 (48.24%) 213 (47.65%) 1,366 (48.15%)

Bilateral [n (%)] 36 (2.11%) 30 (2.66%) 47 (1.97%) 19 (4.25%) 66 (2.33%)

NA [n (%)] 39 (2.28%) 17 (1.51%) 33 (1.38%) 23 (5.15%) 56 (1.97%)

Residence in SIN

Extra-SIN [n (%)] 1,710 (100.00%) 0 (0.00%) 1,460 (61.09%) 250 (55.93%) 1,710 (60.27%)

SIN [n (%)] 0 (0.00%) 1,127 (100.00%) 930 (38.91%) 197 (44.07%) 1,127 (39.73%)

Survival status at the end of follow-up

Survived [n (%)] 1,460 (85.38%) 930 (82.52%) 2,390 (100.00%) 0 (0.00%) 2,390 (84.24%)

Deceased [n (%)] 250 (14.62%) 197 (17.48%) 0 (0.00%) 447 (100.00%) 447 (15.76%)

Days of follow-up [Median (IQR)] 1,324 (795;1,972) 1,280 (758;1,903) 1,421 (889;2,025) 695 (261;1,272) 1,312 (774;1,936)

Person-years [Sum] 6,377 4,068 9,448 997 10,445

Province of Taranto, 2015–2020, follow-up to 31/12/2021. N: cohort.

TABLE 2 Results of the mixed effects Bayesian INLA binary logistic regression models in the female breast cancer cohort, adjusted for baseline age 
class, year, month, patient ID, and municipality of residence.

Mixed effects 
INLA binary 
logistic 
regressions

Female breast cancer cohort

TNM III-IV TNM IV Grade 3 Ki-67  >  20%

N  =  2,525; n  =  587 N  =  2,525; n  =  205 N  =  2,580; n  =  990 N  =  2,713; n  =  944

Fixed effect OR 95% CrI OR 95% CrI OR 95% CrI OR 95% CrI

Residence in SIN

Extra-SIN 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)

SIN 1.09 0.88–1.42 1.29 0.96–1.73 0.98 0.83–1.16 0.95 0.81–1.13

Mixed effects 
INLA binary 
logistic 
regressions

Female breast cancer cohort

ER+ and/or PR+ HER2/neu+ C50.0–1 Bilateral

N =  2,723; n =  2,362 N =  2,643; n =  450 N =  2,562; n =  273 N =  2,781; n =  66

Fixed effect OR 95% CrI OR 95% CrI OR 95% CrI OR 95% CrI

Residence in SIN

Extra-SIN 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)

SIN 0.97 0.77–1.22 0.99 0.80–1.22 0.86 0.66–1.12 1.25 0.76–2.05

Province of Taranto, 2015–20, follow-up to 31/12/2021. Outcome (prevalence): tumor characteristic. N: prevalent cases and non-cases. n: prevalent cases.
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Regarding the impacts of environmental pressures on tumor 
characteristics, this study found no clear association between living in 
the SIN and the prevalence of the prognostic factors mentioned above. 
Conversely, the most important finding seems to be the association 
between residence in SIN and increased all-cause death rate. This 
result was observed independently of all other factors analyzed, as the 
HR was adjusted for the other variables included in the Bayesian 
mixed effects regression model. In summary, this suggests that the 

patients in the studied cohort that resided in the SIN have an adjusted 
excess relative risk for all-cause mortality of 22% (95% CrI 1–48%) 
compared to the residents in the other municipalities of the province.

The specific environmental factors that may be associated with 
this excess mortality could be related to some documented anthropic 
pressures in the SIN: harbor, discharge, oil refinery, and steel plant (29, 
30). Several pieces of evidence in the study area have shown the 
contamination of environmental, feed, and food matrices (e.g., 

FIGURE 2

Survival probabilities in the female breast cancer cohort, conditional on each analyzed variable and unconditional on other variables. Province of 
Taranto, 2015–2020, follow-up to 31/12/2021. Time: days of follow-up. Outcome (incidence): all-cause death.
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mussels and eggs) with metals and persistent organic pollutants, such 
as dioxins and PCBs, in relation to potential foodborne exposure. 
Some of these substances or their metabolites/markers have also been 
detected in human biological samples (17, 20–25). With regard to air 

pollution, studies have documented air pollution originating from the 
industrial area (e.g., particulate matter, sulfur dioxide, and polycyclic 
aromatic hydrocarbons) and the impacts on human health (16, 18, 19, 
26, 28–30, 38).

TABLE 3 Results of the mixed effects Bayesian INLA Cox proportional hazard regression model in the female breast cancer cohort, mutually adjusted 
and adjusted for baseline age class, year, month, patient ID, municipality of residence, and tumor morphology.

Mixed effects INLA
Cox proportional hazard regression

Female breast cancer cohort

All-cause death

N  =  2,837; person-years  =  10,445; n  =  447

Fixed effects HR 95% CrI

Residence in SIN

Extra-SIN 1.00 (ref)

SIN 1.22 1.01–1.48

Pathological/clinical staging

TNM I 1.00 (ref)

TNM II 1.26 0.88–1.79

TNM III 2.77 1.93–3.97

TNM IV 17.05 11.94–24.34

NA 4.13 2.87–5.95

Histological grading

Grade 1 1.00 (ref)

Grade 2 1.93 0.94–3.96

Grade 3 2.50 1.20–5.23

NA 2.18 1.02–4.66

Proliferation index

Ki-67 ≤ 20% 1.00 (ref)

Ki-67 21–50% 1.42 1.10–1.83

Ki-67 > 50% 1.81 1.29–2.55

NA 1.09 0.41–2.89

Hormonal receptors status

ER- and PR- 1.00 (ref)

ER+ and/or PR+ 0.61 0.45–0.81

NA 0.88 0.33–2.30

Epidermal receptor status

HER2/neu- 1.00 (ref)

HER2/neu+ 0.59 0.44–0.79

NA 1.40 0.87–2.23

Topography

C50.0–1 1.00 (ref)

C50.2–5 0.88 0.65–1.18

C50.6–8 0.81 0.56–1.17

NA 0.95 0.67–1.34

Laterality

Right 1.00 (ref)

Left 1.03 0.84–1.26

Bilateral 1.65 1.01–2.68

NA 1.28 0.80–2.03

Province of Taranto, 2015–2020, follow-up to 31/12/2021. Time: days of follow-up. Outcome (incidence): all-cause death. N: incident cases and non-cases. n: incident cases.
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Our findings confirm previous knowledge regarding the increased 
risk of all-cause mortality reported for women who resided in the SIN 
of Taranto (16, 19, 26, 29, 30). However, they also suggest that the 
excess relative risk in the cohort analyzed may be greater. In fact, 
recent epidemiological studies on all the female population residing 
in the area have shown an excess relative risk for all-cause mortality 
of 7% (90% CI 5–9%) in the SIN of Taranto compared to the Apulia 
Region in the years 2013–17 (29). Although we  are considering 
different periods and methods, and the credible interval of our study 
fully contains the aforementioned estimate with its confidence 
interval, we could not discount the possibility that the excess mortality 
risk in the SIN of Taranto might be higher in the cohort of women 
with breast cancer. Therefore, our findings suggest that frail female 
breast cancer patients may be more vulnerable to the risks associated 
with a disadvantaged or polluted external environment. This could 
be also consistent with the findings reported in the few studies that 
analyzed the association between socio-economic-environmental 
pressures and the prognosis of female breast cancer (12, 14, 15).

These results raise possible ethical questions, if confirmed. As a 
matter of fact, several epidemiological studies have reported an 
increased risk for breast cancer incidence and hospitalization and for 
all-cause mortality in the entire female population that resided in the 
SIN of Taranto (16, 19, 26, 27, 29, 30). According to the present study, 
this excess relative risk for all-cause mortality might be higher in the 
cohort of female breast cancer patients.

However, since this study used an ecological variable (i.e., residence 
in the SIN of Taranto) to ascertain exposure to environmental pressures, 
this approach is potentially prone to ecological fallacy. In addition, 
there is a lack of specificity in the exposure assessment as the specific 
chemical pollutants could be varied and come from different sources in 
the studied region (37). Another limitation of the study could be the 
lack of information about genetics and hereditary. These data are 
unfortunately not available in cancer registries or health records. 
However, part of the influence of these factors may have been indirectly 
captured in the analysis using mixed models with random effects, 
which take into account the heterogeneity between patients and areas.

Nonetheless, regardless of these limitations, all the other evidence 
already available on Taranto gives a high a priori plausibility of the 
association between residence in SIN and increased mortality detected 
in this study, also considering that this association persists despite 
adjustment for all other measured patients and disease characteristics. 
Moreover, in addition to the well-known pressures of a strictly 
environmental nature, the two municipalities of Taranto and Statte 
present relatively high municipality-level deprivation indexes. This is 
a regionally referenced deprivation index that used the individual data 
of the general population and housing census of 2011. For the 
calculation of the index, five conditions were chosen by the authors to 
best describe the multidimensional concept of social and material 
deprivation: low level of education, being unemployed, living on rent, 
living on rent, and living in a single-parent family. The index was 
calculated as the sum of standardized indicators and is also available 
and categorized into quintiles (39). Although including the 
municipality of residence as a random effect in the regression models 
provided some ecological-level adjustment for the deprivation index, 
it can also be  useful to consider the value of the index itself for 
descriptive purposes when interpreting the results. Anyhow, particular 
attention should be paid to the interpretation of this index both due to 
its ecological-level indicator nature and since the latest available index 

relates to the 2011 census (39). Therefore, the available deprivation 
index cannot be guaranteed to accurately indicate individual-level 
deprivation during the years covered by the present study.

However, it is important to consider that socio-economic status, 
deprivation, and inequalities could not only exert an effect on lifestyle 
harmful habits (e.g., cigarette smoking), health conditions, and 
mortality but also potentially affect the utilization of health services 
(39, 40). Furthermore, in this regard, the SIN corresponds almost 
completely to the provincial capital Taranto, which could potentially 
influence access to health services at a territorial and hospital level, 
and in terms of regional and extra-regional mobility. This is linked to 
another limitation of the study, which is the lack of available data 
about the diagnostic-therapeutic pathways followed by these patients, 
including information regarding their access to breast cancer 
screening services. On the other hand, the fact that both SIN and 
extra-SIN municipalities belong to the same Local Health Authority, 
and so consequentially the entire studied cohort could virtually 
access the same healthcare and screening services, did not lead us to 
suppose that there could be  relevant biases in relation to these 
aspects (37).

To summarize, as mentioned previously, the lack of information 
about individual-level environmental exposures, genetics and 
hereditary factors, socio-cultural indicators, harmful habits, and 
utilization of healthcare services could represent a limitation of the 
present study. However, from another perspective, the same 
elements could also be  considered starting points for what can 
be done in the future. Specifically, it would be interesting to update 
and expand upon this epidemiologic study by recovering further 
individual-level data about genetics and hereditary factors (BRCA1, 
BRCA2, PTEN, and TP53 mutations) (41), environmental 
exposures (distance from polluting sources, exposure to airborne 
pollutants through dispersion models, and biomonitoring), socio-
economic factors (updated indicators of deprivation at individual 
or census-tract level), access to secondary prevention programs 
(screening path through mammography, echography, and genetic 
tests), and diagnostic-therapeutic-surgical paths (timing, place, and 
type of interventions).

In conclusion, the results confirmed the independent prognostic 
values of different female breast cancer characteristics. Despite the 
limitations discussed above, even after adjusting for patients and 
disease characteristics, in the cohort of women with invasive breast 
cancer, residence in the SIN of Taranto appeared to be associated with 
an increased death rate.
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Glossary

AIRTUM Italian Association of Cancer Registries

BRCA1 Breast Cancer gene 1

BRCA2 Breast Cancer gene 2

CI Confidence Interval

CrI Credible Interval

DALY Disability-Adjusted Life Year

ER Estrogen Receptor

FISH Fluorescence In Situ Hybridization

GVIF Generalized Variance Inflation Factor

HER2 Human Epidermal Growth Factor Receptor 2

HR Hazard Ratio

ICD International Classification of Disease

ICDO International Classification of Disease for Oncology

ID Identifier

IHC Immunohistochemistry

INLA Integrated Nested Laplace Approximation

IQR Interquartile Range

NA Not Available

OR Odds Ratio

PCB Polychlorinated Byphenyl

PR Progesterone Receptor

PTEN Phosphatase and Tensin Homolog

SIN Contaminated Site of National Interest

TNM Tumor, Node, Metastases

TP53 Tumor Protein 53
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Gender differences, 
environmental pressures, tumor 
characteristics, and death rate in a 
lung cancer cohort: a seven-years 
Bayesian survival analysis using 
cancer registry data from a 
contaminated area in Italy
Antonia Mincuzzi 1, Simona Carone 1, Claudia Galluzzo 1, 
Margherita Tanzarella 1, Giovanna Maria Lagravinese 1, 
Antonella Bruni 1, Ivan Rashid 2, Lucia Bisceglia 2, 
Rodolfo Sardone 1, Francesco Addabbo 1, Sante Minerba 3 and 
Orazio Valerio Giannico 1*
1 Unit of Statistics and Epidemiology, Local Health Authority of Taranto, Taranto, Italy, 2 Coordination 
Center of the Apulia Cancer Registry, Strategic Regional Agency for Health and Social Care of Apulia, 
Bari, Italy, 3 Healthcare Management, Local Health Authority of Taranto, Taranto, Italy

Introduction: In Taranto, Southern Italy, adverse impacts on the environment and 
human health due to industrial installations have been studied. In the literature, 
associations have been reported between gender, environmental factors, and 
lung cancer mortality in women and men. The aim of this study was to investigate 
the relationships between gender, residence in areas with high environmental 
pressures, bronchus/lung cancer characteristics, and death rate.

Methods: Data from the Taranto Cancer Registry were used, including all women 
and men with invasive bronchus/lung cancer diagnosed between 1 January 2016 
and 31 December 2020 and with follow-up to 31 December 2022. Bayesian 
mixed effects logistic and Cox regression models were fitted with the approach 
of integrated nested Laplace approximation, adjusting for patients and disease 
characteristics.

Results: A total of 2,535 person-years were observed. Male gender was associated 
with a higher prevalence of histological grade 3 (OR 2.45, 95% CrI 1.35–4.43) and 
lung squamous-cell carcinoma (OR 3.04, 95% CrI 1.97–4.69). Variables associated 
with higher death rate were male gender (HR 1.24, 95% CrI 1.07–1.43), pathological/
clinical stage II (HR 2.49, 95% CrI 1.63–3.79), III (HR 3.40, 95% CrI 2.33–4.97), and 
IV (HR 8.21, 95% CrI 5.95–11.34), histological grade 3 (HR 1.80, 95% CrI 1.25–2.59), 
lung squamous-cell carcinoma (HR 1.18, 95% CrI 1.00–1.39), and small-cell lung 
cancer (HR 1.62, 95% CrI 1.31–1.99). Variables associated with lower death rate were 
other-type lung cancer (HR 0.65, 95% CrI 0.44–0.95), high immune checkpoint 
ligand expression (HR 0.75, 95% CrI 0.59–0.95), lung localization (HR 0.73, 95% CrI 
0.62–0.86), and left localization (HR 0.85, 95% CrI 0.75–0.95).

Discussion: The results among patients with lung cancer did not show an 
association between residence in the contaminated site of national interest (SIN) 
and the prevalence of the above mentioned prognostic factors, nor between 
residence in SIN and death rate. The findings confirmed the independent 
prognostic values of different lung cancer characteristics. Even after adjusting 
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for patients and disease characteristics, male gender appeared to be associated 
with a higher prevalence of poorly differentiated cancer and squamous-cell 
carcinoma, and with an increased death rate.

KEYWORDS

bronchus cancer, lung cancer, cancer survival, gender differences, environmental 
contamination, environmental pollution, cancer epidemiology

Introduction

Lung cancer is the second most diagnosed cancer and the leading 
cause of cancer death in 2020. With an estimated 2.2 million new 
cancer cases and 1.8 million deaths in 2020, it represents approximately 
one in 10 (11.4%) cancers diagnosed and one in 5 (18.0%) deaths (1, 
2). The risk of developing this cancer is associated with older age 
combined with a history of smoking cigarettes. It is more common 
among men than women and among those with lower socioeconomic 
status. Among non-smokers, important lung cancer risk factors are 
exposure to second-hand smoke, exposure to ionizing radiation, and 
occupational exposure to lung carcinogens, such as asbestos (3).

Treatments for lung cancers are based on the biological subtyping 
of the tumors, and several disease characteristics, such as staging, 
grading, morphology, PD-L1 expression, topography, and laterality, 
represent prognostic factors and/or targets for therapies (4–9). 
Specifically, tumor, node, metastases (TNM) classification is a system 
used to describe the amount and spread of cancer in a patient’s body. 
In TNM classification, T describes the size of the tumor and any 
spread of cancer to nearby tissues, N describes the spread of cancer to 
nearby lymph nodes, and M describes the metastasis, i.e., the spread 
of cancer to other parts of the body. TNM combinations are grouped 
into five less-detailed stages, from 0 (carcinoma in situ, where 
abnormal cells are present but have not spread to nearby tissues) to 
I-II-III (invasive cancer, where the higher the number, the larger the 
tumor and the more it has spread to nearby tissues) to IV (invasive, 
metastatic cancer, where cancer has spread to distant parts of the 
body) (4, 10–12). In addition to TNM staging, histologic grading is a 
predictor of disease outcome in lung cancer patients, with higher 
tumor grade (lower differentiation) being associated with a poorer 
prognosis (differentiation describes how much a tumor resembles the 
normal tissue from which it arose) (5, 13). Tumor morphology is 
another prognostic factor in patients with lung cancer. Non-small-cell 
lung cancer (NSCLC) is any type of epithelial lung cancer other than 
small-cell lung cancer (SCLC). The most common types of NSCLC are 

lung adenocarcinoma (LAC) and lung squamous-cell carcinoma 
(LSCC), but there are several other types that occur less frequently, 
and all types can occur in unusual histological variants. NSCLC is 
usually less sensitive to chemotherapy and radiation therapy than 
SCLC, but patients with resectable cancer may be  cured through 
surgery or surgery followed by chemotherapy. Conversely, SCLC is a 
distinct subtype of lung cancer that presents as a proliferation of small 
cells. It is more responsive to chemotherapy and radiation therapy 
than other cell types of lung cancer; however, it is difficult to cure as 
SCLC has a greater tendency to spread widely even before diagnosis 
takes place (4, 6, 7). Programmed death-ligand 1 (PD-L1) expression 
is also an important prognostic factor in lung cancer. PD-L1 is a ligand 
of the programmed death protein 1 (PD-1) coinhibitory immune 
checkpoint expressed on tumor cells and infiltrating immune cells. 
Tumors with the expression of PD-L1 ≥ 50% are amenable to first-line 
treatment with targeted biological agents such as pembrolizumab, 
with improvement in survival (4, 6, 7). In previous studies, authors 
have also found associations between bronchus/lung cancer 
topography, laterality, and death rate. Specifically, increased death 
rates were reported in patients with cancer localization in the main 
bronchus or on the right side (8, 9).

As far as gender differences are concerned, higher lung cancer 
incidence and mortality were reported in men, even when other 
clinical and demographic characteristics were considered. Regarding 
environmental pressures, which can also be  linked to gender 
differences in exposure patterns, air pollution is a recognized risk 
factor for lung cancer incidence and mortality and is a major health 
concern for Europeans, with more than 300,000 premature deaths 
each year attributed to chronic exposure to fine particulate matter 
alone. Part of this mortality is due to lung cancer, and the International 
Agency for Research on Cancer (IARC) has classified outdoor air 
pollution and particulate matter in outdoor air pollution as 
carcinogenic to humans (Group 1), with sufficient evidence for lung 
cancer (14–19).

In some areas of the province of Taranto, a coastal city in the 
Apulia region in Southern Italy, various industrial installations and 
polluting sources (a steel plant, an oil refinery, urban discharges, 
harbor activities, and the shipyard of the Italian Navy) have been 
operating in close proximity to the resident population for decades 
with well-known and extensively studied adverse impacts on the 
environment and human health (20–34). With regard to 
environmental, feed, and food impacts, it is of particular importance 
that the area shows contamination of these matrices by metals and 
persistent organic pollutants, specifically dioxins and PCBs. Moreover, 
some of these substances have been detected in in human biological 
samples (21, 24–29). As far as human health effects are concerned, 
evidence has been produced after studying the populations who 
resided in the contaminated site of national interest (SIN) of Taranto. 

Abbreviations: AIRTUM, Italian Association of Cancer Registries; CI, Confidence 

Interval; CrI, Credible Interval; GVIF, Generalized Variance Inflation Factor; HR, 

Hazard Ratio; IARC, International Agency for Research on Cancer; ICD, 

International Classification of Disease; ICDO, International Classification of Disease 

for Oncology; ID, Identifier; INLA, Integrated Nested Laplace Approximation; IQR, 

Interquartile Range; LAC, Lung Adenocarcinoma; LSCC, Lung Squamous-Cell 

Carcinoma; NA, Not Available; NSCLC, Non-Small-Cell Lung Cancer; OTLC, 

Other-Type Lung Cancer; OR, Odds Ratio; PCB, Polychlorinated Biphenyl; PD-1, 

Programmed Death protein 1; PD-L1, Programmed Death-Ligand 1; SCLC, Small-

Cell Lung Cancer; SIN, Contaminated Site of National Interest; TNM, Tumor, 

Node, Metastases.
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In particular, cohort studies have reported an increased risk for 
different types of cancer incidence, including lung cancer incidence in 
women and men (20, 31). Some studies have also noted an increased 
risk for all-cause hospitalization; for circulatory, respiratory, digestive, 
and urinary diseases hospitalization; and for different types of cancer 
hospitalization, including lung cancer hospitalization in women and 
men (20, 33, 34). Different studies have also indicated an increased 
risk for all-cause mortality; for circulatory and digestive diseases 
mortality; and for some types of cancer mortality, including lung 
cancer mortality in women and men (20, 23, 30, 33, 34).

To summarize, associations have been reported between the 
aforementioned factors and lung cancer mortality in women and men. 
The aim of this study was to investigate the relationships between 
gender, residence in areas with high environmental pressures, 
bronchus/lung cancer characteristics, and death rate.

Methods

Study area and baseline epidemiological 
data

The study area is the province of Taranto, which consists of 29 
municipalities with a total resident population of 555,999 on 1 January 
2023 (35). The SIN of Taranto consists of two municipalities, Taranto 
(the provincial capital) and Statte, respectively, with a population size 
of 188,098 and 12,917 on 1 January 2023 (33–35). The study area with 
municipalities and SIN is shown in Figure 1. The map was created 
with QGIS version 3.28.4.

From 2015 to 2019, Taranto Province recorded 1,740 bronchus/
lung cancer (ICD10 codes C34.0 to C34.9) cases, with a directly 
standardized rate of 21.5 cases ber 100,000 inhabitants in women and 

96.8 cases per 100,000 in men, and a median age of 70 years in women 
and 72 years in men. In the studied period, no trachea cancer (C33) 
cases were recorded. In the same period, 67% of patients with 
bronchus/lung cancer requiring hospitalization were admitted to a 
hospital in the Taranto Province, 21% to an extra-provincial hospital 
in the Apulia region, and 12% to an extra-regional hospital. Between 
2013 and 2017, the relative standardized five-years bronchus/lung 
cancer survival rate was 24.5 (95% CI 19.4–29.9) for women and 17.8 
(95% CI 14.7–21.2) for men (31).

From 2013 to 2017, in the SIN, 121 bronchus/lung cancer deaths 
were recorded among women, with a standardized mortality ratio 
(reference: Apulia region) of 125 (90% CI 107–145); and 451 
bronchus/lung cancer deaths were recorded among men, with a 
standardized mortality ratio (reference: Apulia region) of 118 (90% CI 
109–127) (33). From 2015 to 2019, in the SIN, 202 bronchus/lung 
cancer cases were recorded among women, with a directly 
standardized rate of 30.6 cases per 100,000 inhabitants and a 
standardized incidence ratio (reference: Taranto Province) of 191.2 
(95% CI 165.8–219.5). For the same period, in the SIN, 582 bronchus/
lung cancer cases were recorded among men, with a directly 
standardized rate of 111.1 cases per 100.000 inhabitants and a 
standardized incidence ratio (reference: Taranto Province) of 125.7 
(95% CI 115.7–136.4) (31).

Data source and cancer cohort

Data from the Taranto Cancer Registry of the Italian Association 
of Cancer Registries (AIRTUM) were used, including all women and 
men with invasive bronchus/lung cancer (ICD10 codes C34.0 to C34.9) 
diagnosed between 01 January 2016 and 31 December 2020 who 
resided in Taranto Province at the time of diagnosis. In the studied 

FIGURE 1

Map of the province of Taranto (grid interval: 20  km) (EPSG:32632 – WGS 84 / UTM zone 32N) (Modified from Italian National Institute of Statistics. 
Administrative boundaries. https://www.istat.it/it/archivio/222527).
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period, no cases of trachea cancer (C33) were recorded. For simplicity 
reasons, in this study, we refer to main bronchus (C34.0) and lung 
(C34.1 to C34.8) cancers as “lung cancer.” The follow-up period 
considered for this study was until 31 December 2022. Death certificate 
only cases (n = 23), cases registered based on an autopsy report (n = 1), 
and patients under 40 years (n = 4) were excluded. As a general rule, 
baseline patients and disease characteristics refer to the time of 
diagnosis. Mortality data (all-cause mortality) relative to the follow-up 
period (2016–2022) were retrieved from the Taranto Province’s Causes 
of Death and Health Registries. Patients with no mortality follow-up 
information due to extra-provincial transfer before 31 December 2022 
(right-censoring, loss-to-follow-up) contributed to the person-time 
until the date of transfer (n = 8).

Study design and variables

This is a retrospective individual observational study with 
different regression analyses carried out cross-sectionally (prevalence 
study) and longitudinally (incidence study, survival analysis). 
Residence in the areas with high environmental pressures (SIN) was 
used as an environmental exposure proxy. Tumor characteristics at 
the time of diagnosis were pathological/clinical staging (TNM I to 
IV), histological grading (grade 1 to 3), morphology (ICDO3M 
classification. LAC: Lung Adenocarcinoma; LSCC: Lung Squamous-
Cell Carcinoma; SCLC: Small-Cell Lung Cancer; OTLC: Other-Type 
Lung Cancer; OTLC included morphologies with too low numbers 
for separate analysis and not included in previous groups, i.e., 
adenosquamous, large-cell neuroendocrine, lymphoepithelial, 
pleomorphic, mucoepidermoid, and pseudosarcomatous tumors, as 
well as different types of sarcoma) immune checkpoint ligand 
expression (PD-L1%), topography (ICDO3T classification. C34.0: 
main bronchus; C34.1: upper lobe, lung; C34.2: middle lobe, lung; 
C34.3: lower lobe, lung; and C34.8: overlapping lesion, lung), and 
laterality (unilateral right, unilateral left, and synchronous bilateral 
lung cancer).

In the cross-sectional study, the studied outcomes were each of the 
tumor characteristics (prevalence), and the studied exposures were 
gender and residence in areas with high environmental pressures. The 
aim of this step was to assess possible associations between gender, 
environmental factors, and each of the tumor characteristics. In the 
longitudinal study, the studied outcome was all-cause death (incidence), 
and the studied exposures were gender, residence in areas with high 
environmental pressures, and tumor characteristics. The aim of this step 
was to assess possible associations between gender, environmental 
factors, tumor characteristics, and death. Adjustment variables recorded 
at the time of diagnosis were age class (40–59, 60–69, 70–79, ≥ 80 years), 
year, patient ID, and municipality of residence. Adjustment for the 
patient’s ID and municipality of residence was provided to account for 
the heterogeneity related to possible unobserved individual or ecological 
level variables (e.g., tobacco use, alcohol consumption, social and 
material deprivation and access to health services).

Statistical analysis

Data analysis was performed using R version 4.2.3. Bayesian 
inference was performed with package INLA version 22.12.16. Complex 

models could be fitted with the Bayesian approach, including generalized 
linear models and survival analyses. The possible non-independence and 
heterogeneity of observations could be taken into account by fitting 
mixed models with both fixed and random effects. While traditional 
survival analysis relies on parameter estimation based on partial 
likelihood, Bayesian approaches for time-to-event data allow us to use 
the full likelihood to estimate all unknown elements in the model. 
Bayesian generalized linear models comprise Bayesian logistic regression 
for binary response data. However, the computation of the posterior and 
other quantities of interest in these complex models is usually much 
more difficult than frequentist calculations. The Integrated Nested 
Laplace Approximation (INLA) is a deterministic method for Bayesian 
calculations that applies to a wide class of models called Latent Gaussian 
Models. INLA provides fast and accurate approximations to the posterior 
marginals through a clever use of Laplace approximations and advanced 
numerical methods, taking computational advantage of sparse matrices. 
In most cases, INLA is both faster and more accurate than other methods 
for Bayesian computation (36–40).

The cross-sectional study analyzed the associations between 
gender, residence in areas with high environmental pressures, and 
tumor characteristics using a series of mixed effects binary logistic 
regressions. Pathological/clinical staging (TNM III-IV; TNM IV), 
histological grading (grade 3), morphology (SCLC in patients with 
LAC, LSCC, or SCLC; LSCC in patients with LAC or LSCC), 
immune checkpoint ligand expression (PD-L1 ≥ 50%), topography 
(lung), and laterality (left, excluding patients with bilateral cancer) 
were considered as outcome measures binary variables. For each 
regression model, records with missing values for the analyzed 
outcome were excluded. Gender and residence in areas with high 
environmental pressures were included as fixed effects binary 
variables. Age class and year were included as fixed effects 
multinominal variables. Patient ID and municipality of residence 
were included as random effects multinominal variables (random 
intercepts). Bayesian binary logistic regression models were fitted 
with the INLA approach for latent Gaussian models, computing 
odds ratios (OR) and 95% credible intervals (CrI). An independent 
and identically distributed random distribution was chosen for 
patient ID and municipality of residence (37–39).

The longitudinal study analyzed the associations between gender, 
residence in areas with high environmental pressures, tumor 
characteristics, and death using a mixed effects Cox proportional 
hazard regression. The time axis was the difference in days between 
the day of cancer diagnosis and the last day of follow-up (event or 
right censoring). All-cause death was considered as the outcome 
measure binary variable (event). The proportional hazard assumption 
was verified through the analysis of plotted survival curves between 
the different levels of the variables. Gender, residence in areas with 
high environmental pressures, pathological/clinical staging (TNM I, 
II, III, IV), histological grading (grade 1–2, 3), morphology (LAC, 
LSCC, SCLC, OTLC), immune checkpoint ligand expression (PD-L1 
0–49%, ≥ 50%), topography (main bronchus, lung), and laterality 
(right, left) were included as fixed effects binary or multinominal 
variables. An “NA” (not available) category was created for the records 
with missing values for the analyzed exposures. Due to low frequency, 
the bilateral cancer category was merged with the NA category. Age 
class and year were included as fixed effects multinominal variables. 
Patient ID and municipality of residence were included as random 
effects multinominal variables (random intercepts). Bayesian Cox 
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regression models were fitted with the INLA approach for latent 
Gaussian models, computing hazard ratios (HR) and 95% credible 
intervals (CrI). An independent and identically distributed random 
distribution was chosen for patient ID and municipality of residence, 
while a random walk model of order two was chosen for the baseline 
hazard function (36–40).

Generalized variance inflation factors (GVIF) were calculated to 
test the presence of multicollinearity in the data. Sensitivity analyses 
were performed by examining the extent to which the results were 
affected by changes in methods, models, variables, influential 
observations, and inclusion/exclusion criteria. Different combinations 
of included patients and variables were tested, and for the included 
variables, different collapsed categories, as well as changes in the type 
of estimated effects (fixed or random), were also tested. The models 
were iteratively refitted by excluding from the dataset each age class and 
year one at a time.

Results

Baseline patients and disease characteristics are shown in Table 1. 
A total of 2,535 person-years were observed, 1,893 for men, 1,212 for 
residents in SIN, and 1,118 for deceased patients, with a median (IQR) 
age of 72.0 (66.0;78.2) years.

The results of the mixed effects Bayesian binary logistic regression 
models are reported in Table 2. Mutually adjusting and adjusting for 
baseline age class, year, patient ID, and municipality of residence, the 
fixed effect variable male gender was associated with a higher 
prevalence of grade 3 (OR 2.45, 95% CrI 1.35–4.43) and morphology 
LSCC (OR 3.04, 95% CrI 1.97–4.69), while the fixed effect variable 
residence in SIN did not appear to be  clearly associated with the 
prevalence of the investigated tumor characteristics.

Survival probabilities conditional on each analyzed variable and 
unconditional on other variables are shown in Figure 2. The curves 
suggested unconditional associations between survival probability and 
gender, TNM staging, histological grading, morphology, immune 
checkpoint ligand expression, topography, and laterality. The results of 
the mixed effects Bayesian Cox proportional hazard regression model 
are reported in Table 3. Mutually adjusting and adjusting for baseline 
age class, year, patient ID, and municipality of residence, the fixed 
effects variables associated with higher death rate were male gender 
(HR 1.24, 95% CrI 1.07–1.43), TNM II (HR 2.49, 95% CrI 1.63–3.79), 
III (HR 3.40, 95% CrI 2.33–4.97), IV (HR 8.21, 95% CrI 5.95–11.34) 
and NA (HR 5.22, 95% CrI 3.78–7.21), grade 3 (HR 1.80, 95% CrI 
1.25–2.59) and NA (HR 1.79, 95% CrI 1.27–2.53), and morphologies 
LSCC (HR 1.18, 95% CrI 1.00–1.39), SCLC (HR 1.62, 95% CrI 1.31–
1.99) and NA (HR 2.00, 95% CrI 1.71–2.33). Mutually adjusting and 
adjusting for baseline age class, year, patient ID, and municipality of 
residence, the fixed effects variables associated with lower death rate 
were morphology OTLC (HR 0.65, 95% CrI 0.44–0.95), PD-L1 ≥ 50% 
(HR 0.75, 95% CrI 0.59–0.95), lung localization (HR 0.73, 95% CrI 
0.62–0.86), and left localization (HR 0.85, 95% CrI 0.75–0.95).

Discussion

The results of the present study confirmed that TNM staging, 
histological grading, morphology, immune checkpoint ligand 

expression, topography, and laterality are independent prognostic 
factors for mortality in lung cancer patients. Of interest was the 
finding during the follow-up period of an overall average negative 
association between PD-L1 expression and death rate in our cohort, 
although it may be non-constant over time. This association could 
be  explained by the development and implementation of PD-L1 
targeting drugs, such as pembrolizumab, in recent years (4, 6, 7). 
Pembrolizumab is a humanized monoclonal antibody that inhibits 
the interaction between the programmed death protein 1 (PD-1) 
coinhibitory immune checkpoint expressed on tumor cells and 
infiltrating immune cells and its ligand, PD-L1 (6). In general, 
patients are eligible for this first-line immunotherapy treatment if 
their cancer-tissue sample shows a positive expression for PD-L1 in 
≥50% of neoplastic cells (4). For these reasons, the presence of 
PD-L1 ≥ 50% could be  assumed as a proxy for treatment with 
immune checkpoint inhibitors, which is a piece of information not 
directly available in the cancer registry. Given this assumption, our 
findings could be  supported by the scientific literature on the 
improvement of overall survival in the treated patients (4, 6, 7). 
Another interesting result was the negative prognostic value of the 
presence of missing data (“NA” category) for some variables in our 
cohort. This could be  partly explained by the fact that patients 
without information on some variables (e.g., grading) could 
correspond to poor prognosis patients who, due to a severe condition 
at the time of diagnosis, were unable to undergo further interventions 
or investigations.

With regard to gender differences in tumor characteristics, 
according to our study, there appeared to be a lower prevalence of 
LAC and a higher prevalence of grade 3 tumors among men. While 
the former result appears to be consistent with gender differences in 
lung cancer characteristics reported in the literature (15), the latter 
result was a peculiar and interesting finding of our study. With regard 
to gender differences in lung cancer prognosis, an important, related 
result appears to be  the association between male patients and 
increased all-cause death rate. This finding was observed 
independently of all other factors analyzed, as the HR was adjusted for 
the other variables included in the Bayesian mixed effects regression 
model. Specifically, this indicates that male patients in the lung cancer 
cohort have an excess relative risk for all-cause mortality of 24% (95% 
CrI 7–43%) compared to female patients. Male patients also present 
an excess odds ratio for grade 3 tumors of 145% (95% CrI 35–343%) 
compared to female patients, which is, in turn, a factor independently 
associated with an increased all-cause death rate. Besides, male 
patients in the LAC/LSCC cohort present an excess odds ratio for 
LSCC of 204% (95% CrI 97–369%) compared to female patients, 
which is also, in turn, a factor independently associated with increased 
all-cause death rate.

Probably, these direct and indirect effects of gender on overall 
survival could explain the relative standardized five-years bronchus/
lung cancer survival difference between women (24.5) and men (17.8) 
observed in Taranto Province in the years 2013–17 (31). Moreover, the 
excess relative risk for mortality independently associated with male 
patients (direct effect) not only confirms what was already known in 
relation to the lower survival reported for men in the general 
population and among lung cancer patients, but also suggests that this 
excess relative risk could be different in the cohorts followed in this 
study (14, 16, 35). In this regard, two epidemiological studies on 
different lung cancer patients’ cohorts reported excess relative risks 
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TABLE 1 Baseline patients and disease characteristics and follow-up survival status in the lung cancer cohort, by gender, residence in SIN, and survival 
status.

Baseline patients 
and disease 
characteristics 
and follow-up 
survival status

Lung cancer cohort

N  =  1,696; person-years  =  2,535

Women Men Extra-SIN SIN Survived Deceased Total

Age

Age [Median (IQR)] 70.0 (62.0;76.0) 73.0 (67.0;79.0) 72.0 (66.0;79.0) 72.0 (66.0;78.0) 69.0 (63.0;74.0) 73.0 (67.0;80.0) 72.0 (66.0;78.2)

40–59 [n (%)] 75 (20.60%) 126 (9.46%) 102 (11.20%) 99 (12.61%) 50 (14.29%) 151 (11.22%) 201 (11.85%)

60–69 [n (%)] 102 (28.02%) 350 (26.28%) 248 (27.22%) 204 (25.99%) 135 (38.57%) 317 (23.55%) 452 (26.65%)

70–79 [n (%)] 131 (35.99%) 542 (40.69%) 349 (38.31%) 324 (41.27%) 141 (40.29%) 532 (39.52%) 673 (39.68%)

≥ 80 [n (%)] 56 (15.38%) 314 (23.57%) 212 (23.27%) 158 (20.13%) 24 (6.86%) 346 (25.71%) 370 (21.82%)

Year

2016 [n (%)] 77 (21.15%) 249 (18.69%) 182 (19.98%) 144 (18.34%) 51 (14.57%) 275 (20.43%) 326 (19.22%)

2017 [n (%)] 71 (19.51%) 315 (23.65%) 198 (21.73%) 188 (23.95%) 62 (17.71%) 324 (24.07%) 386 (22.76%)

2018 [n (%)] 60 (16.48%) 260 (19.52%) 169 (18.55%) 151 (19.24%) 67 (19.14%) 253 (18.80%) 320 (18.87%)

2019 [n (%)] 81 (22.25%) 277 (20.80%) 193 (21.19%) 165 (21.02%) 90 (25.71%) 268 (19.91%) 358 (21.11%)

2020 [n (%)] 75 (20.60%) 231 (17.34%) 169 (18.55%) 137 (17.45%) 80 (22.86%) 226 (16.79%) 306 (18.04%)

Pathological/clinical staging

TNM I [n (%)] 40 (10.99%) 134 (10.06%) 87 (9.55%) 87 (11.08%) 131 (37.43%) 43 (3.19%) 174 (10.26%)

TNM II [n (%)] 21 (5.77%) 69 (5.18%) 42 (4.61%) 48 (6.11%) 45 (12.86%) 45 (3.34%) 90 (5.31%)

TNM III [n (%)] 15 (4.12%) 97 (7.28%) 58 (6.37%) 54 (6.88%) 36 (10.29%) 76 (5.65%) 112 (6.60%)

TNM IV [n (%)] 149 (40.93%) 449 (33.71%) 318 (34.91%) 280 (35.67%) 40 (11.43%) 558 (41.46%) 598 (35.26%)

NA [n (%)] 139 (38.19%) 583 (43.77%) 406 (44.57%) 316 (40.25%) 98 (28.00%) 624 (46.36%) 722 (42.57%)

Histological grading

Grade 1 [n (%)] 9 (2.47%) 5 (0.38%) 7 (0.77%) 7 (0.89%) 10 (2.86%) 4 (0.30%) 14 (0.83%)

Grade 2 [n (%)] 19 (5.22%) 51 (3.83%) 34 (3.73%) 36 (4.59%) 38 (10.86%) 32 (2.38%) 70 (4.13%)

Grade 3 [n (%)] 47 (12.91%) 207 (15.54%) 135 (14.82%) 119 (15.16%) 53 (15.14%) 201 (14.93%) 254 (14.98%)

NA [n (%)] 289 (79.40%) 1,069 (80.26%) 735 (80.68%) 623 (79.36%) 249 (71.14%) 1,109 (82.39%) 1,358 (80.07%)

Morphology

LAC [n (%)] 183 (50.27%) 519 (38.96%) 353 (38.75%) 349 (44.46%) 211 (60.29%) 491 (36.48%) 702 (41.39%)

LSCC [n (%)] 28 (7.69%) 290 (21.77%) 183 (20.09%) 135 (17.20%) 79 (22.57%) 239 (17.76%) 318 (18.75%)

SCLC [n (%)] 33 (9.07%) 116 (8.71%) 84 (9.22%) 65 (8.28%) 8 (2.29%) 141 (10.48%) 149 (8.79%)

OTLC [n (%)] 25 (6.87%) 37 (2.78%) 30 (3.29%) 32 (4.08%) 34 (9.71%) 28 (2.08%) 62 (3.66%)

NA [n (%)] 95 (26.10%) 370 (27.78%) 261 (28.65%) 204 (25.99%) 18 (5.14%) 447 (33.21%) 465 (27.42%)

Immune checkpoint ligand expression

PD-L1 0–49% [n (%)] 77 (21.15%) 274 (20.57%) 184 (20.20%) 167 (21.27%) 76 (21.71%) 275 (20.43%) 351 (20.70%)

PD-L1 ≥ 50% [n (%)] 32 (8.79%) 105 (7.88%) 65 (7.14%) 72 (9.17%) 40 (11.43%) 97 (7.21%) 137 (8.08%)

NA [n (%)] 255 (70.05%) 953 (71.55%) 662 (72.67%) 546 (69.55%) 234 (66.86%) 974 (72.36%) 1,208 (71.23%)

Topography

Main bronchus [n (%)] 40 (10.99%) 164 (12.31%) 117 (12.84%) 87 (11.08%) 16 (4.57%) 188 (13.97%) 204 (12.03%)

Lung [n (%)] 279 (76.65%) 1,007 (75.60%) 688 (75.52%) 598 (76.18%) 320 (91.43%) 966 (71.77%) 1,286 (75.83%)

NA [n (%)] 45 (12.36%) 161 (12.09%) 106 (11.64%) 100 (12.74%) 14 (4.00%) 192 (14.26%) 206 (12.15%)

Laterality

Right [n (%)] 179 (49.18%) 682 (51.20%) 459 (50.38%) 402 (51.21%) 176 (50.29%) 685 (50.89%) 861 (50.77%)

Left [n (%)] 143 (39.29%) 504 (37.84%) 352 (38.64%) 295 (37.58%) 157 (44.86%) 490 (36.40%) 647 (38.15%)

Bilateral [n (%)] 9 (2.47%) 33 (2.48%) 21 (2.31%) 21 (2.68%) 4 (1.14%) 38 (2.82%) 42 (2.48%)

NA [n (%)] 33 (9.07%) 113 (8.48%) 79 (8.67%) 67 (8.54%) 13 (3.71%) 133 (9.88%) 146 (8.61%)

(Continued)
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respectively of 6% and 14% for mortality in men compared to women 
(14, 16). Although these differences could be attributable to random 
error, bias, and/or methodological differences, we  could not 

completely rule out the hypothesis that the excess mortality risk in 
male patients with lung cancer compared to female patients could 
be different in the population residing in the province of Taranto.

TABLE 2 Results of the mixed effects Bayesian INLA binary logistic regression models in the lung cancer cohort, mutually adjusted and adjusted for 
baseline age class, year, patient ID, and municipality of residence.

Mixed effects 
INLA binary 
logistic 
regressions

Lung cancer cohort

TNM III-IV TNM IV Grade 3 SCLC

N  =  974; n  =  710 N  =  974; n  =  598 N  =  338; n  =  254 N  =  1,169; n  =  149

Fixed effects OR 95% CrI OR 95% CrI OR 95% CrI OR 95% CrI

Gender

Women 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)

Men 0.96 0.68–1.36 0.74 0.54–1.03 2.45 1.35–4.43 0.91 0.59–1.40

Residence in SIN

Extra-SIN 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)

SIN 0.86 0.64–1.15 0.85 0.65–1.11 0.93 0.55–1.56 0.83 0.59–1.19

Mixed effects 
INLA binary 
logistic 
regressions

Lung cancer cohort

LSCC PD-L1  ≥  50% Lung localization Left localization

N =  1,020; n =  318 N =  488; n =  137 N =  1,490; n =  1,286 N =  1,508; n =  647

Fixed effects OR 95% CrI OR 95% CrI OR 95% CrI OR 95% CrI

Gender

Women 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)

Men 3.04 1.97–4.69 1.03 0.63–1.69 0.86 0.59–1.26 0.89 0.69–1.15

Residence in SIN

Extra-SIN 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)

SIN 0.80 0.61–1.06 1.24 0.83–1.85 1.16 0.86–1.57 0.95 0.77–1.17

Province of Taranto, 2016–20, follow-up to 31/12/2022. Outcome (prevalence): tumor characteristic. N: prevalent cases and non-cases. n: prevalent cases.

Baseline patients 
and disease 
characteristics 
and follow-up 
survival status

Lung cancer cohort

N  =  1,696; person-years  =  2,535

Women Men Extra-SIN SIN Survived Deceased Total

Gender

Women [n (%)] 364 (100.00%) 0 (0.00%) 157 (17.23%) 207 (26.37%) 109 (31.14%) 255 (18.95%) 364 (21.46%)

Men [n (%)] 0 (0.00%) 1,332 (100.00%) 754 (82.77%) 578 (73.63%) 241 (68.86%) 1,091 (81.05%) 1,332 (78.54%)

Residence in SIN

Extra-SIN [n (%)] 157 (43.13%) 754 (56.61%) 911 (100.00%) 0 (0.00%) 173 (49.43%) 738 (54.83%) 911 (53.71%)

SIN [n (%)] 207 (56.87%) 578 (43.39%) 0 (0.00%) 785 (100.00%) 177 (50.57%) 608 (45.17%) 785 (46.29%)

Survival status at the end of follow-up

Survived [n (%)] 109 (29.95%) 241 (18.09%) 173 (18.99%) 177 (22.55%) 350 (100.00%) 0 (0.00%) 350 (20.64%)

Deceased [n (%)] 255 (70.05%) 1,091 (81.91%) 738 (81.01%) 608 (77.45%) 0 (0.00%) 1,346 (100.00%) 1,346 (79.36%)

Days of follow-up 

[Median (IQR)]

360.0 

(86.5;1,110.2)

224.0 

(62.0;817.2)

217.0 

(62.0;841.5)

294.0 

(72.0;899.0)

1,424.0 

(1,068.2;1,910.8)

153.0 (47.0;399.8) 248.0 

(65.8;864.5)

Person-years [Sum] 642.6 1,892.7 1,323.1 1,212.2 1,417.8 1,117.5 2,535.3

Province of Taranto, 2016–20, follow-up to 31/12/2022. N: cohort.

TABLE 1 (Continued)
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FIGURE 2

Survival probabilities in the lung cancer cohort, conditional on each analyzed variable and unconditional on other variables. Province of Taranto, 2016–
20, follow-up to 31/12/2022. Time: days of follow-up. Outcome (incidence): all-cause death.
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In general, gender-based differences in women with lung 
cancer could be  observed in terms of exogenous risk factors 
(tobacco use, second-hand smoke, asbestos, radon, radiation, and 
infections), endogenous risk factors (estrogen and genetic 

polymorphism), diagnosis (diagnosis at a younger age and with 
never-smoking history), and outcome and mortality (superior 
surgical outcomes, differences in response to therapies and 
adverse effect rates, and improved survival across stages and 
histologies) (15). Therefore, our findings could indicate an 
interaction between gender differences in lung cancer prognosis 
and disadvantaged and/or polluted external context, which is also 
linked to the second main analyzed determinant in the present 
study, namely the environmental pressures.

In this regard, the results of this study did not show a clear 
association between residence in SIN and prevalence of the above 
mentioned prognostic factors, and between residence in SIN and 
all-cause death rate. Briefly, this suggests that among the 
followed-up lung cancer cohort, patients who resided in SIN were 
supposed to have approximately the same risk of all-cause mortality 
compared to the patients who resided in other municipalities of the 
province. To evaluate how the random effect variable municipality 
of residence affects the association between residence and mortality, 
in sensitivity analysis, the model was refitted without random 
effects. Even in this analysis, residence in SIN was not associated 
with a higher death rate in patients with lung cancer (HR 0.97, 95% 
CrI 0.87–1.08).

These results do not seem to be consistent with what is already 
known in relation to the increased risk for all-cause mortality reported 
for women and men residing in the SIN of Taranto. In fact, the latest 
epidemiological studies on the resident population reported an excess 
relative risk for all-cause mortality of 7% (90% CI 5–9%) in women 
and 10% (90% CI 8–13%) in men in SIN of Taranto compared to the 
Apulia region for the years 2013–17 (33). A probable explanation is 
related to the aforementioned very low overall survival of patients 
with diagnosed invasive lung cancer (31). Specifically, on the one 
hand, we suppose that the high absolute case fatality rate in these 
patients is probably not significantly influenced by environmental 
pressures once the lung cancer has developed, and therefore, it was 
observed independently from their residence in SIN. On the other 
hand, we suggest that this high mortality rate in the lung cancer cohort 
could basically act as an important competing risk to the other causes 
of death associated with environmental pressures (e.g., cardiovascular 
diseases) and mask with its magnitude the excess relative risk for 
all-cause mortality that has been conversely reported for the general 
population who reside in SIN (31, 33). Besides, a lung cancer cohort 
is presumably largely made up of smokers or ex-smokers, and tobacco 
use increases mortality as well. Therefore, the selection of the cohort 
conditional on the diagnosis of lung cancer could also have influenced 
the results, preventing the adverse effect of residence in SIN on 
mortality from being clearly observed.

Whatever the explanations, these findings confirmed the well-
known ethical questions regarding the environmental health issues in 
the contaminated site, as several epidemiological studies have reported 
an increased risk for lung cancer incidence, hospitalization, and 
mortality in the entire population residing in the SIN of Taranto (20, 
23, 30, 31, 33, 34). In other words, even if we have not found in the 
present study a difference in survival related to residing in SIN in 
patients with diagnosed lung cancers, the development of the disease 
has been clearly associated with residence in SIN in the entire 
population. In particular, the latest epidemiological data on resident 
populations reported in SIN an excess relative risk (reference: Taranto 
Province) for lung cancer incidence of 91% (90% CI 66–120%) in 

TABLE 3 Results of the mixed effects Bayesian INLA Cox proportional 
hazard regression model in the lung cancer cohort, mutually adjusted 
and adjusted for baseline age class, year, patient ID, and municipality of 
residence.

Mixed effects INLA 
Cox proportional 
hazard regression

Lung cancer cohort

All-cause death

N  =  1,696; person-
years  =  2,535; n  =  1,346

Fixed effects HR 95% CrI

Gender

Women 1.00 (ref)

Men 1.24 1.07–1.43

Residence in SIN

Extra-SIN 1.00 (ref)

SIN 0.97 0.87–1.08

Pathological/clinical staging

TNM I 1.00 (ref)

TNM II 2.49 1.63–3.79

TNM III 3.40 2.33–4.97

TNM IV 8.21 5.95–11.34

NA 5.22 3.78–7.21

Histological grading

Grade 1–2 1.00 (ref)

Grade 3 1.80 1.25–2.59

NA 1.79 1.27–2.53

Morphology

LAC 1.00 (ref)

LSCC 1.18 1.00–1.39

SCLC 1.62 1.31–1.99

OTLC 0.65 0.44–0.95

NA 2.00 1.71–2.33

Immune checkpoint ligand expression

PD-L1 0–49% 1.00 (ref)

PD-L1 ≥ 50% 0.75 0.59–0.95

NA 1.07 0.91–1.25

Topography

Main bronchus 1.00 (ref)

Lung 0.73 0.62–0.86

NA 0.89 0.70–1.12

Laterality

Right 1.00 (ref)

Left 0.85 0.75–0.95

Bilateral/NA 1.04 0.85–1.27

Province of Taranto, 2016–20, follow-up to 31/12/2022. Time: days of follow-up. Outcome 
(incidence): all-cause death. N: incident cases and non-cases. n: incident cases.
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women and 26% (90% CI 16–36%) in men for the years 2015–19 (31). 
These data raise another point of reflection. Even if female lung cancer 
patients present a lower all-cause death rate compared to male 
patients, and even if the women in SIN present a lower absolute 
incidence rate for lung cancer compared to men, in the SIN of Taranto, 
a higher excess relative risk for lung cancer incidence was reported in 
women compared to men (31). This could explain why, in SIN, a 
higher excess relative risk (reference: Apulia Region) for lung cancer 
mortality in the general population for the years 2013–2017 was 
reported in women compared to men (25% vs. 18%) (33). As discussed 
above, women in our LAC/LSCC cohort also presented a higher 
prevalence of LAC compared to men. In this regard, it is worth 
pointing out the interesting finding of the seemingly higher prevalence 
of LAC in SIN compared to other municipalities, even if the non-effect 
is included in the 95% credible interval (OR 1.25, 95% CrI 0.94–1.64; 
given the nature of the data and models, the LAC odds ratio is the 
reciprocal of the LSCC odds ratio reported in Table 2). The same result 
was observed in the model without random effects. According to a 
previous meta-analysis (41), the association with particulate matter 
exposure was significant for LAC incidence and unclear for LSCC 
incidence. For these reasons, a hypothesis could be that an overall 
average higher population exposure to environmental pollutants in 
SIN could be linked to a higher prevalence of LAC.

However, since this study used an ecological variable (i.e., 
residence in the SIN of Taranto) to ascertain exposure to 
environmental pressures, this approach is potentially prone to 
ecological fallacy. In addition, there is a lack of specificity in the 
exposure assessment as the specific chemical pollutants could 
be  varied and come from different sources in the studied region. 
Moreover, in addition to gender differences and the well-known 
pressures of a strictly environmental nature, the two municipalities of 
Taranto and Statte present relatively high municipality-level 
deprivation indexes. This metric is a regionally referenced deprivation 
index that uses individual data of the general population and housing 
census of 2011. For the calculation of the index, five conditions were 
chosen from the authors to best describe the multidimensional 
concept of social and material deprivation: low level of education, 
being unemployed, living on rent, living in a crowded house, and 
living in a single-parent family. The index was calculated as the sum 
of standardized indicators and is also available categorized into 
quintiles (42). Although the ecological-level adjustment for the 
deprivation index was somehow provided by including the 
municipality of residence in the regression models as a random effect, 
taking the value of the index itself into consideration with descriptive 
purposes can also be  useful to interpret the results. Regardless, 
particular attention should be paid to the interpretation of this index 
due to its ecological-level indicator nature and because the latest 
available index relates to the 2011 census (42). These limits, therefore, 
do not guarantee that the available deprivation index represents an 
accurate indicator of deprivation at the individual level in the years 
covered by the present study.

However, it should be  taken into account that gender, 
socioeconomic status, deprivation, and inequalities could not only 
exert an effect on harmful habits (e.g., cigarette smoking), health 
conditions, and mortality but also potentially affect the utilization 
of health services (42, 43). Furthermore, in this regard, the SIN 
corresponds almost completely to the provincial capital, Taranto, 
which could potentially influence access to health at territorial and 

hospital levels, and in terms of regional and extra-regional mobility. 
This is linked to another limitation of the study, which is the lack of 
available data about the preventive or diagnostic-therapeutic 
pathways followed by these patients, including information 
regarding their access to smoking cessation programs/services. In 
general, the fact that both SIN and extra-SIN municipalities belong 
to the same Local Health Authority, and so consequentially, the 
entire studied cohort could virtually access the same healthcare 
services, did not lead us to suppose that there could be relevant 
biases in relation to these aspects. However, there is the possibility 
that residing in the provincial capital could facilitate early cancer 
diagnosis due to the higher accessibility of the population to 
healthcare services. In the same way, residing in SIN and being 
conscious of the overall average higher lung cancer incidence and 
mortality could potentially influence access to health care services. 
Conversely, SIN also corresponds to an area with a high level of 
deprivation, a factor that could potentially exert negative effects on 
early diagnosis probability, therefore acting in the opposite direction 
with unclear overall net effects. Socioeconomic deprivation could 
increase the probability of tobacco use as well. In this regard, 
another potential limitation of the study could be  the lack of 
information about harmful habits such as smoking or alcohol 
consumption. These data are unfortunately not available in cancer 
registries or in health records, and many other published 
longitudinal studies that use this kind of data lack these details 
(42–47). However, part of the influence of these factors may have 
been indirectly captured in the analysis using mixed models with 
random effects, which take into account the heterogeneity between 
patients and areas. Moreover, we expected this lack of information 
to not be a limitation in the strict sense, as these variables could not 
act as confounders, but rather as mediators between gender and 
residence in SIN and mortality. In a broad sense, deprivation and 
tobacco use could be part of a broad range of possible mediators 
between these factors and mortality, which could comprise socio-
cultural factors, risky behaviors, diseases and treatments, and 
biological factors.

To summarize, as mentioned previously, the lack of information 
about individual-level environmental exposures, socio-cultural 
indicators, harmful habits, and utilization of healthcare services could 
represent a limitation of the present study. However, from another 
perspective, the same elements could also be considered starting points 
for what can be done in the future. Specifically, it would be interesting 
to update and expand upon this epidemiological study by recovering 
further individual-level data about specific environmental exposures 
(distance from the different polluting sources, exposure to airborne 
pollutants through dispersion models, and biomonitoring), risky 
behaviors (cigarette smoking, alcohol abuse, high-fat diet, and physical 
inactivity), gender-specific pressures and socioeconomic factors 
(updated indicators of deprivation at individual or census-tract level), 
and access to prevention programs and diagnostic-therapeutic paths 
(timing, place, and type of interventions).

In conclusion, the results confirmed the independent prognostic 
values of different lung cancer characteristics. Despite the limitations 
discussed above, even after adjusting for patients and disease 
characteristics, in the cohort of patients with invasive lung cancer, 
male gender appeared to be associated with a higher prevalence of 
poorly differentiated cancer and squamous-cell carcinoma, and with 
an increased death rate.
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Urban vs. rural: colorectal cancer 
survival and prognostic disparities 
from 2000 to 2019
Ming-sheng Fu 1*, Shu-xian Pan 2†, Xun-quan Cai 1† and 
Qin-cong Pan 1*
1 Department of Gastroenterology, Shanghai Fifth People's Hospital Fudan University, Shanghai, China, 
2 Department of Anesthesiology, Shanghai Fifth People's Hospital Fudan University, Shanghai, China

This study aimed to analyze the differences in colorectal cancer (CRC) survival 
between urban and rural areas over the past 20  years, as well as investigate 
potential prognostic factors for CRC survival in both populations. Using registry 
data from Surveillance, Epidemiology, and End Results (SEER) from 2000 to 
2019, 463,827 CRC cases were identified, with 85.8% in urban and 14.2% in rural 
areas. The mortality of CRC surpassed its survival rate by the sixth year after 
diagnosis in urban areas and the fifth year in rural areas. Furthermore, the 5-year 
overall survival (OS) of CRC increased by 2.9–4.3 percentage points in urban and 
0.6–1.5 percentage points in rural areas over the past two decades. Multivariable 
Cox regression models identified independent prognostic factors for OS and 
disease-specific survival (DSS) of CRC in urban and rural areas, including age 
over 40, Black ethnicity, and tumor size greater than 5  cm. In addition, household 
income below $75,000 was found to be an independent prognostic factor for OS 
and DSS of CRC in urban areas, while income below $55,000 was a significant 
factor for rural areas. In conclusion, this study found a notable difference in CRC 
survival between rural and urban areas. Independent prognostic factors shared 
among both rural and urban areas include age, tumor size, and race, while 
household income seem to be area-specific predictive variables. Collaboration 
between healthcare providers, patients, and communities to improve awareness 
and early detection of CRC may help to further advance survival rates.

KEYWORDS

colorectal cancer, survival, prognostic, urban-rural, surveillance, epidemiology, end results

Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide, the incidence of 
CRC in China is rising continuously in recent years (1). In the United States, CRC is the third 
most commonly diagnosed cancer and the third most common cause of cancer-related death. 
In 2023, It has been estimated that 106,970 cases of colon cancer and 46,050 cases of rectal 
cancer will be newly diagnosed in the US, and a total of 52,550 people will die from these 
cancers (2). We know that the risk factors that can change CRC mortality include smoking, an 
unhealthy diet, high alcohol consumption, lack of exercise, and overweight. In addition, 
regular screening, monitoring and high-quality treatment can reduce the incidence rate and 
mortality of CRC (3). Although the prognosis of colorectal cancer has improved over the years 
due to advances in diagnosis and treatment options, the mortality rate of colorectal cancer has 
decreased significantly since 1975 (4). However, to date, no study has compared CRC survival 
and prognosis trends between urban and rural areas over the past two decades, the differences 
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in CRC survival between urban and rural areas over the past 20 years 
is unclear, and the potential prognostic factors for CRC survival in 
urban and rural areas is unclear. To address this gap, by evaluating 
CRC survival data, we aimed to investigate differences in survival and 
prognosis between the urban and rural populations from 2000 to 
2019, and investigate potential prognostic factors for CRC survival in 
both populations.

The objective of this study is to present an analysis of the 
prognostic patterns of CRC in both urban and rural regions over the 
past two decades, as well as exploring possible factors that could 
impact CRC survival rates in each location. Such findings could 
be  vital in highlighting divergences existing in screening and 
treatment methods for CRC patients in urban and rural areas, 
ultimately helping in creating equitable access to quality cancer care, 
regardless of where a patient resides.

Materials and methods

Data source

The Surveillance, Epidemiology, and End Results (SEER) database, 
established by the National Cancer Institute (NCI), was utilized to 
gather patient records encompassing clinicopathological information 
such as occurrence, treatment, and survival data for various tumors. 
For this study, the SEER*Stat software (version 8.4.0.1) was 
implemented to obtain data from the “Incidence-SEER Research Data, 
17 Registries, Nov 2021 Sub (2000–2019)” database.

Patients

Patients who were diagnosed with CRC from 2000 to 2019 were 
screened out from the database. Patients whom we selected met the 
following conditions: {Site and Morphology. Site recode ICD-O-3/
WHO 2008} = “Colon and Rectum”, and {Race, Sex, Year Dx. Year of 
diagnosis} = “2000–2019”, and {Site and Morphology.ICD-O-3 Hist/
behav} = “8140/3: Adenocarcinoma, NOS”, and {Site and Morphology. 
Diagnostic Confirmation} = “Positive histology”, and excluded race 
recode “Unknown” cases and Survival months “Unknown” cases, 
Finally, 463,827 colorectal adenocarcinoma cases were included in 
the study.

Study variables

Clinical variables including age (<40 years; 40-64 years; 
≧65 years), sex (male and female), race (White W; Black B; 

American Indian/Alaska Native AI; Asian or Pacific Islander API), 
year of diagnosis (2000–2019), primary site [rectum includes 
rectum and rectum colon junction (RRSJ); left colon includes 
sigmoid colon, descending colon and splenic flexure of colon (SDS); 
right colon includes transverse colon, ascending colon, hepatic 
flexure of colon (TAH) and cecum, Appendix (CA)], stage (0, I; II; 
III; IV; Unknown), tumor size (<5 cm and ≧5 cm), median 
household income (>$75,000; $55,000–$75,000; $35,000–$55,000; 
<$35,000), rural (Adjacent to a metropolitan; Not adjacent to a 
metropolitan)-urban (1 million pop, 250,000 to 1 million pop, 250 
thousand pop), Status (Alive and Dead), Cause-specific death 
(Dead of this cancer; Dead of other cause) were used in the current 
study. AJCC stage 3rd edition (1988–2003) is applicable to the stage 
of diagnosing CRC in 2000–2003, Derived AJCC Stage Group, 6th 
ed. (2004–2015) is applicable to the stage of diagnosing CRC in 
2004–2015, Derived SEER Cmb Stg Grp (2016–2017) is applicable 
to the stage of diagnosing CRC in 2016–2017, and Derived EOD 
2018 Stage Group (2018+) is applicable to the stage of diagnosing 
CRC in 2018–2019. EOD 10-size (1988–2003) is applicable to the 
Tumor size of CRC diagnosed in 2000–2003, CS Tumor size (2004–
2015) is applicable to the Tumor size of CRC diagnosed in 2004–
2015, and Tumor Size Summary (2016+) is applicable to the Tumor 
size of CRC diagnosed in 2016-2019. Both overall survival (OS) and 
disease-specific survival (DSS) were used to analyze the 
survival outcomes.

Statistical analysis

The study used descriptive statistics to summarize demographic 
information and performed a chi-square test to compare categorical 
variables between urban and rural cases as baseline clinical 
characteristics. The SEER cause-specific death classification was 
utilized to determine the time at which patients who died from cancer 
were censored for DSS analyses, while patients who died from any 
cause were also censored for OS analyses. Using Kaplan–Meier for 
survival analysis. GraphPad Prism 8 (GraphPad Software, La Jolla, 
CA, United States) survival curves were employed to analyze both OS 
and DSS, and these were compared using the Log-rank (Mantel-Cox) 
test. Moreover, the study utilized univariate and multivariable Cox 
proportional hazards regression models to analyze the prognostic 
factors of OS and DSS for CRC.

The SEER Stat (National Cancer Institute, Bethesda, MD, 
United States; version 8.4.0.1) was used to download data in this study. 
Statistical analyses were performed using IBM SPSS Statistics version 
25 (IBM Corporation, Armonk, NY, United States). All analyses were 
double-sided, and a p value < 0.05 was deemed statistically significant.

Results

Distribution of CRC in urban and rural 
areas

The study analyzed a total of 463,827 cases of colorectal cancer 
(CRC) between 2000 and 2019, with 85.8% being reported in urban 
areas and 14.2% in rural areas. In the past two decades, the 
proportion of CRC diagnosed before the age of 40 was slightly 

Abbreviations: CRC, Colorectal cancer; SEER, Surveillance, epidemiology, and 

end results; OS, Overall survival; DSS, Disease-specific survival; NCI, National 

Cancer Institute; W, White; B, Black; AI, American Indian/Alaska Native; API, Asian 

or Pacific Islander; RRSJ, Rectum includes rectum and rectosigmoid junction; 

SDS, Left colon includes sigmoid colon, descending colon and splenic flexure of 

colon; TAH, Right colon includes transverse colon, ascending colon, hepatic 

flexure of colon; CA, Cecum, appendix; AJCC, The American Joint Committee 

on Cancer; SPSS, Statistical product and service solutions.
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higher 0.7 percentage points in urban areas than in rural areas. 
Conversely, the proportion of CRC aged 65 or older was found to 
be 1.4 percentage points higher in rural areas than in urban areas. 
The proportion of women with CRC was higher 1.4 percentage 
points in urban areas compared to rural areas. When examining 
racial demographics, Black and Asian or Pacific Islander populations 
were, respectively, found to be higher 2.6 and 6.0 percentage points 
in urban areas as compared to rural areas. On the other hand, White 
and American Indian populations were found to be higher 7.5 and 
2.1 percentage points in rural areas respectively, compared to 
urban areas.

Regarding clinical findings, the proportion of CRC cases 
diagnosed at stage III and stage IV was higher 1.6 percentage points 
in urban areas than in rural areas. Additionally, the proportion of 

tumors less than 5 cm in size was higher 0.8 percentage points in 
urban areas compared to rural areas. In terms of household income, 
85% of households with incomes over $55,000 were located in urban 
areas compared to only 24.2% in rural areas. Finally, the total mortality 
rate of CRC was found to be higher 3.5 percentage points in rural 
areas compared to urban areas, while CRC-specific mortality rates 
were higher 1.9 percentage points in rural areas compared to urban 
areas (as shown in Table 1).

Kaplan–Meier survival analysis

The Kaplan Meier survival analysis revealed that the median 
survival months for CRC were higher in urban areas compared to 

TABLE 1 Comparison between urban and rural areas.

Variable Urban Rural X 2 p-value

N (%) N (%)

Age 5–39 years 10,231 2.6% 1,234 1.9% 139.18 <0.0001

40–64 years 146,274 36.8% 23,716 36.0%

≧65 years 241,458 60.7% 40,914 62.1%

Sex Female 189,501 47.6% 30,404 46.2% 48.05 <0.0001

Male 208,462 52.4% 35,460 53.8%

Race White 314,470 79.0% 57,003 86.5% 7258.95 <0.0001

Black 44,634 11.2% 5,685 8.6%

AI 1,765 0.4% 1,635 2.5%

API 37,094 9.3% 1,541 2.3%

Primary site RRSJ 116,198 29.2% 19,180 29.1% 9.59 0.022

SDS 121,001 30.4% 19,760 30.0%

TAH 97,943 24.6% 16,249 24.7%

CA 62,821 15.8% 10,675 16.2%

Stage 0 4,363 1.1% 793 1.2% 76.26 <0.0001

I 66,039 16.6% 11,370 17.3%

II 109,285 27.5% 18,204 27.6%

III 109,385 27.5% 17,469 26.5%

IV 83,142 20.9% 13,397 20.3%

Unknown 25,749 6.5% 4,631 7.0%

Tumor size <5 cm 189,160 47.5% 30,740 46.7% 16.77 <0.0001

≧5 cm 208,803 52.5% 35,124 53.3%

Median household 

income

>$75,000 140,550 35.3% 2,937 4.5% 138121.15 <0.0001

$55,000–$75,000 200,471 50.4% 12,996 19.7%

$35,000–$55,000 56,522 14.2% 42,329 64.3%

<$35,000 420 0.1% 7,602 11.5%

Status Dead 229,987 57.8% 40,384 61.3% 288.52 <0.0001

Alive 167,976 42.2% 25,480 38.7%

Cause-specific death Dead of this cancer 143,244 36.0% 24,938 37.9% 292.82 <0.0001

Dead of other cause 86,743 21.8% 15,446 23.5%

Alive 167,976 42.2% 25,480 38.7%

AI, American Indian/Alaska Native; API, Asian or Pacific Islander; RRSJ, Rectum, Rectosigmoid junction; SDS, Sigmoid, Descending, Splenic flexure of colon; TAH, Transverse, Ascending, 
Hepatic flexure of colon; CA, Cecum, Appendix.
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rural areas. The median survival of age groups of less than 40, 40–64 
and over 65 in urban areas had a higher 8.7 months, 4.4 months, and 
2.3 months respectively, when compared to their rural counterparts. 
When analyzing the effect of household income on CRC’s prognosis, 
The median survival of household earning more than $75,000 per 
annum had a higher 4 months in urban compared rural. Conversely, 
the median survival of those earning less than $35,000 annually had a 
lower 9 months in urban when compared to their rural counterparts 
(as shown in Table 2).

Comparison of the OS and DSS of CRC 
between urban and rural areas in 20  years

The research results show that in urban and rural areas, CRC 
patients under 40 years old have the worst OS, while CRC patients 
over 65 years old have the worst DSS. The OS of male 
CRC patients in urban areas is worse than that of female patients, 
while there is no significant difference in OS between male 
and female patients in rural areas. Whether in urban or rural 
areas, the DSS of female CRC patients is slightly lower than that 

of male patients, while the OS and DSS of black and family 
income below $35,000 CRC patients are the lowest (as shown in 
Figures 1, 2).

The primary site of cancer also played a significant role in survival 
outcomes. For instance, CRC patients diagnosed with primary site 
Rectum and Cecum and Appendix in urban areas had the worst OS, 
those with primary site Right colon and Cecum and Appendix had the 
worst DSS. Patients identified as Stage IV and Stage Unknown had 
significantly reduced OS and DSS. Interestingly, patients with tumors 
larger than 5 cm demonstrated significantly reduced OS and DSS rates 
in both urban and rural settings. Notably, the OS of urban CRC 
patients is slightly lower than that of rural patients, while, there was 
no significant difference in DSS between urban and rural CRC 
patients (as shown in Figures 3, 4).

Independent prognostic factors for OS and 
DSS of CRC

This study conducted a Cox proportional hazard model to 
analyze the risk factors associated with the survival of CRC 

TABLE 2 Kaplan–Meier survival analysis.

Variable Urban Rural X 2 p-value

Median survival 
months (95% CI)

Median survival 
months (95% CI)

Age 5–39 years 142.64 (140.31–144.97) 138.24 (131.69–144.80) 28398.51 <0.0001

40–64 years 131.10 (130.50–131.70) 122.40 (120.97–123.84)

≧65 years 74.87 (74.52–75.23) 72.56 (71.73–73.39)

Sex Female 97.50 (97.03–97.98) 93.75 (92.60–94.90) 92.28 <0.0001

Male 94.42 (93.97–94.87) 88.49 (87.45–89.53)

Race White 95.25 (94.89–95.61) 91.47 (90.64–92.29) 1299.20 <0.0001

Black 87.83 (86.85–88.81) 82.81 (80.19–85.430)

AI 101.27 (95.93–106.61) 96.39 (91.09–101.70)

API 112.46 (111.28–11,364) 96.25 (91.19–101.31)

Primary site RRSJ 101.25 (100.63–101.88) 94.96 (93.51–96.42) 909.28 <0.0001

SDS 97.22 (96.62–97.82) 91.18 (89.77–92.59)

TAH 93.14 (92.50–93.79) 89.48 (87.95–91.00)

CA 87.96 (87.17–88.74) 85.37 (83.52–87.22)

Stage 0 123.94 (120.48–127.40) 113.07 (105.34–120.80) 134540.85 <0.0001

I 132.99 (132.18–133.82) 124.42 (122.50–126.34)

II 118.04 (117.42–118.65) 113.06 (111.61–114.51)

III 109.08 (108.43–109.72) 102.23 (100.69–103.77)

IV 28.75 (28.36–29.15) 26.26 (25.35–27.16)

Unknown 60.12 (59.01–61.23) 62.20 (59.67–63.74)

Tumor size <5 cm 110.74 (110.26–111.22) 104.99 (103.85–106.13) 11972.86 <0.0001

≧5 cm 82.34 (81.90–8,278) 78.49 (77.47–79.52)

Median household 

income

>$75,000 99.96 (99.40–100.51) 95.98 (92.32–99.63) 418.96 <0.0001

$55,000–$75,000 94.14 (93.68–94.59) 93.68 (91.97–95.39)

$35,000–$55,000 91.87 (90.98–92.76) 90.23 (89.27–91.18)

<$35,000 79.16 (71.53–86.80) 88.17 (85.72–90.60)
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FIGURE 1

Comparative OS of CRC: age, sex, race, and household income factors in urban and rural areas. (A,B) In urban and rural areas, CRC patients under the 
age of 40 have the worst OS. (C,D) The OS of male CRC patients in urban areas is worse than that of female patients, while there is no significant 
difference OS between male and female patients in rural areas. (E,F) Black CRC patients have the lowest OS in urban and rural areas. (G,H) CRC 
patients with incomes exceeding $75,000 in urban and rural households have the highest OS, while CRC patients with incomes below $35,000 have 
the lowest OS.
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FIGURE 2

Comparative DSS of CRC: age, gender, ethnicity, and income factors in urban and rural areas. (A,B) Urban and rural CRC patients over 65  years old 
have the worst DSS. (C,D) The DSS of CRC women in urban and rural areas is lower than that of men. (E,F) The DSS of black people in urban and rural 
areas is the lowest. (G,H) CRC patients with households incomes below $35,000 in urban and rural have the lowest DSS.
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FIGURE 3

Comparative OS of CRC: primary site, stage, tumor size, urban–rural and year of diagnosis. (A,B) The OS of CRC patients with primary site Rectum and 
Cecum and Appendix was the worst in urban, it is not significantly different compared the primary site in rural. (C,D) Whether in urban or rural, the OS 
of CRC patients in Stage IV and Stage Unknown were significantly reduced. (E,F) No matter in urban or rural, the OS of CRC patients with tumors over 
5  cm was significantly reduced. (G) The OS of urban CRC patients is slightly lower than that of rural patients. (H) Comparison of OS in CRC patients 
diagnosed in urban and rural areas from 2000 to 2019.

101

https://doi.org/10.3389/fpubh.2024.1319977
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Fu et al. 10.3389/fpubh.2024.1319977

Frontiers in Public Health 08 frontiersin.org

FIGURE 4

Comparative DSS of CRC: Primary Site, Stage, Tumor Size, Urban–Rural and year of diagnosis. (A,B) The DSS of CRC patients with primary site Right 
colon and Cecum and Appendix was the worst in urban and rural. (C,D) No matter in urban or rural, the DSS of CRC patients in Stage IV and Stage 
Unknown were significantly reduced. (E,F) The DSS of CRC patients with tumors over 5  cm was significantly reduced. (G) There was no significant 
difference in DSS between urban and rural CRC patients. (H) Comparison of DSS in CRC patients diagnosed in urban and rural areas from 2000 to 
2019.
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patients. Univariate analysis showed that several variables 
significantly impacted the risk of death for CRC patients. These 
included age over 65 years old, male gender, Black race, tumor 
location (ileocecal tumors had the worst prognosis compared to 
rectum), tumor stage (stage III, IV, and unknown), and tumor 
size (tumors over 5 cm had a higher risk of death). In addition, 
the study found that household income also had a significant 
impact on CRC survival, with those earning less than $55,000 
having a decreased survival rate. The rural–urban divide was also 
examined, and it was found that the survival of CRC in rural 
areas was slightly lower than that in urban areas (as shown in 
Tables 3, 4).

Upon conducting multivariate analysis, it was found that 
age over 40 years, male gender, Black race, right colon tumor 
location, stage III or IV, and tumors over 5 cm were independent 
prognostic factors for OS in both urban and rural settings. 
Age over 40 years, Black race, and tumors over 5 cm were 
identified as independent prognostic factors for DSS. Household 
income also played a role, as income less than $75,000 and less 

than $55,000 were independent prognostic factors for OS and 
DSS of CRC in urban and rural areas, respectively (as shown in 
Tables 5, 6).

Trends changes of CRC cases, survival and 
mortality in urban and rural areas in 
20  years

The registration of CRC cases remained stable in both rural and 
urban areas between 2000 and 2017 but significantly increased from 
2018 to 2019. In urban areas, the mortality and survival rates for CRC 
reached a balance in the sixth year after diagnosis, meaning that 
during the first 6 years after diagnosis, survival was higher than 
mortality, but after that, mortality exceeded survival. On the other 
hand, in rural areas, the mortality and survival rates reached a balance 
in the fifth year after diagnosis. Looking at the overall survival and 
mortality rates, CRC patients in urban areas had higher survival rates 
compared to those living in rural areas, while those living in rural 

TABLE 3 Univariate analysis of overall survival using Cox proportional hazards models.

Variable N HR 95% CI p-value

Age 5–39 years 11,465 REF

40–64 years 169,990 1.152 1.117–1.189 <0.0001

≧65 years 282,372 2.305 2.236–2.376 <0.0001

Sex Female 219,905 REF

Male 243,922 1.038 1.030–1.046 <0.0001

Race White 371,473 REF

Black 50,319 1.127 1.127–1.141 <0.0001

AI 3,400 0.957 0.914–1.002 0.059

API 38,635 0.807 0.807–0.819 <0.0001

Primary site RRSJ 135,378 REF

SDS 140,761 1.068 1.058–1.079 <0.0001

TAH 114,192 1.107 1.096–1.119 <0.0001

CA 73,496 1.186 1.173–1.200 <0.0001

Stage 0 5,156 REF

I 77,409 0.855 0.818–0.893 <0.0001

II 127,489 1.045 1.001–1.091 0.046

III 126,854 1.209 1.158–1.263 <0.0001

IV 96,539 4.708 4.510–4.915 <0.0001

Unknown 30,380 2.544 2.433–2.660 <0.0001

Tumor size <5 cm 219,900 REF

≧5 cm 243,927 1.523 1.511–1.534 <0.0001

Median household income >$75,000 143,487 REF

$55,000–$75,000 213,467 1.081 1.071–1.090 <0.0001

$35,000–$55,000 98,851 1.121 1.109–1.133 <0.0001

<$35,000 8,022 1.169 1.135–1.205 <0.0001

Rural–Urban areas Urban 397,963 REF

Rural 65,864 1.064 1.053–1.075 <0.0001

AI, American Indian/Alaska Native; API, Asian or Pacific Islander; RRSJ, Rectum, Rectosigmoid junction; SDS, Sigmoid, Descending, Splenic flexure of colon; TAH, Transverse, Ascending, 
Hepatic flexure of colon; CA, Cecum, Appendix; HR, hazard ratio; CI, confidence interval.
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areas had higher mortality rates than those in urban areas. These 
findings are shown in Figure 5.

Trends changes of OS of CRC in urban and 
rural areas in 20  years

According to the data, the 1-year overall survival rate of CRC has 
improved significantly over the past 20 years, both in urban and rural 
areas. In 2019, the 1-year overall survival rate of CRC in a population 
of 1 million was 7.2 percentage points higher than that of 2000. In Not 
adjacent to a metropolis, this improvement was 5.8 percentage points 
higher. Additionally, compared to 15 years ago, there has been an 
increase in the 3-year and 5-year overall survival rates of CRC by 
0.9–3.2 percentage points and 0.6–4.3 percentage points, respectively, 
in both urban and rural areas. In terms of longer-term outcomes, there 
was an improvement in the 10-year overall survival rate of CRC in 
urban areas by 2.3–3.0 percentage points in 2010, compared to 2000. 
In metropolitan areas, there was a larger increase of 5.4 percentage 
points. However, there was a decrease of 1.9 percentage points in 
non-metropolitan areas (as shown in Figure 6).

Discussion

The research findings indicate that there were notable differences 
in the characteristics and outcomes of CRC cases between urban and 
rural areas in the period between 2000 and 2019. Specifically, a higher 
proportion of CRC cases in the urban setting were female, black, 
diagnosed at advanced stages (stage III and stage IV), and had tumors 
less than 5 cm. Furthermore, a larger percentage of urban CRC cases 
had a higher household income of over $55,000, compared to their 
rural counterparts. In terms of mortality rates, both total and 
CRC-specific mortality rates were higher in rural compared to urban 
areas, with a 3.5 percentage point difference for total mortality and a 
1.9 percentage point difference for CRC-specific mortality. It is worth 
noting that men had a significantly higher risk of developing and 
dying from CRC compared to women in the US (5). Men diagnosed 
with CRC have a 62.8% chance of surviving 5 years from the date of 
diagnosis compared with women’s 64.7% chance of survival (6). 
Moreover, while CRC incidence and mortality rates have decreased 
in both genders in China, men remained at a higher risk throughout. 
Factors such as smoking, obesity, alcohol consumption, and lack of 
physical activity contributed more to the development of CRC in men 

TABLE 4 Univariate analysis of disease-specific survival using Cox proportional hazards models.

Variable N HR 95% CI p-value

Age 5–39 years 11,465 REF

40–64 years 169,990 1.002 0.970–1.036 0.886

≧65 years 282,372 1.323 1.281–1.366 <0.0001

Sex Female 219,905 REF

Male 243,922 1.031 1.022–1.041 <0.0001

Race White 371,473 REF

Black 50,319 1.273 1.254–1.291 <0.0001

AI 3,400 1.043 0.986–1.103 0.142

API 38,635 0.891 0.875–0.907 <0.0001

Primary site RRSJ 135,378 REF

SDS 140,761 1.018 1.006–1.031 0.003

TAH 114,192 0.886 0.874–0.898 <0.0001

CA 73,496 1.038 1.023–1.053 <0.0001

Stage 0 5,156 REF

I 77,409 0.67 0.624–0.719 <0.0001

II 127,489 1.114 1.039–1.194 0.002

III 126,854 1.958 1.827–2.098 <0.0001

IV 96,539 9.568 8.930–10.251 <0.0001

Unknown 30,380 4.056 3.780–4.352 <0.0001

Tumor size <5 cm 219,900 REF

≧5 cm 243,927 1.895 1.876–1.914 <0.0001

Median household income >$75,000 143,487 REF

$55,000–$75,000 213,467 1.086 1.074–1.099 <0.0001

$35,000–$55,000 98,851 1.124 1.109–1.139 <0.0001

<$35,000 8,022 1.179 1.136–1.224 <0.0001

Rural–Urban areas Urban 397,963 REF

Rural 65,864 1.056 1.042–1.070 <0.0001
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than women (7). Commonly, Chinese men smoke more frequently 
than women (8).

Several studies have examined the survival rates of CRC patients. One 
study conducted by Hashibe et al. found that rural CRC patients had 
lower survival rates compared to other areas (9). Additionally, statistics 
indicate that historically, Black men have had higher incidence and 
mortality rates for CRC compared to other racial and ethnic groups. The 
5-year survival rate for Black individuals with CRC is reported to be 59%, 
while for White individuals, it is 63.8% (6). It is well-established that CRC 
screening can effectively prevent or detect CRC at an early stage (10). 
However, there are certain barriers that can hinder access to appropriate 
primary care services for racially minoritized populations. These barriers 
include lack of insurance or social support, as well as racism and 
discrimination (11). Studies conducted within the Veterans’ Health 
Administration have shown that there are no differences in diagnostic 
follow-up testing between White and Black individuals, suggesting that 
access to appropriate structures and services may be crucial in ensuring 
appropriate post-screening follow-up for minoritized populations (12). 
while considering unique social and healthcare contexts, there are cultural 
and community-specific approaches that can be employed to promote 

CRC screening and follow-up care among racially minoritized 
populations. Here are some our suggestions: Provide culturally tailored 
education: Develop educational materials and campaigns that are sensitive 
to the cultural beliefs, values, and practices of racially minoritized 
populations. Use culturally appropriate language, images, and storytelling 
methods to communicate the importance of CRC screening and 
follow-up care. Enhance community engagement: Engage community 
leaders, organizations, and influencers to raise awareness about CRC 
screening. Utilize trusted community members who can act as 
ambassadors and share personal stories or testimonials of their 
experiences with CRC screening. Provide multilingual services and 
assistance to avoid language barriers that prevent screening and follow-up 
care. Respect the Faith-based initiatives of ethnic minorities, strengthen 
cooperation with healthcare providers, enhance their cultural abilities and 
awareness of the unique needs of ethnic minorities. Establish mutual trust 
and provide personalized care.

The findings from a Kaplan–Meier survival analysis revealed that 
in the CRC group with a household income less than $35,000, rural 
areas had a median survival time that was 9 months longer compared 
to urban areas. This difference may be  attributed to the higher 

TABLE 5 Multivariate analysis comparing the risk factors of overall survival in urban and rural.

Variable Urban Rural

HR 59% CI p-value HR 59% CI p-value

Age 5–39 years REF REF

40–64 years 1.269 1.228–1.312 <0.0001 1.281 1.17–1.402 <0.0001

≧65 years 3.046 2.948–3.147 <0.0001 2.831 2.589–3.095 <0.0001

Sex Female REF REF

Male 1.056 1.048–1.065 <0.0001 1.076 1.055–1.097 <0.0001

Race White REF REF

Black 1.123 1.108–1.138 <0.0001 1.138 1.099–1.178 <0.0001

AI 0.970 0.909–1.035 0.356 1.114 1.036–1.197 0.003

API 0.852 0.839–0.865 <0.0001 0.992 0.927–1.061 0.809

Primary site RRSJ REF REF

SDS 1.008 0.997–1.019 0.147 1.026 1.0–1.053 0.047

TAH 1.072 1.06–1.085 <0.0001 1.073 1.044–1.103 <0.0001

CA 1.078 1.064–1.092 <0.0001 1.065 1.033–1,099 <0.0001

Stage 0 REF REF

I 0.887 0.846–0.931 <0.0001 0.883 0.793–0.983 0.023

II 1.038 0.99–1.088 0.126 0.980 0.881–1.089 0.706

III 1.341 1.279–1.405 <0.0001 1.262 1.135–1.403 <0.0001

IV 5.469 5.217–5.734 <0.0001 4.971 4.471–5.526 <0.0001

Unknown 2.511 2.392–2.637 <0.0001 2.081 1.866–2.322 <0.0001

Tumor size <5 cm REF REF

≧5 cm 1.262 1.252–1.273 <0.0001 1.272 1.246–1.298 <0.0001

Median household 

income

>$75,000 REF REF

$55,000–$75,000 1.073 1.063–1.083 <0.0001 1.011 0.956–1.069 0.705

$35,000–$55,000 1.098 1.084–1.113 <0.0001 1.072 1.017–1.131 0.01

<$35,000 1.003 0.876–1.15 0.96 1.138 1.072–1.208 <0.0001

AI, American Indian/Alaska Native; API, Asian or Pacific Islander; RRSJ, Rectum, Rectosigmoid junction; SDS, Sigmoid, Descending, Splenic flexure of colon; TAH, Transverse, Ascending, 
Hepatic flexure of colon; CA, Cecum, Appendix; HR, hazard ratio; CI, confidence interval.
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proportion of White individuals (88.2%) in rural areas compared to 
urban areas (76.6%). On the other hand, when considering variables 
such as age, sex, race, primary site, stage 0-stage IV, tumor size, and 
household income over $35,000, the median survival time of CRC in 
urban areas was higher than in rural areas. This observation suggests 
that urban areas may have an advantage in terms of CRC early 
detection screening. It is well-known that CRC early-detection 
screening plays a vital role in improving survival rates (13). However, 
socioeconomic factors can act as barriers that hinder both the 
planning and completion of CRC screening (14).

Our findings indicate that the overall survival rate of CRC 
patients was higher in urban areas compared to rural areas. 
Conversely, the mortality rate of CRC was higher in rural areas 
compared to urban areas. In urban areas, the survival rate of CRC 
patients was lower than the mortality rate at the sixth year after 
diagnosis, while in rural areas, this occurred at the fifth year. This 
study suggests that when evaluating the effectiveness of CRC 
treatment, it may be more appropriate to assess the 6-year survival 
rate in urban areas and the 5-year survival rate in rural areas. 
Furthermore, when comparing the data from 2000, we observed a 
significant improvement in the 1-year, 3-year, and 5-year overall 
survival rates of CRC in both urban and rural areas.

Our study identified several factors that independently influenced 
the prognosis for the OS of CRC. These factors included age over 
40 years, male gender, Black ethnicity, tumor location in the right colon, 
advanced stages (stage III and stage IV), and tumor size over 5 cm. 
Additionally, household income below $75,000 and $55,000 were found 
to be independent prognostic factors for the OS and DSS of CRC in 
urban and rural areas, respectively. Overall, this study highlights various 
risk factors that impact the survival of CRC patients, including 
demographic characteristics like age, gender, and race, as well as medical 
factors such as tumor location, stage, and size. The study also emphasizes 
the importance of socioeconomic status, as household income was 
found to significantly impact CRC survival. There is a growing concern 
worldwide about the increasing incidence of CRC in younger adults 
(below 50 years old). This trend has raised clinical concerns that younger 
adults may present with more advanced disease, leading to a poorer 
prognosis compared to older cohorts due to a lack of screening (15, 16). 
Recent studies have reported that a younger age at diagnosis and 
receiving systematic therapies could potentially result in longer OS and 
DSS for CRC patients (17). The distribution of CRC varies significantly 
across different regions worldwide (18). It is predominantly observed in 
Australia, Europe, and North America. In general, the incidence in 
developed countries or regions is approximately three times higher than 

TABLE 6 Multivariate analysis comparing the risk factors of disease-specific survival in urban and rural.

Variable Urban Rural

HR 59% CI p-value HR 59% CI p-value

Age 5–39 years REF REF

40–64 years 1.170 1.13–1.211 <0.0001 1.136 1.033–1.25 0.008

≧65 years 2.058 1.988–2.13 <0.0001 1.868 1.7–2.053 <0.0001

Sex Female REF REF

Male 1.002 0.991–1.012 0.718 1.012 0.986–1.037 0.371

Race White REF REF

Black 1.179 1.161–1.198 <0.0001 1.159 1.111–1.209 <0.0001

AI 0.999 0.924–1.08 0.982 1.126 1.031–1.231 0.009

API 0.907 0.89–0.924 <0.0001 1.015 0.933–1.104 0.73

Primary site RRSJ REF REF

SDS 0.965 0.953–0.978 <0.0001 0.988 0.957–1.02 0.445

TAH 0.970 0.956–0.985 <0.0001 0.978 0.944–1.013 0.215

CA 1.024 1.008–1.041 0.004 1.004 0.966–1.044 0.831

Stage 0 REF REF

I 0.702 0.65–0.759 <0.0001 0.817 0.683–0.978 0.028

II 1.113 1.032–1.201 0.005 1.141 0.957–1.361 0.141

III 2.109 1.956–2.274 <0.0001 2.192 1.84–2.611 <0.0001

IV 10.325 9.578–11.13 <0.0001 10.281 8.634–12.242 <0.0001

Unknown 3.817 3.535–4.122 <0.0001 3.546 2.967–4.238 <0.0001

Tumor size <5 cm REF REF

≧5 cm 1.376 1.361–1.391 <0.0001 1.385 1.349–1.423 <0.0001

Median household 

income

>$75,000 REF REF

$55,000–$75,000 1.082 1.07–1.095 <0.0001 1.073 0.998–1.154 0.056

$35,000–$55,000 1.092 1.074–1.11 <0.0001 1.135 1.059–1.216 <0.0001

<$35,000 0.872 0.736–1.034 0.116 1.178 1.091–1.272 <0.0001

106

https://doi.org/10.3389/fpubh.2024.1319977
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Fu et al. 10.3389/fpubh.2024.1319977

Frontiers in Public Health 13 frontiersin.org

FIGURE 5

Changes of CRC cases, survival and mortality in urban and rural areas in 20  years. (A) Number of CRC per year from 2000 to 2019, shows that the 
number of cancer diagnoses in rural and urban areas remained relatively stable from 2000 to 2017, and the number of cancer diagnoses increased 
significantly from 2018 to 2019. (B) The tumor mortality rate (49.7%) and survival rate (50.3%) reached a balance in the sixth year in urban. (C) The 
tumor mortality rate (49.6%) and survival rate (50.4%) reached a balance in the fifth year in rural. (D) Survival of CRC changes in 20  years at urban and 
rural areas. (E) Mortality of CRC changes in 20  years at urban and rural areas.
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FIGURE 6

Comparison of 1-year, 3-year, 5-year, 10-year, 15-year, and 20-year OS of CRC between urban and rural in 20  years. (A) The change of CRC’s 1-year 
OS in metropolitan, medium city, small city, adjacent to a metropolitan and countryside, Compared with 20  years ago, the 1-year OS of CRC in urban 
and rural has significantly improved. (B) Compared with 15  years ago, the 3-year OS of CRC in urban and rural increased by 0.9–3.2 percentage points. 
(C) Compared with 15  years ago, the 5-year OS of CRC in urban and rural increased by 0.6–4.3 percentage points. (D) Compared with 2000, the 10-
year OS of CRC in urban increased by 2.3–3.0 percentage points in 2010,in the adjacent to a metropolitan area, it increased by 5.4 percentage points, 
in the not adjacent to a metropolis area, it decreased by 1.9 percentage points. (E) Compared with 2000, the 15-year OS of CRC in urban and rural 
increased by 1.8–3.0 percentage points in 2005. (F) Comparison of 20-year OS of CRC in urban and rural.
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in less developed areas. However, there is a notable increase in the 
incidence of CRC in Asia that cannot be ignored (19, 20). In China, 
both the incidence and mortality rates of CRC have shown an upward 
trend over the years. According to data from the Chinese Cancer 
Registration in 2014, the highest incidence and mortality rates were 
observed in the eastern region, followed by the central region, with the 
lowest rates in the western region. The mortality rate of colorectal 
cancer in urban areas of China experienced a significant increase from 
2002 to 2008, followed by a decrease from 2008 to 2015. Conversely, the 
mortality rate in rural areas continued to rise (21). The specific reasons 
for this change are not very clear, and we think it may be related to the 
imbalance in economic development between urban and rural areas in 
China. Researchers believe that it is related to the following factors, such 
as inequitable distribution of health care services between urban and 
rural areas; pilot CRC screening strategies were put into place by the 
Chinese government in 2012. However, these programs were conducted 
only in urban areas; rural areas generally lack adequate field conditions, 
implementation funding, and screening equipment (21). We  can 
be learned from the lessons for future public health strategies as follow, 
Providing accessible healthcare services: Ensuring access to high-quality 
healthcare facilities and services, especially in rural areas, can promote 
early diagnosis and effective treatment of CRC. Develop corresponding 
screening plans for urban and rural areas to ensure that high-risk 
populations in both areas receive appropriate screening. It is 
recommended to conduct regular screening for individuals with 
moderate risk, while individuals with higher risk may require earlier or 
more frequent screening. Promoting a healthy lifestyle: Encouraging 
individuals to develop healthy habits, such as regular physical activity, 
maintaining a balanced diet rich in fruits and vegetables, limiting the 
consumption of processed foods, avoiding smoking and excessive 
alcohol consumption, can reduce the risk of developing CRC.

Limitations and strengths

This study has certain limitations and strengths that should 
be considered. One limitation is that the data used in this study is derived 
from the SEER database, which represents the US population. Therefore, 
the generalizability of the findings to other countries or regions may 
be limited. Additionally, the lack of treatment data in the SEER database 
restricts the ability to compare the impact of different treatments on 
prognosis in urban and rural areas. Despite these limitations, the study 
has notable strengths. One strength is the inclusion of 20 years of urban 
and rural data, allowing for an analysis of the changes in survival and 
prognostic factors for CRC over this period. Moreover, the study 
highlights the importance of considering different survival rates for urban 
(6-year survival) and rural (5-year survival) populations when evaluating 
treatment effects. Further research is needed to validate these findings in 
diverse settings and to explore the impact of specific treatments on the 
prognosis of CRC in urban and rural areas.

Conclusion

To summarize, our study revealed that the OS of urban CRC 
patients is slightly lower than that of rural patients, while, there was 
no significant difference in DSS between urban and rural CRC 
patients. In urban areas, the mortality rate of CRC exceeded the 

survival rate in the sixth year after diagnosis, while in rural areas, it 
was the fifth year after diagnosis. Over the past 20 years, there has 
been an improvement in the 5-year OS of CRC, with an increase of 
2.9–4.3 percentage points in urban areas and 0.6–1.5 percentage 
points in rural areas. Several independent prognostic factors for OS 
of CRC were identified in both urban and rural settings. These 
factors included age over 40 years, male gender, Black ethnicity, and 
tumor size over 5 cm. Additionally, household income below 
$75,000 and below $55,000 were found to be  independent 
prognostic factors for OS and DSS of CRC in urban and rural areas, 
respectively.

These findings highlight the importance of considering urban–
rural disparities in CRC prognosis and the influence of socioeconomic 
factors on survival outcomes. Further research is needed to explore 
the underlying reasons for these disparities and to develop targeted 
interventions to improve outcomes for CRC patients in both urban 
and rural settings.
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Endocrine disrupting chemical 
Bisphenol A and its association 
with cancer mortality: a 
prospective cohort study of 
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Huai’an, China

Introduction: There is evidence suggesting that Bisphenol A (BPA) is associated 
with increased all-cause mortality in adults. However, the specific nature of 
the relationship between BPA exposure and cancer mortality remains relatively 
unexplored.

Methods: The National Health and Nutrition Examination Survey (NHANES) 
dataset was used to recruit participants. Urinary BPA was assessed using liquid 
chromatography-mass spectrum (LC–MS). Through the use of multivariable Cox 
proportional hazard regressions and constrained cubic splines, the relationships 
between urine BPA and death from all causes and cancer were investigated.

Results: This study has a total of 8,035 participants, and 137 died from cancers 
after a 7.5-year follow-up. The median level of BPA was 2.0  g/mL. Urinary BPA 
levels were not independently associated with all-cause mortality. For cancer 
mortality, the second quartile’s multivariable-adjusted hazard ratio was 0.51 
(95% confidence interval: 0.30 to 0.86; p  =  0.011) compared to the lowest 
quartile. The restricted cubic splines showed that the association was nonlinear 
(p for nonlinearity  =  0.028) and the inflection point was 1.99  ng/mL.

Conclusion: Urinary BPA exposure was U-shaped associated with the risk of 
cancer mortality, and a lower level of BPA less than 1.99  ng/mL was associated 
with a higher risk of cancer mortality.

KEYWORDS

environmental phenols, Bisphenol A, cancer mortality, all-cause mortality, NHANES

Introduction

Bisphenol A (BPA) is a kind of environmental phenols utilized in baby bottles, food 
containers, and dentistry (1). The exposure of humans to BPA is pervasive, originating from 
various sources such as consumer products, food, water, and dust (2). National biological 
monitoring data in the United States reveals that BPA is detectable in more than 90% of urine 
samples in the general population (3). Currently, 12 states have enforced regulations to restrict 
the use of BPA in the United States. While BPA is known to undergo rapid metabolism and is 
primarily eliminated through urine, its cumulative exposure in everyday items could lead to 
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concerns regarding potential long-term health consequences (4). The 
potential pathways underlying BPA-induced adverse health outcomes 
include endocrine disruption (5), oxidative stress (6) and 
inflammation (7).

Exposure to bisphenol A starts very early in life, causing adverse 
health outcomes not only in children but also later in life (8, 9). The 
BPA exposure has been linked to disruptions in endocrine function 
and metabolism (10), which can contribute to the development of 
metabolic disorders (11). Some studies showed that BPA exacerbated 
inflammation by regulating gut physiology (12) and was involved in 
the development of type 2 diabetes mellitus (13), obesity (14), 
hypertension (15) and cardiovascular disease (16). Despite mounting 
evidence indicating potential toxic effects of BPA on various human 
cancers (17, 18), the relationship between BPA exposure and mortality 
remains unclear.

A study reported that BPA exposure was positively related to 
all-cause mortality in adults. However, nonsignificant association 
between BPA exposure and cancer mortality was found (19). Even so, 
the previous study had a lower number of sample and lacked a 
nonlinear analysis. Therefore, we  conducted a study utilizing a 
comprehensive database to examine the correlation between urinary 
BPA levels and mortality rates related to all causes and cancer.

Methods

Study participants

Our study utilized data from NHANES, a program specifically 
designed to evaluate the health and nutritional status of individuals, 
both adults and children, in the United States. The data covered the 
period from 2003 to 2012. Individuals with missing data on urinary 
creatinine (n = 2) or mortality (n = 13) as well as those who were 
diagnosed with cancer (n = 68) were excluded from a pool of adult 
participants with complete records of urinary BPA (n = 8,118). 
Ultimately, a total of 8,035 participants were included in the study. The 
study was approved by the institutional review board of National 
Center of Health Statistics and all participants provided written 
informed consent.

Covariates collection

The method for measuring baseline urinary BPA levels in 
NHANES has been previously described (20). In brief, spot urine 
samples were collected from each participant and promptly transferred 
to specimen containers within 4 hours of collection. The determination 
of urinary BPA levels involved the use of online solid phase extraction, 
advanced liquid chromatography, and tandem mass spectrometry. It’s 
worth noting that the limit of detection (LOD) for urinary BPA levels 
was 0.20 ng/mL. Urinary BPA levels that fell below the LOD were 
recorded as the LOD value divided by the square root of two. 
Creatinine levels were measured using the Jaffe rate reaction assay.

Furthermore, essential participant information through 
questionnaires, which encompassed sociodemographic details and 
lifestyle factors were collected. Sociodemographic variables included 
age, gender, race, and educational level. Race was categorized into four 
groups: Mexican-American, non-Hispanic white, non-Hispanic black, 

and other races. Educational level was divided into three categories: 
college or higher education, high school or equivalent, and less than 
high school. Lifestyle factors encompassed smoking, alcohol 
consumption, and physical activity level. Smoking status was 
determined by whether participants had smoked at least 100 cigarettes 
in their lifetime. Alcohol consumption was assessed based on the daily 
or yearly number of drinks consumed. Physical activity level was 
calculated using total metabolic equivalent of task minutes per week 
and classified into three groups: inactive, moderate, and vigorous. 
Body Mass Index (BMI) was computed by dividing weight (in 
kilograms) by the square of height (in meters). Diabetes was defined 
as a previously diagnosis, fasting glucose levels of ≥7.0 mmol/L, 
glycated hemoglobin levels of ≥6.5%, or the use of antidiabetic 
medication. Participants were also queried about their history of 
congestive heart failure, coronary artery disease, angina, heart attack, 
or stroke, and those who reported such conditions were identified as 
having a history of cardiovascular disease (CVD).

The study outcomes consisted of all-cause mortality and cancer 
mortality. Mortality status of the study participants was determined 
by linking to the National Death Index until 31st December 2015. 
Cancer diagnosis was according to ICD-10 codes C00-C97, which 
specifically identify malignant neoplasms.

Statistical analysis

To account for selection variations, oversampling and adjustments 
for non-responses, the sampling weights common to NHANES data 
were incorporated in our study. To evaluate the variances between 
groups, either Student’s t-test for continuous variables or Chi-square 
tests for categorical variables was used. For the analysis of survival 
rates, univariate analysis was conducted using Kaplan–Meier analysis 
with the Log-rank test. Multivariable survival analysis, on the other 
hand, was performed using Cox proportional hazards analysis. It 
presented the cumulative incidence function of cancer mortality with 
non-cancer mortality as a competing risk. Model 1 was adjusted for 
urinary creatinine, Model 2 was adjusted for urinary creatinine, age, 
gender, and race. Model 3 was additionally adjusted for education 
level, BMI, drinker, smoker, activity, diabetes, and cardiovascular 
diseases (CVD). Restricted cubic splines with knots placed at the 5th, 
50th, and 95th percentiles were used to assess potential nonlinear 
relationships. All statistical analyzes were carried out using R software, 
specifically version 3.6.

Results

The study included a sizable cohort of 8,035 individuals, 
predominantly middle-aged, with a slight majority being male. 
According to Table 1, 137 cases of cancer mortality were documented 
over a 7.5-year follow-up period. The measurement of urinary 
bisphenol A (BPA) levels revealed a median concentration of 2.0 ng/
mL. Notably, individuals who succumbed to cancer during the 
follow-up period tended to be older (p = 0.001), male (p = 0.035), and 
had higher incidences of diabetes (p = 0.001) and cardiovascular 
disease (p < 0.001). These observations underline the importance of 
considering demographic and health-related factors when assessing 
mortality risk.
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Kaplan–Meier analysis indicated significant associations between 
urinary BPA levels and both all-cause mortality and cancer mortality. 
The analysis suggests that lower urinary BPA levels are associated with 
an increased risk of all-cause mortality (log-rank p = 0.01) and cancer 
mortality (log-rank p = 0.007) (Figure 1). However, compared with the 
lowest quartile of BPA, no association of all-cause mortality was 
observed in any quartiles across models, which suggested that BPA 
was not independently associated with all-cause mortality (Table 2).

On the contrary with expectations, the risk of cancer mortality 
was reduced with the increase of BPA levels both in the unadjusted 
model and adjusted models (Table 3). Most importantly, the second 
quartile’s multivariable-adjusted hazards ratio (HR) was 0.51 (95% CI: 
0.30 to 0.86; p = 0.011) compared to the lowest quartile of 
BPA. However, these associations were not consistent across all 
quartiles of BPA levels, indicating a more nonlinear relationship. In 
order to confirm the nonlinear relationship, we used restricted cubic 
splines (Figure  2). We  found that urinary BPA was U-shaped 
associated with cancer mortality (p for nonlinearity = 0.028). This 
suggests that the relationship is not purely linear, but rather exhibits a 
threshold effect. Specifically, lower levels of BPA (below approximately 
1.99 ng/mL) were associated with an increased risk of cancer mortality. 

Beyond this threshold, higher BPA levels appeared to confer 
protection against cancer mortality. This nonlinear relationship 
highlights the complexity of BPA’s impact on health outcomes and 
underscores the need for careful consideration of dose–response 
relationships. Future research should focus on elucidating the 
mechanisms underlying these observed associations and conducting 
longitudinal studies to validate these findings across diverse 
populations and settings.

Discussion

In this study, we found that urinary BPA was U-shaped associated 
with the risk of cancer mortality and a lower level less than 1.99 ng/
mL increasing the risk of cancer mortality. This study provides 
valuable insights into the complex relationship between urinary BPA 
levels and cancer mortality, emphasizing the need for a nuanced 
understanding of dose–response dynamics and the consideration of 
confounding factors in epidemiological research.

BPA is a widely used raw material and is involved in the initiation 
and development of hormone-dependent cancers. A comparable study 

TABLE 1 Characteristics of the study population.

Variable Overall (n =  8,035) Survivors (n =  7,898) Non-survivors (n =  137) p value

Age, years 45.9 (18.7) 45.6 (18.6) 65.4 (14.9) <0.001

Male, % 4,120 (51.3) 4,037 (51.1) 83 (60.6) 0.035

Race, % 0.142

  Non-Hispanic white 3,509 (43.7) 3,447 (43.6) 62 (45.3)

  Non-Hispanic black 1828 (22.8) 1792 (22.7) 36 (26.3)

  Mexican American 1,432 (17.8) 1,405 (17.8) 27 (19.7)

  Others 1,266 (15.8) 1,254 (15.9) 12 (8.8)

Education, % 0.001

  Less than high school 2,156 (26.8) 2,109 (26.7) 52 (38.0)

  High school or equivalent 1904 (23.7) 1864 (23.6) 35 (25.5)

  College or above 3,975 (49.5) 3,925 (49.7) 50 (36.5)

BMI, kg/m2 28.7 (6.9) 28.7 (6.9) 29.0 (7.3) 0.567

Drinker (%) 4,635 (57.7) 4,479 (56.7) 104 (75.9) <0.001

Smoker, % 0.507

  Never 5,567 (69.3) 5,496 (69.6) 89 (65.0)

  Past 459 (5.7) 405 (5.1) 8 (5.8)

  Current 2009 (25.0) 1997 (25.3) 40 (29.2)

Activity, % 0.001

  Inactive 1702 (21.2) 1,695 (21.5) 22 (16.1)

  Moderate 3,362 (41.8) 3,295 (41.7) 79 (57.7)

  Vigorous 2,971 (37.0) 2,908 (36.8) 36 (26.3)

Diabetes, % 1,137 (14.2) 1,104 (14.0) 33 (24.1) 0.001

CVD, % 751 (9.3) 720 (9.1) 31 (22.6) <0.001

Urinary creatinine, mg/dL 117 [68, 175] 117 [68, 175] 105 [62, 173] 0.228

Bisphenol A, ng/mL 2.0 [0.9, 4.0] 2.0 [0.9, 4.0] 1.9 [0.7, 4.3] 0.412

Benzophenone-3, ng/mL 12.2 [3.7, 55.7] 13.2 [4.0, 60.7] 5.35 [1.6, 19.3] <0.001

Triclosan, ng/mL 10.3 [2.5, 57.0] 10.9 [2.7, 58.7] 5.7 [1.6, 30.4] <0.001
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discovered that higher exposure to BPA was independently related with 
an elevated risk of all-cause mortality but with no significant association 
with cancer mortality (19). They divided BPA into tertiles and did not 
explore the nonlinear relationship. A recent study showed that the 
highest tertile of urinary BPA levels corresponded to a 36% increase in 
all-cause mortality and a 62% increase in CVD mortality compared to 
the lowest tertile (21). Different from previous study, we demonstrated a 
U-shaped association between BPA exposure and cancer mortality using 
dose–response analysis and adjusting for more variables. A study also 
found that BPA was not significantly associated with all-cause mortality 
in overall population, but in the obesity, diabetes, and hypertension 
subgroups (22). Variations in the characteristics of the study populations, 
especially comorbidity, may account for the discrepancy.

BPA is an endocrine disruptor with multiple effects. BPA exhibits 
estrogenic properties by binding to estrogen receptors and interfering 
with the regular functioning of the endocrine system (23). Additionally, 
BPA has the potential to influence biological processes, including cell 

signaling, gene expression, and apoptosis, which can contribute to a 
range of health issues affecting the reproductive, immune, metabolic, and 
nervous systems (24, 25). Several studies found a U-shaped association 
between BPA levels and the risk of diabetes (26) and obesity (27). A 
higher level of BPA impacted the production of ROS (6), cancer 
metabolites (28), and tumoral immune microenvironment (29), 
contributing to the migration and invasion of cancer cells. Conversely, a 
lower level may be the reflection of an imbalance of endocrine-related 
pathways. BPA could inhibit DNA replication and cell proliferation in 
tumor cells (30) by modulating cell cycle-and apoptosis-related proteins 
and genes in cancerous cells (31). Therefore, a lower and higher level of 
BPA both influenced the cancer mortality. More studies are warranted to 
explain the dose-repose relationship.

There may be various underlying mechanisms driving the positive 
correlation between BPA and all-cause mortality (Figure 3). Firstly, 
BPA caused endocrine disruption through agonistic or antagonistic 
behavior at various nuclear receptors such as estrogen (ER), androgen 

FIGURE 1

Kaplan–Meier analysis was performed to assess the relationship between urinary BPA levels and both all-cause mortality (A) and cancer mortality (B). 
The X-axis represented months while Y-axis represented survival probability. Strata 1: <0.9; Strata 2: 0.9  ~  1.9; Strata 3: 2.0  ~  4.0; Strata 4: >4.0.

TABLE 2 Adjusted hazard ratios for associations between BPA and all-cause mortality.

Bisphenol A, ng/mL Model 1 Model 2 Model 3

HR p HR p HR p

<0.9 Ref – Ref – Ref –

0.9 ~ 1.9 0.88 [0.71, 1.09] 0.254 0.88 [0.71, 1.09] 0.249 0.88 [0.71, 1.09] 0.246

2.0 ~ 4.0 0.98 [0.78, 1.23] 0.841 1.07 [0.86, 1.34] 0.536 1.07 [0.86, 1.34] 0.530

>4.0 1.11 [0.87, 1.41] 0.394 1.11 [0.88, 1.39] 0.381 1.02 [0.81, 1.28] 0.887

TABLE 3 Adjusted hazard ratios for associations between BPA and cancer mortality.

Bisphenol A, ng/mL Model 1 Model 2 Model 3

HR p HR p HR p

<0.9 Ref – Ref – Ref –

0.9 ~ 1.9 0.44 [0.26, 0.74] 0.002 0.46 [0.27, 0.77] 0.003 0.51 [0.30, 0.86] 0.011

2.0 ~ 4.0 0.66 [0.40, 1.08] 0.099 0.76 [0.47, 1.23] 0.264 0.77 [0.47, 1.26] 0.304

>4.0 0.72 [0.43, 1.22] 0.221 0.79 [0.48, 1.29] 0.342 0.81 [0.48, 1.36] 0.426
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(AR) and glucocorticoid (GR) (32). Besides, BPA exposure resulted in 
a strong induction of oxidative stress and inflammatory response (33, 
34). However, more research is necessary to elucidate the biological 
mechanisms underlying this association.

This study boasts several notable strengths, including its use of a 
nationally representative cohort from the United States and rigorous 
quality control measures. Nonetheless, this study does come with 
certain constraints. To begin with, BPA levels were assessed solely 
through spot urine samples at the baseline, offering no insight into 
long-term BPA exposure or fluctuations in BPA concentrations within 
the body. Lastly, it’s important to note that the generalizability of this 
study could be  limited due to the exclusion of participants with 
incomplete covariate data, potentially introducing selection bias. BPA 
exposure is more related to hormone-associated cancers such as 
breast, prostate and ovarian cancers. However, the number of specific 
cancer type was few in the original database, which need to be verified 
by further large-scale cancer epidemiological investigations.

Conclusion

In conclusion, we found BPA exposure was U-shaped associated 
with the risk of cancer mortality, and a lower level of BPA less than 
1.99 ng/mL was associated with a higher risk of cancer mortality. Our 
results can serve as valuable information for guiding policies related 

to enhanced monitoring of chemical exposures and risk assessment in 
cancer prevention field.
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FIGURE 2

The dose–response analysis was performed to assess the relationship between urinary BPA and all-cause mortality (A) or cancer mortality (B). The 
X-axis represented log-transformed BPA concentrations while Y-axis represented hazard ratio.

FIGURE 3

The pathophysiological mechanisms between BPA and cancer 
mortality. ER, estrogen; AR, androgen; GR, glucocorticoid; ROS, 
reactive oxidative stress.

115

https://doi.org/10.3389/fpubh.2024.1341789
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Yuan et al. 10.3389/fpubh.2024.1341789

Frontiers in Public Health 06 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
 1. Jamal A, Rastkari N, Dehghaniathar R, Nodehi RN, Nasseri S, Kashani H, et al. 

Prenatal urinary concentrations of environmental phenols and birth outcomes in the 
mother-infant pairs of Tehran environment and neurodevelopmental disorders (TEND) 
cohort study. Environ Res. (2020) 184:109331. doi: 10.1016/j.envres.2020.109331

 2. Dekant W, Volkel W. Human exposure to bisphenol a by biomonitoring: methods, 
results and assessment of environmental exposures. Toxicol Appl Pharmacol. (2008) 
228:114–34. doi: 10.1016/j.taap.2007.12.008

 3. Lehmler HJ, Liu B, Gadogbe M, Bao W. Exposure to bisphenol a, bisphenol F, and 
bisphenol S in U.S. adults and children: the National Health and nutrition examination 
survey 2013-2014. ACS Omega. (2018) 3:6523–32. doi: 10.1021/acsomega.8b00824

 4. Stahlhut RW, Welshons WV, Swan SH. Bisphenol a data in NHANES suggest longer 
than expected half-life, substantial nonfood exposure, or both. Environ Health Perspect. 
(2009) 117:784–9. doi: 10.1289/ehp.0800376

 5. Cimmino I, Fiory F, Perruolo G, Miele C, Beguinot F, Formisano P, et al. Potential 
mechanisms of bisphenol a (BPA) contributing to human disease. Int J Mol Sci. (2020) 
21:5761. doi: 10.3390/ijms21165761

 6. Xia T, Guo J, Zhang B, Song C, Zhao Q, Cui B, et al. Bisphenol a promotes the 
progression of Colon Cancer through dual-targeting of NADPH oxidase and 
mitochondrial Electron-transport chain to produce ROS and Activating HIF-1alpha/
VEGF/PI3K/AKT Axis. Front Endocrinol (Lausanne). (2022) 13:933051. doi: 10.3389/
fendo.2022.933051

 7. Hong T, Jiang X, Zou J, Yang J, Zhang H, Mai H, et al. Hepatoprotective effect of 
curcumin against bisphenol A-induced hepatic steatosis via modulating gut microbiota 
dysbiosis and related gut-liver axis activation in CD-1 mice. J Nutr Biochem. (2022) 
109:109103. doi: 10.1016/j.jnutbio.2022.109103

 8. Urbano T, Zagnoli F, Malavolti M, Halldorsson TI, Vinceti M, Filippini T. Dietary 
intake of potentially toxic elements and children’s chemical exposure. Curr. Opin. 
Environ. Sci. Health. (2022) 30:100393. doi: 10.1016/j.coesh.2022.100393

 9. Rochester JR. Bisphenol a and human health: a review of the literature. Reprod 
Toxicol. (2013) 42:132–55. doi: 10.1016/j.reprotox.2013.08.008

 10. Gore AC. Endocrine-disrupting chemicals. JAMA Intern Med. (2016) 176:1705–6. 
doi: 10.1001/jamainternmed.2016.5766

 11. Heindel JJ, Blumberg B, Cave M, Machtinger R, Mantovani A, Mendez MA, et al. 
Metabolism disrupting chemicals and metabolic disorders. Reprod Toxicol. (2017) 
68:3–33. doi: 10.1016/j.reprotox.2016.10.001

 12. DeLuca JA, Allred KF, Menon R, Riordan R, Weeks BR, Jayaraman A, et al. 
Bisphenol-a alters microbiota metabolites derived from aromatic amino acids and 
worsens disease activity during colitis. Exp Biol Med (Maywood). (2018) 243:864–75. 
doi: 10.1177/1535370218782139

 13. Dallio M, Masarone M, Errico S, Gravina AG, Nicolucci C, Di Sarno R, et al. Role 
of bisphenol a as environmental factor in the promotion of non-alcoholic fatty liver 
disease: in vitro and clinical study. Aliment Pharmacol Ther. (2018) 47:826–37. doi: 
10.1111/apt.14499

 14. Liu B, Lehmler HJ, Sun Y, Xu G, Liu Y, Zong G, et al. Bisphenol a substitutes and 
obesity in US adults: analysis of a population-based, cross-sectional study. Lancet Planet 
Health. (2017) 1:e114–22. doi: 10.1016/S2542-5196(17)30049-9

 15. Bae S, Kim JH, Lim YH, Park HY, Hong YC. Associations of bisphenol a exposure 
with heart rate variability and blood pressure. Hypertension. (2012) 60:786–93. doi: 
10.1161/HYPERTENSIONAHA.112.197715

 16. Melzer D, Osborne NJ, Henley WE, Cipelli R, Young A, Money C, et al. Urinary 
bisphenol a concentration and risk of future coronary artery disease in apparently 
healthy men and women. Circulation. (2012) 125:1482–90. doi: 10.1161/
CIRCULATIONAHA.111.069153

 17. Hafezi SA, Abdel-Rahman WM. The endocrine disruptor bisphenol a (BPA) exerts 
a wide range of effects in carcinogenesis and response to therapy. Curr Mol Pharmacol. 
(2019) 12:230–8. doi: 10.2174/1874467212666190306164507

 18. Pellerin E, Caneparo C, Chabaud S, Bolduc S, Pelletier M. Endocrine-disrupting 
effects of bisphenols on urological cancers. Environ Res. (2021) 195:110485. doi: 
10.1016/j.envres.2020.110485

 19. Bao W, Liu B, Rong S, Dai SY, Trasande L, Lehmler HJ. Association between 
bisphenol a exposure and risk of all-cause and cause-specific mortality in US adults. 
JAMA Netw Open. (2020) 3:e2011620. doi: 10.1001/jamanetworkopen.2020.11620

 20. Granic A, Sayer AA, Robinson SM. Dietary patterns, skeletal muscle health, and 
sarcopenia in older adults. Nutrients. (2019) 11:745. doi: 10.3390/nu11040745

 21. Chen YM, Liu ZY, Chen S, Lu XT, Huang ZH, Wusiman M, et al. Mitigating the 
impact of bisphenol a exposure on mortality: is diet the key? A cohort study based on 
NHANES. Ecotoxicol Environ Saf. (2023) 267:115629. doi: 10.1016/j.ecoenv.2023.115629

 22. Chen S, Tao Y, Wang P, Li D, Shen R, Fu G, et al. Association of urinary bisphenol 
a with cardiovascular and all-cause mortality: National Health and nutrition 
examination survey (NHANES) 2003-2016. Environ Sci Pollut Res Int. (2023) 
30:51217–27. doi: 10.1007/s11356-023-25924-7

 23. Wang Z, Liu H, Liu S. Low-dose bisphenol a exposure: a seemingly instigating 
carcinogenic effect on breast Cancer. Adv Sci (Weinh). (2017) 4:1600248. doi: 10.1002/
advs.201600248

 24. Aftabsavad S, Noormohammadi Z, Moini A, Karimipoor M. Effect of bisphenol a 
on alterations of ICAM-1 and HLA-G genes expression and DNA methylation profiles 
in cumulus cells of infertile women with poor response to ovarian stimulation. Sci Rep. 
(2021) 11:9595. doi: 10.1038/s41598-021-87175-1

 25. Thongkorn S, Kanlayaprasit S, Panjabud P, Saeliw T, Jantheang T, Kasitipradit K, 
et al. Sex differences in the effects of prenatal bisphenol a exposure on autism-related 
genes and their relationships with the hippocampus functions. Sci Rep. (2021) 11:1241. 
doi: 10.1038/s41598-020-80390-2

 26. Bi J, Wang F, Wei Y, Zhang Y, Jia C, He J, et al. Association of serum bisphenol a 
levels with incident overweight and obesity risk and the mediating effect of adiponectin. 
Chemosphere. (2022) 308:136287. doi: 10.1016/j.chemosphere.2022.136287

 27. Wang F, Zhang Y, Zhang S, Han X, Wei Y, Guo H, et al. Combined effects of 
bisphenol a and diabetes genetic risk score on incident type 2 diabetes: a nested case-
control study. Environ Pollut. (2022) 307:119581. doi: 10.1016/j.envpol.2022.119581

 28. Hong X, Wang G, Liu X, Wu M, Zhang X, Hua X, et al. Lipidomic biomarkers: 
potential mediators of associations between urinary bisphenol a exposure and colorectal 
cancer. J Hazard Mater. (2022) 427:127863. doi: 10.1016/j.jhazmat.2021.127863

 29. Palacios-Arreola MI, Moreno-Mendoza NA, Nava-Castro KE, Segovia-Mendoza 
M, Perez-Torres A, Garay-Canales CA, et al. The endocrine disruptor compound 
bisphenol-a (BPA) regulates the intra-Tumoral immune microenvironment and 
increases lung metastasis in an experimental model of breast Cancer. Int J Mol Sci. 
(2022) 23:2523. doi: 10.3390/ijms23052523

 30. Kidani T, Yasuda R, Miyawaki J, Oshima Y, Miura H, Masuno H. Bisphenol a 
inhibits cell proliferation and reduces the motile potential of murine LM8 osteosarcoma 
cells. Anticancer Res. (2017) 37:1711–22. doi: 10.21873/anticanres.11503

 31. Mlynarcikova A, Macho L, Fickova M. Bisphenol a alone or in combination with 
estradiol modulates cell cycle-and apoptosis-related proteins and genes in MCF7 cells. 
Endocr Regul. (2013) 47:189–99. doi: 10.4149/endo_2013_04_189

 32. Kodila A, Franko N, Sollner DM. A review on immunomodulatory effects of BPA 
analogues. Arch Toxicol. (2023) 97:1831–46. doi: 10.1007/s00204-023-03519-y

 33. Nagarajan M, Maadurshni GB, Manivannan J. Exposure to low dose of bisphenol 
a (BPA) intensifies kidney oxidative stress, inflammatory factors expression and 
modulates angiotensin II signaling under hypertensive milieu. J Biochem Mol Toxicol. 
(2023) 38:e23533. doi: 10.1002/jbt.23533

 34. Nagarajan M, Maadurshni GB, Manivannan J. Bisphenol a (BPA) exposure 
aggravates hepatic oxidative stress and inflammatory response under hypertensive 
milieu – impact of low dose on hepatocytes and influence of MAPK and ER stress 
pathways. Food Chem Toxicol. (2023) 183:114197. doi: 10.1016/j.fct.2023.114197

116

https://doi.org/10.3389/fpubh.2024.1341789
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/j.envres.2020.109331
https://doi.org/10.1016/j.taap.2007.12.008
https://doi.org/10.1021/acsomega.8b00824
https://doi.org/10.1289/ehp.0800376
https://doi.org/10.3390/ijms21165761
https://doi.org/10.3389/fendo.2022.933051
https://doi.org/10.3389/fendo.2022.933051
https://doi.org/10.1016/j.jnutbio.2022.109103
https://doi.org/10.1016/j.coesh.2022.100393
https://doi.org/10.1016/j.reprotox.2013.08.008
https://doi.org/10.1001/jamainternmed.2016.5766
https://doi.org/10.1016/j.reprotox.2016.10.001
https://doi.org/10.1177/1535370218782139
https://doi.org/10.1111/apt.14499
https://doi.org/10.1016/S2542-5196(17)30049-9
https://doi.org/10.1161/HYPERTENSIONAHA.112.197715
https://doi.org/10.1161/CIRCULATIONAHA.111.069153
https://doi.org/10.1161/CIRCULATIONAHA.111.069153
https://doi.org/10.2174/1874467212666190306164507
https://doi.org/10.1016/j.envres.2020.110485
https://doi.org/10.1001/jamanetworkopen.2020.11620
https://doi.org/10.3390/nu11040745
https://doi.org/10.1016/j.ecoenv.2023.115629
https://doi.org/10.1007/s11356-023-25924-7
https://doi.org/10.1002/advs.201600248
https://doi.org/10.1002/advs.201600248
https://doi.org/10.1038/s41598-021-87175-1
https://doi.org/10.1038/s41598-020-80390-2
https://doi.org/10.1016/j.chemosphere.2022.136287
https://doi.org/10.1016/j.envpol.2022.119581
https://doi.org/10.1016/j.jhazmat.2021.127863
https://doi.org/10.3390/ijms23052523
https://doi.org/10.21873/anticanres.11503
https://doi.org/10.4149/endo_2013_04_189
https://doi.org/10.1007/s00204-023-03519-y
https://doi.org/10.1002/jbt.23533
https://doi.org/10.1016/j.fct.2023.114197


Frontiers in Oncology

OPEN ACCESS

EDITED BY

Chitra Thakur,
Stony Brook University, United States

REVIEWED BY

Ronak Loonawat,
Wuxi Advanced Therapeutics, Inc.,
United States
Priya Wadgaonkar,
City of Hope National Medical Center,
United States

*CORRESPONDENCE

Dylan J. Jester

Dylan.Jester@va.gov

†These authors have contributed equally to
this work

RECEIVED 14 December 2023
ACCEPTED 29 February 2024

PUBLISHED 13 March 2024

CITATION

Jester DJ, Assefa MT, Grewal DK,
Ibrahim-Biangoro AM, Jennings JS and
Adamson MM (2024) Military environmental
exposures and risk of breast cancer in
active-duty personnel and veterans:
a scoping review.
Front. Oncol. 14:1356001.
doi: 10.3389/fonc.2024.1356001

COPYRIGHT

© 2024 Jester, Assefa, Grewal, Ibrahim-
Biangoro, Jennings and Adamson. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 13 March 2024

DOI 10.3389/fonc.2024.1356001
Military environmental exposures
and risk of breast cancer in
active-duty personnel and
veterans: a scoping review
Dylan J. Jester1*, Mehret T. Assefa1, Daya K. Grewal1,2†,
Abou M. Ibrahim-Biangoro1,3†, Jennifer S. Jennings1,4

and Maheen M. Adamson1,5

1Women’s Operational Military Exposure Network Center of Excellence (WOMEN CoE), VA Palo Alto
Health Care System, Palo Alto, CA, United States, 2Department of Psychology, Palo Alto University,
Palo Alto, CA, United States, 3Department of Social and Behavioral Sciences, University of California,
San Francisco, San Francisco, CA, United States, 4War Related Illness and Injury Study Center
(WRIISC), VA Palo Alto Health Care System, Palo Alto, CA, United States, 5Department of
Neurosurgery, Stanford University School of Medicine, Stanford, CA, United States
Background: The effects of military environmental exposures (MEE) such as

volatile organic compounds (VOCs), endocrine-disrupting chemicals (EDCs),

tactile herbicides, airborne hazards and open burn pits (AHOBP), and depleted

uranium on health are salient concerns for service members and Veterans.

However, little work has been done to investigate the relationship between

MEE and risk of breast cancer.

Data sources and methods: We conducted a scoping review on MEE, military

deployment/service, and risk of breast cancer among active-duty service

members and Veterans. PRISMA was used. PubMed, Embase, and citations of

included articles were searched, resulting in 4,364 articles to screen: 28 articles

were included.

Results: Most papers on military deployment and military service found a lower/

equivalent risk of breast cancer when comparing rates to those without deployment

or civilians. Exposure to VOCs due to military occupation or contaminated

groundwater was associated with a slightly higher risk of breast cancer. Exposure

to Agent Orange was not associated with an increased risk of breast cancer.

Evidence regarding EDCs was limited. No paper directly measured exposure to

AHOBP or depleted uranium, but deployments with known exposures to AHOBP or

depleted uranium were associated with an equivalent/lower risk of breast cancer.

Conclusions: Women are the fastest growing population within the military, and

breast cancer poses a unique risk to women Veterans who were affected by MEE

during their service. Unfortunately, the literature on MEE and breast cancer is

mixed and limited, in part due to the Healthy Soldier Paradox and poor

classification of exposure(s).
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Introduction

The number of women Veterans served by the Department of

Veterans Affairs - Veterans Health Administration (VA) more than

quintupled between 2000 and 2021 (159,810 to 870,000+) (1, 2),

while the number of men grew substantially slower over the same

period (2, 3). In 2020, women comprised 19% of all military

branches (2, 4), which highlights an ongoing need for the

expansion of women-specific health services. The 2023 Office of

Women’s Health - State of Reproductive Health governmental

report found that abnormal breast conditions were reported as

one of the top five reproductive and sexual health concerns for

women Veterans aged 45+ (5). As VA projects the resources needed

to care for the expanding women Veteran population, clinical and

educational efforts must consider the unique health concerns faced

by women Veterans.

Breast cancer (BC) is the most prevalent cancer among women,

with around 300,000 cases diagnosed in the United States (U.S.)

annually (6). One out of every eight women will be diagnosed at

least once in their lifetime (6). The incidence rate (IR) of BC peaks

in the 60s and 70s for women and the mortality rate increases

exponentially with age (7), with Black women having the highest

risk of mortality out of all racial and ethnic groups in the U.S. While

the IR of BC has increased over the past two decades, the mortality

rate has lowered substantially following advancements in early

detection and treatment (7). Conversely, less than 1% of all BC

patients are men (8) but BC in men is deadlier than in women (8).

Military men with BC tend to present at a higher stage and with a

larger tumor size than military women with BC, though

demographics or tumor characteristics do not fully explain the

higher rate of mortality in men with BC (9). BC is of great concern

to VA and is a presumptive condition under The Sergeant First

Class Heath Robinson Honoring our Promise to Address

Comprehensive Toxics (PACT) Act of 2022. Presumptive

conditions allow Veterans to receive care for ongoing health

concerns that are of unknown etiology, and can be presumed to

be related to service (10). Cancer of any kind remains an ongoing

concern for Veterans as they age, and especially among Veterans

with military environmental exposures (MEE).

The rates of cancers differ among active-duty personnel and the

general U.S. population (11). Over 800 active-duty personnel

receive a cancer diagnosis yearly, and tumor etiology is often

correlated with service characteristics and MEE (12). These

exposures include, but are not limited to, airborne hazards and

open burn pits (AHOBP), asbestos, biological and chemical warfare

tests, contaminated water, chemical agent resistant coating paint,

embedded substances such as depleted uranium and lead, fuels,

industrial solvents, ionizing radiation, mefloquine for malaria,

nerve agents, noise, pesticides, perfluoroalkyl and polyfluoroalkyl

substances, pyridostigmine bromide pills for sarin gas exposure,

tactile herbicides, and vaccines. Cancer among current and former

military personnel with known MEE persists as a complex health

concern (12–15).

The current literature on MEE and cancer is limited. For

example, the tactile herbicide Agent Orange was linked to an

increased incidence of several cancers, including leukemia and
Frontiers in Oncology 02118
cancers that start in soft tissues (16), and a slightly higher rate of

BC was found among military personnel when compared to

civilians (17). However, higher rates of BC may be tied to

confounding risk factors in military personnel, such as delayed

age of first childbirth or increased use of contraceptives.

Additionally, military personnel often have greater access to

routine screening, resulting in quicker identification of early-stage

BCs (18, 19). In other words, tying BC incidence to MEE rather than

characteristics associated with service (i.e., confounding factors) is a

difficult task.

Combat exposure has increased from 7% to 24% when

comparing pre-1990 to post-1990 women Veterans, suggesting

that MEE concerns may grow among women Veterans in the

coming decades (20). However, few have investigated BC in

association with specific MEE. Therefore, we conducted a scoping

review to determine whether deployment/military service and MEE

affect the risk of BC among active-duty personnel and Veterans.
Methods

Search strategy

Unlike systematic reviews that focus on a specific research

question, scoping reviews ask broad research questions to

characterize and understand a developing and heterogenous area

within the literature (21). Search terms were compiled using

PubMed’s Medical Subject Headings (MeSH) trees and through

consultation with the California War Related Illness and Injury

Study Center (CA WRIISC), the Women’s Operational Military

Exposure Network Center of Excellence (WOMEN CoE) and

Advisory Board, and staff oncologists at VA Palo Alto Health

Care System. Relevant articles were searched for in PubMed and

Embase and terms can be found in the notes of the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA) flowchart (Figure 1). Some articles broadly examined

cancer incidence and did not mention BC in the title or abstract, but

included estimates of BC within the results/tables. Therefore, four

authors (AIB, DJJ, DKG, MTA) screened citations from the

included articles to find these additional manuscripts.
Inclusion criteria

To be included, studies had to: (1) enroll active-duty personnel,

Reservists, or Veterans, (2) measure MEE or military service/

deployment, (3) concern BC risk (i.e., papers on BC mortality

were excluded), and (4) have an English full-text.
Study selection

Covidence software was used to collate and screen the articles.

Four authors (AIB, DJJ, DKG, MTA) screened titles/abstracts and

full-texts and met weekly to resolve disagreements through

discussion. The database search was conducted on June 16,
frontiersin.org
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2023, and resulted in a total of 4,510 articles. After the removal of

1,482 duplicates, 3,028 titles and abstracts were screened and

2,865 were excluded. A total of 163 full-texts were assessed, of

which 11 were included. After screening an additional 1,336

citations from the included articles, 17 were retained for a final

total of 28 articles.
Data extraction

Data extraction was completed by four authors (AIB, DJJ, DKG,

MTA) with each paper receiving at least two checks for accuracy

and included the following headings: author/publication year,

sample characteristics, sample size, exposure, results, warfare era/

service years, and diagnosis years. See Table 1 for the characteristics

of each study.
Results

In total, 28 papers were synthesized. Sample size ranged from 64

to millions. Several military conflicts were included: Malayan

Emergency, Vietnam War, Israel-Lebanon Conflicts, Persian Gulf

War, Kosovo War, Bosnian War, Croatian War of Independence,

and post-9/11 conflicts (Operation Enduring Freedom [OEF],

Operation Iraqi Freedom [OIF], Operation New Dawn [OND]).

More than half of the studies used a case-control or cohort study

design. Several MEE were examined: military service/deployment,

volatile organic compounds (VOCs), endocrine-disrupting
Frontiers in Oncology 03119
chemicals (EDCs), Agent Orange, and ultraviolet B radiation

(Vitamin D synthesis).
Military service/deployment

Twenty-three papers measured BC among military personnel

and those deployed to specific conflicts (17, 22, 23, 25–33, 37–42,

44–48).

Risk compared to civilians & standardized rates
Nine papers compared risk of BC in military personnel

compared to civilians or standardized national rates. Zhu and

colleagues (2009) conducted a cohort study and compared

military and civilian cancer surveillance data. They found a

slightly higher IRR for Black military women 1.37 [1.21, 1.55]

and for White military women 1.19 [1.09, 1.30] when compared to

civilians (17). Katuwal and colleagues (2018) carried out a cohort

study of nearly 7.5 million Nordic women from 1961-2005 and

found roughly 375,000 cases of BC. Military personnel had the

greatest SIR for BC at 1.58 [1.03, 2.32] (29). Storm and colleagues

(2006) followed 460 women military personnel who deployed to the

Balkans and found no significantly increased risk (Standardized

Incidence Ratio [SIR]=1.5 [0.3, 4.3]) (37). Yamane and colleagues

(2006) compared BC IRs among 76,477 U.S. Air Force active-duty

personnel to national IRs, and found the rates to be statistically

equivalent (SIR=0.88 [0.76, 1.01]) (41). Yi (42) included 185,265

male Vietnam Veterans from Korea (n=8 cases), but found a

statistically equivalent rate of BC when compared to the general
FIGURE 1

PRISMA flow chart. MeSH Trees used: Diseases Category ==> Neoplasms ==> Neoplasms by Site ==> Breast Neoplasms. Titles and abstracts were
searched using the terms: (“breast cancer*” OR “breast neoplasm*” OR “breast tumor*” OR “breast metas*” OR “mammary metas*” OR “mammary
cancer*” OR “malignant neoplasm* of the breast*” OR “malignant neoplasm* of breast*” OR “breast malignant neoplasm*” OR “malignant tumor* of
breast*” OR “malignant tumor* of the breast*” OR “breast malignant tumor*” OR “cancer of breast*” OR “cancer of the breast*” OR “mammary
carcinoma*” OR “mammary neoplasm*” OR “breast carcinoma*” OR “mastect*” OR “lumpect*” OR “mammogr*”) AND (Veteran* OR military OR
combat OR deploy* OR undeploy* OR soldier* OR war OR wars OR warzone OR “department of defense” OR DOD OR front-line* OR duty OR
enlist*). Asterisk wildcards were used to find word endings. Terms were left purposefully broad to examine the largest possible selection of the
literature. Prospective or retrospective cohort, case-control, cross-sectional, ecological, or related study designs (e.g., case-cohort) were included.
Case studies, case series, reviews and meta-analyses, book chapters, theses, and dissertations were excluded.
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TABLE 1 Characteristics of the included studies.

Study
Name
(Year)

Sample Char-
acteristics
(Country/
Region)

Sample
Size

Exposure Results
Era/

Service
Years

Diagnosis
Years

Ajene et al.
(2004) (22)

Navy active-duty
personnel
(U.S.)

78 women
Military Service

(Various
Periods)

For women, breast cancer was observed at a rate of 8.5
cases per 100,000 personnel, with a rate of 56.4 cases
per 100,000 personnel seen in the 40+ age group. The
authors state that their rate was much lower than
historical Navy rates (34.1 per 100,000) and
Surveillance, Epidemiology, and End Results (SEER)
rates (143.2 per 100,000), likely due to the younger age
of the sample.

N/A 1998-2000

Armed
Forces
Health
Surveillance
Center
(2013)

Active-duty personnel
(U.S.)

All women
in active

component
of Armed
Forces with
any service

from
2000-2012

Military Service
(Various
Periods)

Between 2000 and 2012, 1,092 women were diagnosed
with breast cancer. The overall crude incidence rate
was 40.6 per 100,000 person-years. The annual
incidence rate was lowest in 2006 at 28.6 per 100,000
person-years and highest in 2001 at 53.6 per 100,000
person-years.
Active-duty women who served in the Air Force
(IRR=2.4), identified as non-Hispanic Black (IRR=2.2),
were older (40+) (IRR=27.1), senior officers (IRR=4.1),
and women serving in healthcare roles (IRR=2.1) or
administrative/supply roles (IRR = 1.6) had an
increased risk of breast cancer.
Women who served in the Marine Corps (reference
group), identified as Hispanic (reference group), were
younger women (<25) (reference group), were junior
enlisted (reference group), and women with “other”
duties (reference group) had a decreased risk of breast
cancer.
Women with combat-specific duties had a marginally
increased risk of breast cancer (IRR = 1.1) when
compared to women with “other” duties.

N/A 2000-2012

Bytnar et al.
(2023) (23)

Active-duty personnel
and civilians

(U.S.)

Several
million

(not stated)

Military Service
(Various
Periods)

No significant increased risk of breast cancer was
found among active-duty personnel compared to the
general population, and this did not differ by race:
White IRR=1.06 [0.98, 1.13]; Black IRR=1.06 [0.96,
1.16] women service members.
When stratified by age, Black (IRR=0.98 [0.86, 1.12])
and White (IRR=0.96 [0.85, 1.07]) women military
service members aged 20-39 had no significant
increased risk of breast cancer when compared to the
general population. However, Black (IRR=1.17 [1.01,
1.34]) and White (IRR=1.15 [1.04, 1.26]) women
military service members aged 40-59 had a statistically
increased risk of breast cancer when compared to the
general population.
Further stratification by cancer stage (local, regional,
and distant) showed only a significant age effect for
local breast cancers (confined to the breast), but not
for regional (extends to the surrounding lymph nodes,
organs, or tissues) or distant cancers (extends to
distant organs or lymph nodes).

N/A 1990-2013

Carran et al.
(2012) (24)

Adult children of
Veterans

(New Zealand)

76 adult
children of

New
Zealand
Veterans

Dibutylphthalate
was applied daily

to soldiers’
clothing as an
acaricide during

the
Malayan

Emergency

Authors found a slightly increased risk of breast cancer
among female adult children of New Zealand Veterans
deployed to Malayasia who were exposed to the
endocrine-disrupting chemical dibutylphthalate.
However, results were based on 3 incident cases.

Malayan
Emergency:
1948-1960

N/A

Gaffey et al.
(2023) (25)

Veterans
(U.S.)

576,601
women,
24.6%

Military Service
(Post-9/

11 conflicts)

Those who deployed in support of OEF/OIF were 23%
[14%, 27%] less likely to receive a breast cancer
diagnosis than women who did not deploy after
adjusting for age, race and ethnicity, marital status,

OEF/OIF 2001-2021
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TABLE 1 Continued

Study
Name
(Year)

Sample Char-
acteristics
(Country/
Region)

Sample
Size

Exposure Results
Era/

Service
Years

Diagnosis
Years

(n=141,935)
deployed

military service connection, smoking status, body mass
index, history of alcohol use disorder, hormonal
contraceptive use, and hormone replacement therapy
use.
IRs were 34 and 44 per 100,000 person-years for OEF/
OIF-deployed Veterans and for those not deployed in
support of OEF/OIF, respectively.

Hansen
et al.
(2012) (26)

Military personnel
(Denmark)

218 cases of
breast
cancer
899 age-
matched
controls

Military night
shift work,

leisure time sun
exposure, and

diurnal
preference

Women with any history of night shift work exhibited
an increased odds of breast cancer (OR: 1.4 [0.9, 2.1])
compared to those who never worked night shifts.
Breast cancer risk increased with longer duration of
night shift work and cumulative number of shifts, but
risk was neutral for those working fewer than three-
night shifts per week.
Women with the highest tertile of cumulative night
shift exposure had an increased odds of breast cancer
(OR=2.3 [1.2, 4.6]).
Women with a morning chronotype preference
(natural inclination to be more active during the
morning) and intense night shifts had the largest risk
(OR=3.9 [1.6, 9.5]). These findings persisted after
adjusting for age, hormone replacement therapy,
number of childbirths, age at menarche, years of
education, sunbathing frequency, and smoking status.

N/A 1990-2003

Hoiberg &
Ernst
(1980) (27)

Navy active-duty
personnel
(U.S.)

364 women
officers and
enlisted
personnel

Military Service
(Various
Periods)

The overall breast cancer incidence rate among women
was 34.1 per 100,000 people, with rates increasing with
age. The highest rate was among women 46+ years old
at 496.3 per 100,000 people.
Rates by Age: 17-25: 1.0, 26-35: 33.0, 36-45: 262.2, 46+:
496.3 per 100,000

1966-1976 1965-1976

Kang et al.
(2000) (28)

Veterans
(U.S.)

6430 women
Veterans:
3,393

Vietnam
War

Veterans
3,038 non-
Vietnam
War

Veterans

Military Service
(Vietnam War)

Breast cancer was reported in 5% of Vietnam Veterans
and 4.1% of non-Vietnam Veterans. The crude and
adjusted odds of developing breast cancer were not
statistically different between the two Veteran groups
(Crude OR=1.22 [0.96, 1.55]; Adjusted OR=1.18 [0.91,
1.51]) controlling for age, race, branch, pay grade,
marital status, nursing occupation, smoking, alcohol
consumption, family history, use of oral contraceptives,
and use of postmenopausal estrogen or progestin use.
Risk of breast cancer increased with age.

Vietnam
War

N/A

Katuwal
et al.
(2018) (29)

Military personnel
and civilians

(Finland, Sweden,
Norway,

Denmark, Iceland)

7.5
million
adults

Military Service
(Various
Periods)

26 cases of breast cancer were reported among military
personnel from four out of the five Nordic countries.
Of the 54 occupational categories, military personnel
had the highest overall risk for breast cancer (SIR: 1.58
[1.03, 2.32]). SIR was also provided by histology
(ductal and lobular breast cancer) and country, with
highest SIR observed for ductal breast cancer
(SIR=1.41 [0.75, 2.42]) and Denmark (SIR=2.14
[0.70, 5.01]).

1961-2005
divided into

three
periods:

1961-1975
1976-1990
1991-2005

1961-2005

Lee et al.
(2023) (30)

Veterans
(Korea)

1,301,331
Korean
Vietnam
War

Veterans

Military Service
(Vietnam War)

A total of 123 new cases of breast cancer were
identified among Korean Vietnam War Veterans. The
breast cancer incidence rate was 5.1 per 100,000
person-years; however, the SIR was not significantly
elevated (SIR=1.05 [0.88, 1.26]).

Vietnam
War

2002-2020

Lee et al.
(2016) (31)

Active-duty personnel
(U.S.)

All
individuals
in active

component
of Armed
Forces with

Military Service
(Post-9/

11 conflicts)

652 cases of breast cancer were observed (IR=31.8 per
100,000).
Active-duty women who identified as non-Hispanic
Black (Risk Ratio [RR]=1.29), were officers (RR=2.73),
had a healthcare occupation within the military
(RR=1.52), and were older (20-24 as reference: 25-29

July 1,
2005-

December
31, 2014

N/A
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TABLE 1 Continued

Study
Name
(Year)

Sample Char-
acteristics
(Country/
Region)

Sample
Size

Exposure Results
Era/

Service
Years

Diagnosis
Years

any service
from

2005-2014

RR=3.29; 30-34 RR=9.65; 35-39 RR=22.32; 40+
RR=59.18) had an increased risk of breast cancer.

Macfarlane
et al.
(2003) (32)

Veterans
(United Kingdom)

51,721 Gulf
War

Veterans
and 50,755
service

personnel

Military Service
(Gulf War)

Non-Gulf War service personnel were matched for age,
sex, rank, service, and level of fitness. A total of 6
occurrences of breast cancer in Gulf War cohort and
10 in the non-Gulf War cohort were identified. Breast
cancer risk did not differ between the cohorts
(IRR=0.59 [0.21, 1.62]). There was no change in the
IRR after adjusting for smoking behavior and
alcohol consumption.

Gulf War 1991-2002

Mahar et al.
(2022) (33)

Military Veterans and
Royal Police Veterans

(Canada)

30,576
Veterans
122,293
matched
general

population

Military Service
(Gulf War &

Post-9/
11 conflicts)

The incidence rate of breast cancer in women Veterans
was 30.01 [18.91, 47.63]) per 100,000 person-years,
compared to the general population (25.06 [19.46,
32.27] per 100,000 person-years (matched on age, sex,
residential geography, and community socioeconomic
status).
Women Veterans had no statistically significant
increased risk of breast cancer when compared to the
general population, before or after adjusting for the
matching variables (Crude HR=1.20 [0.71, 2.03];
Adjusted HR=1.19 [0.70, 2.02]).

Gulf War
and Post 9/
11 conflicts:
April 1,
1990-

December
31, 2018

Baseline health
insurance date

following
military

service – 2019

Mohr et al.
(2013) (34)

Active-duty personnel
(U.S.)

600 incident
cases of
breast
cancer

600 controls

25-
hydroxyvitamin
D (25(OH)D)

In the adjusted models, no statistically significant
relationship was found between serum Vitamin D
levels and odds of breast cancer. Inverse trends were
present among women with a blood draw within 90
days of their breast cancer diagnosis, where women in
the lowest quintile of 25(OH)D had a higher estimated
risk of breast cancer (OR=3.3 [1.6, 7.1]) compared to
women in the highest quintile.
It was not made clear by the authors if Vitamin D
levels were affected by fortified foods or supplements
in the sample.

1994-2009 N/A

Rennix et al.
(2005) (35)

Army active-duty
personnel
(U.S.)

274,596
women
Army

personnel

Volatile Organic
Compounds
(VOCs)

184 cases of invasive breast cancer were identified.
Incidence of breast cancer was significantly elevated in
women ages 17-34 years, especially among Black
women, when compared to general population.
Women in occupations with medium or high potential
exposure to VOCs (e.g., chlorinated hydrocarbons,
aromatics, alcohols, aldehydes, ketones, other solvents
and distillates) had an IRR of 1.48 [1.01, 2.07],
adjusting for race, age at diagnosis, and year of
diagnosis.
Enlisted Black women had higher IRR compared to
enlisted White women (IRR=1.43 [1.01, 2.07]) and IRR
increased with age at diagnosis (IRR=2.17 [1.98, 2.39])
and year of diagnosis (IRR=1.24 [1.11, 1.39]) (I.e.,
more recent time-periods had an increased risk
compared to older time-periods).

Pre-Gulf
War & Gulf

War:
1980-1996

1980-1996

Ruckart
et al.
(2015) (36)

Marines stationed at
Camp Lejeune

(U.S.)

71 male
breast

cancer cases
373 controls

VOC-
contaminated
drinking water

The odds for breast cancer among ever being stationed
at Camp Lejeune was 1.14 [0.65, 1.97]. Adjusted ORs
for high residential cumulative exposures to
tetrachloroethylene, t-1,2 dichloroethylene, and vinyl
chloride were 1.20 [0.16, 5.89], 1.50 [0.30, 6.11], and
1.19 [0.16, 5.89], respectively, with a monotonic
exposure response relationship for PCE only.
Ever being stationed at Camp Lejeune and high
cumulative exposures to VOCs were associated with an
earlier age of onset for male breast cancer, but

Camp
Lejeune
Garrison
Exposure:
1953-1987

2004-2012
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TABLE 1 Continued

Study
Name
(Year)

Sample Char-
acteristics
(Country/
Region)

Sample
Size

Exposure Results
Era/

Service
Years

Diagnosis
Years

confidence intervals were wide due to the small
sample size.

Storm et al.
(2006) (37)

Balkan Veterans
(Denmark)

460 women
Military Service

(Balkan
Conflicts)

Among military women, there were 3 observed cases
and no statistically significant increased risk of breast
cancer (SIR=1.5 [0.3, 4.3]). The authors suggested that
exposure to depleted uranium was a major concern
during these conflicts, though it was not
directly measured.

Balkan war
(January 1,

1992-
December
31, 2001)

1992-2002

Strand et al.
(2014) (38)

Military peacekeepers
(Norway)

268 women
Military

Service (Kosovo)
Of the 2 cancers observed in women, 1 was breast
cancer for a combined SIR of 0.55 [0.07, 1.98].

First Gulf
War and

the
Balkans
conflict

1999-2011

Strand et al.
(2015) (39)

Military peacekeepers
(Norway)

21,582
military

peacekeepers

Military
Service

(Lebanon)

No military peacekeeper was diagnosed with breast
cancer (SIR=0.00 [0.00, 2.07]).

Israel-
Lebanon
war

(1978-1998)

1978-2012

Strand et al.
(2020) (40)

Military peacekeepers
(Norway)

275 women
Military

Service (Kosovo)

Of the 8 cancers observed in women, 3 were cases of
breast cancer (all-site cancer SIR=1.10 [0.47, 2.16]).
There was 1 case of breast cancer observed in men
(SIR=6.00 [0.15, 33.4]).

Bosnian
war/
Balkan
conflict

1999-2016

Yamane
et al.
(2006) (41)

Air Force active-duty
personnel
(U.S.)

76,477
women

Military Service
in the U.S. Air

Force
(Gulf War &

Post-9/
11 conflicts)

Breast cancer was listed as the most frequent cancer
among women in the Air Force (26.7% of all cancers
in women), but service members did not have a
statistically increased risk (SIR=0.88 [0.76, 1.01]).

1989-2002 1989-2002

Yi
(2013) (42)

Veterans
(Korea)

185,265 men
Military Service
(Vietnam War)

There were 8 observed cases of breast cancer, but
service members did not have a statistically increased
risk (SIR=1.37 [0.67, 2.83]).

Vietnam
War

1992-2003

Yi & Ohrr
(2014) (43)

Veterans
(Korea)

180,251
Veterans

Agent Orange

Vietnam-era Veterans exposed to high levels of Agent
Orange did not have an increased risk of breast cancer
(Adjusted HR=0.53 [0.12, 2.26]). The authors did not
specify the number of women Veterans in the study,
though it is presumed to include very few, if any, given
the cohort characteristics from a previous publication
(Yi, 2013) (42).

Vietnam
War

1992-2003

Young et al.
(2010) (44)

Veterans
(U.S.)

621,902 Gulf
War

Veterans
(43,533
women)

Military
Deployment

Compared to non-Gulf War Veterans, Gulf War
Veterans had a statistically equivalent incidence rate of
breast cancer among men (PIR=0.78 [0.39, 1.58]) and
women (PIR=1.01 [0.86, 1.20]). These rates did not
change appreciably when restricting the sample to Gulf
War Army or Gulf War Marine Corps members.

Gulf War 1991-2006

Zhu et al.
(2009) (17)

Active-duty personnel
and civilians

(U.S.)

Several
million

(not stated)

Military Service
(Gulf War &

Post-9/
11 conflicts)

Breast cancer was the most common cancer among
active-duty military women (n=864).
The authors found a slightly higher IRR for Black
military women 1.37 [1.21, 1.55] and for White
military women 1.19 [1.09, 1.30] when compared to
civilians. When examining diagnosis year (1990-1994
to 2000-2004), breast cancer incidence did not
statistically differ for the military population.

Gulf War &
Post-9/

11 conflicts
1990-2004

Zullig et al.
(2012) (45)

Veterans
(U.S.)

4,875,740
Veterans
31,010
incident
cancers

Military Service
(Various
Periods)

Among women Veterans, breast cancer was the most
diagnosed cancer, accounting for 29.5% of all female
cancers. Among men, breast cancer accounted for 0.2%
of all male cancers.

N/A 2007
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population (SIR=1.37 [0.67, 2.83]) (42). Strand and colleagues

(2015) conducted a cohort study of 21,582 Norwegian male

military peacekeepers deployed to Lebanon and zero cases of BC

were observed (SIR=0.00 [0.00, 2.07]) (39). Mahar and colleagues

(2022) published a cohort study of 30,576 Canadian Veterans and

police and 122,293 matched controls. Women Veterans had no

statistically significant increased risk of BC (adjusted HR=1.19

[0.70, 2.02]) (33). Bytnar and colleagues (23) reconducted the

analysis from Zhu et al. (17) using military (n=1,185 cases) and

civilian (n=183,042 cases) cancer surveillance data. Black (IRR=1.06

[0.96, 1.16]) and White (IRR=1.06 [0.98, 1.13]) women military

personnel had no significant increased risk of BC when compared to

the general population (23). Lee and colleagues (2023) compared

250,842 Vietnam-era Korean Veterans (353 women) with 1,050,489

matched Korean civilians (1,695 women) and observed 123 cases of

BC (IR=5.1 [4.2, 6.0]), but found no significantly increased rate

(SIR=1.05 [0.88, 1.26]) (30).

Demographics & work characteristics
Six papers provided estimates that differed by demographic or

work characteristics. Hansen and Lassen (26) studied 218 women

with BC and 899 age-matched controls from a nested cohort study

of 18,551 women Danish military employees. Women with the

highest tertile of cumulative night shift military work exposure had

an increased odds of BC (OR=2.3 [1.2, 4.6]) and women with a

morning chronotype preference (inclination to be more active

during the morning) and intense night shifts had the largest risk

(OR=3.9 [1.6, 9.5]) (26). The Armed Forces Health Surveillance
Frontiers in Oncology 08124
Center (2013) published a cohort study and found that the IR of BC

among active-duty service women was 40.6 per 100,000 from 2000-

2012 (48). Non-Hispanic Black women, older women, senior

officers, and women serving in healthcare or administrative roles

had an increased risk of BC (48), and women with combat-specific

duties had a mildly increased risk. Conversely, women who served

in the U.S. Marine Corps, those who identified as Hispanic, younger

women, junior enlistees, and women with “other” duties had a

decreased risk of BC (48). Lee and colleagues (2016) examined all

U.S. active-duty personnel from 2005-2014, of which 652 cases of

BC were observed (IR=31.8 per 100,000). Active-duty women who

were non-Hispanic Black, officers, healthcare workers, or older had

an increased risk of BC (31). Zullig and colleagues (2012) found no

major differences in BC incident diagnoses among Black, “Other,”

and White Veterans from the 2007 Veterans Affairs Central Cancer

Registry (45). Zullig and colleagues (2017) updated their 2007

analysis (Zullig et al. (45),) with data from 2010, but results did

not change appreciably (46). Zullig and colleagues (2019)

conducted a cross-sectional study of 1,330 incident invasive

cancer cases among women Veterans in 2010; BC was the most

common invasive cancer (30.23%, n=402), but it did not differ by

race (47).

Deployment characteristics
Four papers compared deployment characteristics. Kang and

colleagues (2000) followed 3,392 Vietnam-era deployed women

Veterans (n=170 cases) and 3,038 Vietnam-era women Veterans

who never deployed to Vietnam (n=126). Both the crude (odds ratio
TABLE 1 Continued

Study
Name
(Year)

Sample Char-
acteristics
(Country/
Region)

Sample
Size

Exposure Results
Era/

Service
Years

Diagnosis
Years

Zullig et al.
(2017) (46)

Veterans
(U.S.)

5,894,299
Veterans
46,166
incident
cancers

Military Service
(Various
Periods)

Among women Veterans, breast cancer was 30.23% of
all female cancers. Among men, breast cancer
accounted for 0.17% of all male cancers.
Results did not change appreciably from the Zullig
et al. (45) findings, although breast cancer became a
slightly higher proportion of all cancer cases among
Black (1.26%) and “Other Minority” (1.58%) Veteran
groups when compared to White Veterans (0.96%).
This difference could be explained by the increase of
Asian, Black, Hispanic, and Native/Indigenous women
in the military.

N/A 2010

Zullig et al.
(2019) (47)

Veterans
(U.S.)

1,330
women

diagnosed
with

invasive
cancer

Military Service
(Various
Periods)

Breast cancer was the most diagnosed cancer
(approximately 30%) among women Veterans with an
invasive cancer diagnosis. A total of 402 breast cancer
cases were identified, which did not change appreciably
by race.
Most women Veterans presented with an early stage of
breast cancer (50% Stage 1; 32% Stage 2; 14% Stage 3;
4% Stage 4), unlike women Veterans diagnosed with
lung and bronchus (27% Stage 3; 35% Stage 4) and
colorectal cancers (23% Stage 3; 21% Stage 4).

N/A 2010
APR, Adjusted Proportional Incidence Ratio; HR, Hazard Ratio; IRR, Incidence Rate Ratio; PIR, Proportional Incidence Rate; SIR, Standardized Incidence Ratio; OR, Odds Ratio; OEF, Operation
Enduring Freedom; OIF, Operation Iraqi Freedom; U.S., United States of America; N/A, Not Available.
The sample for which breast cancer outcomes are reported are included in the sample size column of Table 1. For papers that provided outcomes for both men and women, the full sample size
was included. For papers that examined breast cancer exclusively in either men or women, only the corresponding sample size was included (vs the entire sample).
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[OR]=1.22 [0.96, 1.55]) and adjusted ORs (OR=1.18 [0.91, 1.51]

suggested that the odds of developing BC were statistically

equivalent between groups (28). Macfarlane and colleagues (2003)

followed a cohort of 51,721 Gulf War Veterans and 50,755 matched

service personnel and found no increased risk among Veterans that

deployed in support of the Gulf War (IRR=0.59 [0.21, 1.62]) (32).

Young and colleagues (2010) followed 621,902 Gulf War Veterans

and 746,248 non-Gulf War Veteran controls. Gulf War Veterans

had a statistically equivalent IR of BC among men (Proportional IR

[PIR]=0.78 [0.39, 1.58]) and women (PIR= 1.01 [0.86, 1.20]),

respectively (44). Gaffey and colleagues (2023) conducted a

cohort study of 576,601 women Veterans (n=141,935 OEF/OIF-

deployed). Those who deployed in support of OEF/OIF were 23%

[17%, 29%] less likely to be diagnosed with BC (RR=0.77; [0.71,

0.83]) (25).

General incidence rates
Four studies provided general incidence rates without a

comparison group. Hoiberg & Ernst (27) conducted a cohort

study of 364 active-duty Navy women (n=47 cases) and found an

IR by age (overall 34.1 per 100,000) (27). Ajene and colleagues (22)

conducted a cohort study of 78 women Naval personnel and found

a BC IR of 8.53 per 100,000 persons (22). Strand and colleagues

(2014) analyzed 268 Norwegian women military peacekeepers

deployed to Kosovo, and one incident case of BC was observed

(38). Strand and colleagues (2020) reanalyzed their 2014 cohort of

Norwegian military peacekeepers deployed to Kosovo: 275 women

were included and three BC cases were found (40).
Volatile organic compounds & endocrine-
disrupting chemicals

Two papers measured exposure to VOCs. Rennix and

colleagues (2005) conducted a cohort study of 274,596 enlisted

Army women. Exposure to VOCs was tied to job titles, categorized

as none, low, medium, or high (35). None of the top military

occupational specialties were associated with BC risk. However,

history of moderate or high exposure to VOCs was associated with a

48% higher incidence (IRR=1.48 [1.03, 2.12]) (35). Ruckart and

colleagues (2015) led a case-control study of Marines stationed at

the Camp Lejeune garrison who were exposed to contaminated

groundwater (71 cases of male BC, 373 controls). Adjusted ORs for

high residential cumulative exposures to tetrachloroethylene, t-1,2

dichloroethylene, and vinyl chloride were 1.20 [0.16, 5.89], 1.50

[0.30, 6.11], 1.19 [0.16, 5.89], respectively (36). Ever being stationed

at Camp Lejeune and high cumulative exposures to VOCs were

associated with an earlier age at onset for male BC, though it was

not statistically significant (36).

Carran and Shaw (24) conducted a cohort study of 71 Veterans

and 76 female adult children of Veterans. They found an increased risk
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of BC among female adult children of New Zealand Veterans deployed

to Malaya who were exposed to the EDC dibutylphthalate (24).
Tactile herbicides (agent orange)

One paper directly measured exposure to the tactile herbicide,

Agent Orange. Yi & Ohrr (43) mapped each unit’s post location and

tactile area of responsibility to known geographic regions of

chemically treated areas. Korean Vietnam-era Veterans

(n=180,251 with follow-up from 1992-2003) were given an

Exposure Opportunity Index and stratified into categories (high

vs. low) in a cohort study (43). Exposure to high levels of Agent

Orange was not associated with an increased risk of BC (adjusted

HR=0.53 [0.12, 2.26]) (43).
Serum 25-hydroxyvitamin D/ultraviolet B
sunlight exposure

Mohr and colleagues (2013) examined the relationship between

pre-diagnostic serum 25-hydroxyvitamin D (Vitamin D) and risk of

BC among active-duty personnel using a nested case-control study

with 600 incident cases and 600 controls. No statistically significant

relationship was found between serum Vitamin D levels and odds

of BC.

Discussion

This scoping review covered 28 papers on the relationships

between military service, MEE, and BC among active-duty

personnel and Veterans. Unfortunately, evidence is still needed

before conclusive remarks can be made. Most papers on military

service or deployment reported a decreased or statistically equivalent

risk of BC, while a few larger surveillance studies found an increased

risk. When considering the effects of military service and deployment

on risk of BC, individual and environmental risk factors should be

considered (49). If risk factors are not controlled for, findings may be

biased by the Healthy Soldier Paradox (25).

The Healthy Soldier Paradox occurs when healthier personnel are

deployed in support of military operations and sicker personnel are not

deployed or are given different military occupations (50). This form of

sampling bias can lead to inaccurate associations between deployment

and health outcomes, where deployed individuals appear to have a

lower risk of adverse outcomes than non-deployed personnel. Recent

work has called the Healthy Soldier Paradox into question for OEF/

OIF/OND-era Veterans (51), as OEF/OIF/OND-era Veterans have a

higher risk of mortality when compared to the general U.S. population.

However, it may be that healthy solider effects vary by outcome, such

that OEF/OIF/OND-era Veterans may have a higher risk of mortality

but a decreased risk of BC (25). In a study of 31,548 military healthcare
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system users with BC and 63,096 controls with BC, the military

healthcare system users had a significantly lower risk of mortality

(24% [20%, 29%]) (52). This lower mortality risk was found across all

ages, Stages II, III, and IV tumors, and for Black and White patients

(52), suggesting that military personnel may also benefit from an equal-

access healthcare system (18, 19).

Many studies have few years of follow-up, small sample sizes, lack

accurate measurement, and suffer from misclassification bias. Follow-

Up: Epidemiological analyses of cancer require a sufficiently long

follow-up so that cases can occur. Most cases of BC occur in women

aged 50+ (6), and many personnel from post-9/11 conflicts may not

be in this age group yet. Small Sample Size: Women personnel and

Veterans with MEE concerns are still a relatively small group from an

epidemiological perspective. Accurate Measurement of Exposure:

Investigators often rely on participant recall for MEE (leading to

recall bias) and do not consider that most MEE are transient, may

occur more than once, and may occur with varying severity. Accurate

Measurement of Outcome: Measurement of BC has improved in

recent decades due to advances in mammography screening (53) and

modern classification codes (e.g., ICD-10). However, characteristics

of the breast tumor (e.g., T-stage, N-stage, M-stage) and histological

and molecular subtyping are not often explored. Misclassification

Bias: Misclassification bias reflects an issue with categorizing

participants by exposure/outcome status. Without accurately

measuring MEE, participants may be misclassified, leading to null

results (54). For many articles, exposures are generalized to entire

groups, but individual-level data are needed.

Most papers in this review considered military service or military

deployment as an exposure when measuring BC risk in personnel.

Unlike most social and environmental exposures, military service

(yes/no) is not well operationalized and leaves a lot to be desired in

terms of specificity. Characteristics of military service (e.g., military

occupation and job duties, deployment location, rank, military

branch, number of years served, and MEE) should be measured in

future studies, as these factors may improve our detection of the

Healthy Soldier Paradox. Additionally, tying specific military

occupations and job duties to MEE will be crucial for determining

causality, and will inform policy and practice regarding the expansion

of personal protective equipment and environmental toxin passive

monitoring devices in the field.

With these limitations stated, several conclusions may still be

found. Exposure to VOCs appears to impact the downstream risk of

BC among military personnel (35, 36). Specific VOCs’ effects are

largely unknown, but the risk of BC appears stronger among

women than among men, and the mechanism of action may be

through oxidative damage, cytotoxicity, and genotoxicity (55–57).

The effects of EDCs have not been sufficiently studied in military

samples, but they are known to impact risk of BC in civilians (58).

Vitamin D (34, 59, 60) may not be considered an environmental

exposure, but ionizing radiation from the sun would be an

important MEE. Future work should measure UV exposure, heat,

and drought directly. No papers directly assessed the effects of

AHOBP or depleted uranium, but many Veterans who deployed in
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support of Gulf War and OEF/OIF/OND with MEE to AHOBP and

depleted uranium are now at an age where BC is a salient concern

(61). One large study looked at Agent Orange and BC risk and did

not find an association. Unfortunately, no studies were found on

other tactile herbicides (e.g., Agents White, Blue, Purple, Pink,

Green) or pesticides. Many MEE included in this review were not

specific to military populations. VOCs, EDCs, and carcinogenic

airborne hazards are well-known occupational exposures in the

civilian sector. Too little work has been done to understand if the

effects of these generic exposures are moderated by military service.

Finally, it is important to recognize that a greater number of high-

quality articles will be needed to draw significant conclusions that

link MEE and BC, as surveillance cohort studies are insufficient to

draw causal links.
Recommendations

Future studies should: 1) Measure MEE in real time (e.g., dose,

duration, source, route of entry) using ecological momentary

assessment or passive monitoring; 2) Study specific VOCs, EDCs,

and AHOBP; 3) Compare deployed to non-deployed military

personnel and include a group of civilian controls when possible;

4) Recruit a diverse group of women and gender-diverse personnel,

including all military branches, races/ethnicities, ranks,

occupations, and deployment locations; 5) Determine warfare

theater/era effects; 6) Measure BC histological/molecular subtypes;

7) Expand years of follow-up and increase recruitment; and 8)

Explore biological plausibility by tying MEE to specific

carcinogenic pathways.

Findings on MEE and BC are varied, in part due to the Healthy

Soldier Paradox, potential misclassification of exposure(s), and

modest sample sizes. The strongest evidence with reproducible

findings appears to be Veterans’ increased risk of BC after being

exposed to VOCs.
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Purpose: Alcohol consumption increases the risk of breast cancer and promotes

cancer progression. Alcohol exposure could affect both processes of the

mammary carcinogenesis, namely, the cell transformation and onset of

tumorigenesis as well as cancer aggressiveness including metastasis and drug

resistance/recurrence. However, the cellular and molecular mechanisms

underlying alcohol tumor promotion remain unclear. There are four members

of the mammalian p38 mitogen-activated protein kinase (MAPK) family, namely,

p38a, p38b, p38g and p38d. We have previously demonstrated alcohol exposure

selectively activated p38g MAPK in breast cancer cells in vitro and in vivo.

Pirfenidone (PFD), an antifibrotic compound approved for the treatment of

idiopathic pulmonary fibrosis, is also a pharmacological inhibitor of p38g
MAPK. This study aimed to determine whether PFD is useful to inhibit alcohol-

induced promotion of breast cancer.

Methods: Female adolescent (5 weeks) MMTV-Wnt1 mice were exposed to

alcohol with a liquid diet containing 6.7% ethanol. Some mice received

intraperitoneal (IP) injection of PFD (100 mg/kg) every other day. After that, the

effects of alcohol and PFD on mammary tumorigenesis and metastasis

were examined.

Results: Alcohol promoted the progression of mammary tumors in adolescent

MMTV-Wnt1 mice. Treatment of PFD blocked tumor growth and alcohol-

promoted metastasis. It also significantly inhibited alcohol-induced

tumorsphere formation and cancer stem cell (CSC) population.

Conclusion: PFD inhibited mammary tumor growth and alcohol-promoted

metastasis. Since PFD is an FDA-approved drug, the current findings may be

helpful to re-purpose its application in treating aggressive breast cancer and

alcohol-promoted mammary tumor progression.
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Introduction

Both epidemiological and experimental studies indicate that

alcohol consumption increases the risk of breast cancer and

promotes cancer progression (1–6). In addition to the promotion

of the tumorigenesis, alcohol may also enhance the growth of

existing breast tumors and increase the aggressiveness of breast

cancer cells to invade and metastasize (5). However, the cellular and

molecular mechanisms underlying alcohol tumor promotion

remain unclear. We have previously demonstrated that alcohol

exposure selectively activated p38g MAPK without affecting other

p38 MAPK isoforms in breast cancer cells in vitro and in vivo (7–9).

p38gMAPK is a member of p38 MAPK family which contains four

isoforms p38a, p38b, p38g, and p38d. Although p38g MAPK has

been less investigated, it has unique functions particularly in the

regulation of cell cycle progression, mobility, migration/invasion,

cancer stem cells (CSCs), and epithelial-mesenchymal transition

(EMT) (10, 11). The activation and over-expression of p38gMAPK

is associated with malignant tumors (11, 12). We have previously

showed that alcohol activated p38g MAPK, which may lead to

increased CSCs and metastasis of breast cancer cells (7–9).

Therefore, these results suggest that p38g MAPK may play an

important role in alcohol-induced promotion of breast cancers.

Pirfenidone (PFD) is a synthetic pyridone compound that is an

FDA-approved drug for the treatment of idiopathic pulmonary fibrosis

(IPF). IPF is a progressive and fatal lung disease of unknown etiology.

The therapeutic effects of PFD may be mediated by its beneficial

property of anti-TGF-b signaling, anti-inflammation and anti-

oxidative stress (13). PFD has recently been identified as a

pharmacological inhibitor of p38g MAPK (14–16). Since p38g MAPK

plays an important role in the progression of breast cancer and alcohol-

induced promotion of mammary tumor, we hypothesized that the

inhibition of p38g MAPK activation by PFD was able to ameliorate

alcohol-induced promotion of breast cancer. To test this hypothesis, we

used an animal model of spontaneousmammary tumor,MMTV-Wnt1

mice in which alcohol was shown to promote breast cancer (9). Since

adolescent MMTV-Wnt1 mice are more sensitive to alcohol-induced

mammary tumor promotion (9), we used adolescent mice for this

study. Our results indicated PFD effectively inhibited alcohol-induced

promotion of tumorsphere formation, CSC population, tumor growth,

and metastasis. Since PFD is an FDA-approved drug, the current

findings may be helpful to re-purpose its application.
Materials and methods

Breast cancer cell cultures

The cultures of mouse and human breast cancer cells have been

previously described (10, 17). Human breast cancer cells BT474

cells were cultured in full RPMI medium with insulin and 10% fetal

bovine serum (FBS). SKRB3 cells were cultured in IMEM with 10%

FBS. Mice mammary adenocarcinoma cell line E0771 was provided

by Dr. Enrico Mihich (Roswell Park Cancer Institute, Buffalo, NY)

and maintained in DMEM media supplemented with 10% FBS,

penicillin (100 U/ml)/streptomycin (100 U/ml) and 0.25 mg/ml
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amphotericin B at 37°C in a humidified air containing 5% CO2.

Pirfenidone (PFD) was obtained from Selleckchem (S-7701;

Houston, TX). BT474, SKBR3 and E0771 cells were used for this

study because they are aggressive breast cancer cell lines with high

expression of p38gMAPK and suitable for further studies of the role

of p38g MAPK in EMT and CSCs in mouse xenograft models

(10, 17). The concentrations of PFD were selected based on previous

studies showing effectiveness in cell cultures (18, 19).
Animals and treatment

FVB MMTV-Wnt1 [FVB.Cg-Tg (Wnt1)1Hev/J, #002934] mice

were obtained from The Jackson Laboratories (Bar Harbor, ME),

bred, and housed in a climate-controlled animal facility. All

procedures were reviewed and approved by the Institutional

Animal Care and Use Committee (IACUC) of the University of

Kentucky and the University of Iowa. Only female mice were used for

this study. For alcohol exposure, adolescent mice (5 weeks-old) were

assigned into control and alcohol exposure groups. Adolescent mice

were used for this study because our previous study indicated that

adolescent MMTV-Wnt1 mice were more sensitive to alcohol-

induced mammary tumor promotion than adult mice (9). Mice

were exposed to alcohol by feeding with alcohol containing liquid

diet (Cat #: F1258SP, Bio-Serv, Flemington, NJ), while control mice

were feed with isocaloric liquid diet (Cat #: F1259SP, Bio-Serv,

Flemington, NJ) in which maltose was used to substitute

isocalorically for alcohol. The alcohol concentration in the diet

increased as the following: week 1, 2% alcohol; week 2, 4% alcohol;

weeks 3 and on: 6.7% alcohol. Diet was provided ad libitum for the

experimental period. During the experimental period, body weights

of mice were evaluated. No significant body weight difference was

observed among these animals. To monitor tumorigenesis, mice were

examined weekly after the initiation of alcohol exposure. Tumor

development/growth was monitored weekly. Mice with tumors

exceeding 20 mm maximum diameter were euthanized and

evaluated for metastasis. Mice were euthanized by IP injection of

ketamine/xylazine (≥ 160 mg/kg/20 mg/kg). Dissected mammary

tumor tissues or mammary glands were either immediately

dissociated or fixed for the following procedures. To determine the

blood alcohol concentrations (BACs), the blood was collected one

week after feeding with 6.7% alcohol diet. The BACs were determined

using Alcohol Analyzer AM1 (Analox Instruments, MA), and the

mean BACwas around 80 mg/dl. PFD was dissolved in DMSO at 100

mg/ml and intraperitoneal (IP) injected to animals at 100 mg/kg two

days before alcohol exposure. Mice received PFD injection every

other day. The concentration of PFD was selected was based on

previous studies in mice showing the effectiveness in inhibiting tumor

growth (18, 20). The recommended concentration of PFD for the

treatment of IPF in human is 1800 mg/day (21).
Analysis of tumor volume and metastasis

The volume of the tumors was measured as previously

described (22): two perpendicular dimensions of tumors were
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measured with a dial caliper. The volume was calculated based on

the formula: V = 0.5a x b2; a is the longest and b is the shortest

dimension. Tumor metastasis was determined as previously

described (9). Briefly, when tumors reached 20 mm maximum

diameter, mice were sacrificed, and lung tissues were removed and

fixed with 4% paraformaldehyde. The paraffin-embedded lung

tissues were sectioned at a thickness of 5 mm. The Hematoxylin–

Eosin (H&E)-stained sections were examined and photographed

under a microscope.
Dissociation of mouse mammary tumor
cells, determination of CSC population and
tumorsphere formation

Dissociation of mouse mammary tumor cells was performed

using reagents and procedures provided by STEMCELL

Technologies Inc (Cambridge, MA). Briefly, resected mammary

tumors were minced and incubated in collagenase/hyaluronidase-

containing dissociation solution at 37°C for 4 hours. Pellets were

washed with HBSS and Ammonium Chloride solution followed by

incubations with Trypsin and then Dispase. Cells were washed by

HBSS containing 2% FBS and then filtered through a 40 µm cell

strainer. After centrifuging, the single-cell suspensions were

collected for next experiments. The breast cancer stem cells were

identified by aldehyde dehydrogenase (ALDH) activity and Thy1

+/CD24+ as previously described (7, 9, 23). Briefly, dissociated

mouse mammary tumor cells (5x105 cells) were incubated with

ALDEFLUOR assay buffer containing ALDH substrate for 45 min

at 37°C. Some cells were stained under the same condition with a

specific ALDH inhibitor as a negative control. Cells were sorted

using flow cytometry and analyzed using WINMDI software.

ALDEFLUOR-positive cells were considered as the population of

CSCs. Data were presented relative to control groups. For Thy1

+/CD24+ staining, briefly, dissociated mouse mammary tumor cells

were incubated with fluorescent conjugated CD24 or Thy1+

antibodies for 30 min on ice followed by 2 times of wash in PBS.

Cells were then analyzed by flow cytometry. Propidium iodide (PI)

was used to determine the live cells which were subjected to

the analysis.

Tumor sphere formation was determined as previously

described (9). Briefly, dissociated single mammary tumor cell

suspension (1000 cells) from either control or alcohol-fed mice

were plated on ultra-low attachment plates in full Essential 8™

basal medium without further alcohol exposure, and incubated at

37°C and 5% CO2 for 10 days. The ability of tumor cells to form

spheres was determined manually and presented relative to

control groups.
Immunoblotting

Mammary tissues were collected, and proteins were extracted.

Around 30–50 mg of extracted protein was used in immunoblots to

examine the levels of total and phosphorylated p38g MAPK. The

nitrocellulose membranes were first probed with specific primary
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antibodies overnight at 4°C. The generation and usage of primary

phosphospecific antibody against p38g MAPK has been previously

described (7). Anti-p38gMAPK antibody was obtained from R & D

Systems (Cat # AF1347, Minneapolis, MN). Anti-p38a MAPK

antibody (Cat # 9218) and Anti-GAPDH antibody (Cat # 2118)

were obtained from Cell Signaling Technology (Danvers, MA).

Anti-phospho-p38a antibody (Cat # 09-272) was obtained from

Sigma Aldrich (St. Louis, MO). Anti-phospho-p38g antibody was

customized synthesized as previously described (7). After washing

with TBS containing 0.05% Tween-20 three times, the membranes

were incubated with anti-rabbit or anti-mouse secondary antibodies

(horseradish peroxidase-conjugated) for one hour at room

temperature. Protein-specific signals were then detected with

enhanced chemiluminescence substrate (GE Healthcare, Chalfont,

Buckinghamshire, UK) using a Chemi™Doc imaging system (Bio-

Rad 215 Laboratories, Hercules, CA) and then quantified with the

software of Image lab 5.2 (Bio-Rad Laboratories, Hercules, CA).
MTT assay

To examine cell metabolic activity, 3-(4, 5-dimethyl-thiazol-2-

yl)-2, 5-diphenyltetrazolium bromide (MTT) assay was used as

previously described (8). Cells were seeded on 96-well plates at

2x103 cells per well. At times indicated, MTT was added to each well

at the final concentration of 500 µg/ml and incubated at 37°C for 2

hours. After the incubation, media were carefully removed and 100

µl DMSO was added to each well to dissolve the MTT formazan.

Plates were read using the Beckman Coulter DTX 880 Multimode

Detector plate reader (Analytical Instruments, Golden Valley, MN)

at the wavelength of 595 nm.
Statistical analysis

Differences among treatment groups were analyzed using

analysis of variance (ANOVA). Differences in which p was less

than 0.05 were considered statistically significant. In cases where

significant differences were detected, specific post-hoc comparisons

between treatment groups were examined with Student-Newman-

Keuls tests. The prevalence of metastasis between control and

ethanol-treated groups was determined by the Fisher exact test.
Results

PFD inhibits p38g MAPK activation in breast
cancer cells in vitro and in vivo

It was reported that PFD is a pharmacological inhibitor of p38g
MAPK (14–16). We first wanted to determine whether PFD

inhibited p38g MAPK activation in breast cancer cells in vitro

and in vivo. As shown in Figure 1A, PFD effectively decreased the

phosphorylation and the expression of p38g MAPK in cultured

mouse and human breast cancer cells without affecting other p38

MAPK isoform (p38a MAPK). Consistently, PFD inhibited the
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growth of these breast cancer cells (Figure 1B). To test whether PFD

was effective in vivo, we IP injected PFD into adolescent MMTV-

Wnt1 mice. We demonstrated that PFD administration inhibited

alcohol-induced expression and phosphorylation of p38gMAPK in

the mammary tissues of MMTV-Wnt1 mice without affecting p38a
MAPK (Figure 2).
PFD inhibits mammary tumor growth and
alcohol-stimulated metastasis

Our previous studied indicated that p38g MAPK activation

played an important role in alcohol-induced metastasis of breast

cancer (7–9). We sought to determine whether PFD was able to

inhibit alcohol-induced promotion of breast cancer. As shown in

Figure 3A, PFD had little effect on the onset of mammary

tumorigenesis. Alcohol did not significantly enhance the growth

rate of mammary tumors but drastically promoted metastasis in the

lung (Figures 3B, 4). PFD treatment completely abolished the
Frontiers in Oncology 04132
growth of mammary tumors (Figure 3B). Furthermore, PFD

eliminated alcohol-induced metastasis in the lung (Figure 4).
PFD inhibits alcohol-induced increase of
tumorsphere formation and cancer stem
cell population

Tumorsphere formation and CSC population are indicative of

the aggressiveness of breast cancer (10). Our previous studied

suggested that alcohol-induced activation of p38g MAPK may be

involved in regulating tumorsphere formation and CSC population

(7–9). Therefore, we sought to determine whether PFD could

inhibit alcohol-induced formation of tumorspheres and CSCs. As

shown in Figure 5A, PFD indeed blocked alcohol-stimulated

formation of tumorspheres. Using two CSC assays (ALDH

activity and Thy1+/CD24+ population), we showed that PFD

significantly inhibited on alcohol-stimulated CSC population

(Figure 5B). These data are consistent with the findings that PFD
B

A

FIGURE 1

Effects of PFD on the phosphorylation of p38g MAPK and the growth of breast cancer cells in vitro. (A) PFD specifically inhibited p38g MAPK
phosphorylation and expression in cultured breast cell lines. Mouse breast cancer cells (E0771) and human breast cancer cell lines (SKBR3 and
BT474) were treated with PFD at 200 µg/ml in DMSO for three days. The controls received equal amount of DMSO only. Cell lysates were collected
and subjected to immunoblotting (IB) analysis of the phosphorylation of p38g and p38a MAPK (left panel). The expression of phosphorylated p38g
and p38a MAPK was quantified and normalized to the levels of GAPDH, p38g or p38a MAPK, respectively (right panel). * p < 0.05, ** p < 0.01,
*** p < 0.001 or **** p < 0.0001 denotes significant difference from controls. Each data point was the mean± SEM of three independent experiments.
(B) PFD inhibited growth of cultured breast cell lines. E0771, SKBR3 and BT474 cells were treated with PFD at 50, 100 or 200 µg/ml for 3-7 days
(3-7d). The cell viability was determined by MTT assay as described in Materials and Methods. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
denotes significant difference from controls. Each data point was the mean± SEM of three independent experiments.
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can block alcohol-promoted aggressiveness of breast cancer

(Figures 3, 4).
Discussion

We used MMTV-Wnt1 mice to evaluate the effects of PFD on

alcohol-induced tumor promotion. Transgenic expression of Wnt1
Frontiers in Oncology 05133
using a mouse mammary tumor virus LTR enhancer causes

extensive ductal hyperplasia early in life and mammary

adenocarcinomas in approximately 50% of the female transgenic

(MMTV-Wnt1) mice by 6 months of age (24). In this animal model,

metastasis to the lung and proximal lymph nodes is rare at the time

tumors are detected but may occur at the later times (24). In our

study, metastasis to the lung and proximal lymph nodes was rarely

observed in the absence of alcohol exposure. This study was the first
B

C

A

FIGURE 3

Effects of PFD on the onset of tumorigenesis and growth of mammary tumors. (A) Adolescent MMTV-Wnt1 mice were exposed to alcohol through
liquid diet as described above. PFD (100 mg/kg) was delivered by IP injection every other day starting two days before alcohol exposure is initiated.
The mice were monitored weekly for the appearance and growth of mammary tumors. The percentage of tumor-free mice was determined. n = 16
for control group; n = 20 for alcohol-exposed group (EtOH); n = 18 for the PFD; n = 18 for the PFD + EtOH group. (B) Adolescent MMTV-Wnt1
mice were exposed to alcohol and PFD as described above. The tumor volume was measured weekly as described in Materials and Methods. The
average was calculated from tumor bearing mice only. # denote significant difference between control and PFD group; * denote significant
difference between EtOH and EtOH + PFD group, p < 0.05; n = 6 for control group; n = 6 for EtOH group; n = 7 for PFD group; n = 6 for EtOH +
PFD group. (C) Individual data points on tumor volumes are shown.
BA

FIGURE 2

Effects of PFD on alcohol-induced expression and phosphorylation p38g MAPK in mammary tissues of MMTV-Wnt1 mice. Adolescent MMTV-Wnt1
mice (5-weeks-old) were exposed to alcohol through liquid diet as described in Materials and Methods. PFD (100 mg/kg in DMSO) was delivered by
IP injection every other day starting two days before alcohol exposure is initiated. The controls received IP injection of equal amount of DMSO. Mice
were euthanized when tumors reached 20 mm maximum diameter. (A) Mammary tissues were collected and processed for IB analysis of
phosphorylation/expression of p38g and p38a MAPK. (B) The expression of phosphorylated and total p38g and p38a MAPK was quantified and
normalized to the levels of GAPDH, p38g or p38a MAPK, respectively. *denotes significant difference from controls, * p < 0.05, ** p < 0.01, n = 3.
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to determine the effects of PFD, an inhibitor of p38g MAPK, on

alcohol-induced promotion of breast cancer. We demonstrated here

PFD treatment blocked alcohol-promoted tumor growth and

metastasis in adolescent MMTV-Wnt1 mice. It also significantly

inhibited alcohol-induced tumorsphere formation and CSC

population. Thus, PFD may be beneficial in treating aggressive

breast cancer and particularly effective for ameliorating alcohol-

promoted progression of breast cancer. Since PFD is an FDA-

approved drug, our findings have important implication for

repurposing this drug.

Drug repurposing strategy is to identify new clinical

applications of drugs that are already approved for the treatment

of other medical conditions. This innovative process has several

advantages, as it reduces or eliminates the steps associated with

early pharmacological development, such as safety, toxicity,

pharmacokinetic and pharmacodynamic studies, and therefore

significantly reduces the time and costs associated with traditional

new drug discovery/development. PFD, an anti-fibrotic, anti-

inflammatory and antioxidant drug, is approved by the European

Medicines Agency (EMA) and the United States Food and Drug

Administration (FDA) for the treatment of idiopathic pulmonary

fibrosis. It has a wide range of targets due to its ability to diffuse

across membranes and is rapidly absorbed from the gastrointestinal

tract (25). The main action of PFD is considered as an antagonist of

TGF-b signaling. It also has anti-inflammatory effects through
Frontiers in Oncology 06134
suppressing proinflammatory cytokines such as TGF-b, tumor

necrosis factor a (TNF-a), interleukin-1 (IL-1), interleukin-6 (IL-

6), and several other cytokines (13). It was reported that PFD can

attenuate oxidative stress (13). Due to this variety of potential

targets, PFD is a valuable candidate for treating a wide range

of diseases.

PFD has been tested in preclinical models and clinical trials to

treat several cancers including pancreatic cancer, lung cancer,

colorectal cancer, liver cancer, renal cancer and breast cancer, and

the outcomes are promising (26–30). It appears that the anti-cancer

property of PFD involves in different mechanisms. For example, the

anti-colorectal cancer property seems mediated by PFD’s effects on

TGF-b signaling. PFD inhibited TGF-b-induced cell proliferation,

migration, and tumor progression of colorectal cancer (25). PFD

blocked alcohol-stimulated TGF-b signaling and cell migration/

invasion and the epithelial-mesenchymal transition (EMT) in

cultured colorectal cells (31). Similarly, PFD suppressed the

metastasis triple-negative breast cancer by inhibiting TGF-b/
SMAD pathway (20). PFD may inhibit cancers by mechanisms

other than blocking TGF-b signaling. For instance, PFD is reported

to target the tumor microenvironment and tumor-stroma

interaction as a novel treatment for non-small cell lung cancer

(NSCLC) (32). PFD can sensitize NSCLC cells to chemotherapy

(33). PFD promoted miR200 expression to down-regulate ZEB1

and repress the EMT of NSCLC (34, 35). PFD attenuated cell
B

A

FIGURE 4

Effects of PFD on metastasis of breast cancer cells in vivo. Adolescent MMTV-Wnt1 mice were exposed to alcohol and PFD as described above.
When tumor size reached maximal diameter of 20 mm, the mice were euthanized, and the lung metastasis was determined (A). A representative
image of H&E staining of lung metastasis from each group was shown (B). * denote significant difference from other groups, p < 0.05; n = 6 for
control group; n = 10 for EtOH group; n = 7 for PFD group; n = 11 for EtOH + PFD group. The incidence of lung metastases: Control: 1 out of 6;
EtOH: 7 out of 10; PFD: 1 out of 7; EtOH + PFD: 1 out of 11.
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proliferation and promoted apoptosis of hepatocellular carcinoma

cells by Inhibiting Wnt/b-Catenin signaling pathway (27).

p38gMAPK has been shown to regulate cell cycle transition, cell

mobility, metastasis, EMT, CSC population, and tumorigenesis

(10, 36–39). Importantly, p38g MAPK is overexpressed and

implicated in several types of cancers including colorectal cancer,

liver cancer, pancreatic cancer, and breast cancer (16, 37, 40, 41);

increased p38gMAPK expression predicts a poor clinical prognosis

(18, 36). CSCs are a subpopulation of tumor cells capable of self-

renewal and differentiation and involved in tumor initiation,

recurrence, progression, chemoresistance and metastasis (38).

Overexpression of p38g MAPK increases CSCs and tumorspheres

(38), suggesting that p38gMAPK may regulate CSC population and

cancer aggressiveness. Therefore, targeting p38g MAPK signaling

network could be an important strategy for therapeutic intervention

of cancers (39). PFD is identified as a pharmacological inhibitor of

p38g MAPK (14–16). As a result, PFD has been tested for its

therapeutic effects in several cancers associated p38g MAPK

activation, such as colorectal cancer, pancreatic cancer and breast

cancer and demonstrated effective in inhibiting the tumorigenesis
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and progression (16, 18, 40, 42). Our findings that PFD can block

alcohol-induced growth, CSC population, and metastasis of

mammary tumors in mice support the notion that PFD may be

beneficial in treating breast cancer, particularly for those of

aggressive types and in the context of alcohol exposure. These

results may also provide new value for PFD for the treatment of

other alcohol-associate diseases. For example, alcohol is a known

etiological factor for pancreatitis and pancreatic cancer (43). As a

result, PFD may be a candidate drug for treating alcoholic

pancreatitis and associated pancreatic cancer. Indeed, PFD is

effective ameliorating chronic pancreatitis in mice (44), and

inhibiting pancreatic tumorigenesis (16).

Due to the regulatory role of p38g MAPK in tumorigenesis and

progression, development of more specific p38g MAPK inhibitors

other than PFD becomes an important and exciting future research

direction. There are some p38g MAPK inhibitors with varied

efficacy and specificity (39). Recently, some novel p38g MAPK

inhibitors with higher specificity are developed (41, 45). One of

them, CSH71 which targets the lipid-binding-domain (LBD) of

p38gMAPK shows high specificity. CSH71 is selectively cytotoxic to
B

A

FIGURE 5

Effects of PFD on the formation of tumorsphere and cancer stem cell (CSC) population. (A) Adolescent MMTV-Wnt1 mice were exposed to alcohol
and PFD as described above. Mice were euthanized when tumors reached 20 mm maximum diameter, mammary tumor tissues dissected and
assayed for tumorsphere formation as described in Materials and Methods. *denotes significant difference from control group, p < 0.05. # denotes
significant difference from EtOH group, p < 0.05. n = 6 for control group; n = 10 for EtOH group; n = 7 for PFD group; n = 6 for EtOH + PFD group.
(B) Adolescent MMTV-Wnt1 mice were exposed to alcohol and PFD as described above. Mice were euthanized when tumors reached 20 mm
maximum diameter, and mammary tumor tissues dissected, and tumor cells were isolated. The CSC population in tumor cells was determined and
calculated by flow cytometry analysis of Thy1+/CD24+ (top panel) and ALDH ratio (bottom panel) as described in Materials and Methods.
Representative FACS plots of Thy1/CD24 and ALDH staining were shown on the left. * denotes significant difference from controls p < 0.05; #
denotes significant difference from alcohol-treated group, p < 0.05, n = 6 for control group; n = 10 for EtOH group; n = 7 for PFD group; n = 6 for
EtOH + PFD group.
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cutaneous T-cell lymphoma (CTCL) Hut78 cells but spares normal

healthy peripheral blood mononuclear (PBMC) cells (41). These

novel p38g MAPK inhibitors are promising for the treatment of

alcohol-stimulated cancers and other diseases. It is unclear how

alcohol activates p38g MAPK. It has been proposed that the

interaction of several upstream signaling molecules, such as

CD40L and CD40, may result in p38 MAPK activation which

stimulates diverse cytokine profile, transcription factors and

oxidative stress (46). These processes may be involved metastasis

or cancer stemness. Therefore, understanding of these signaling

cascades may be helpful to develop additional targets for the

treatment of alcohol-induced tumor promotion.
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Unraveling the complexities of 
early-onset colorectal cancer: a 
perspective on dietary and 
microbial influences
Axelle Mayode Atchade 1*, Jennie L. Williams 2, 
Linda Mermelstein 2 and Barbara Nemesure 1,2*
1 Stony Brook Medicine, Stony Brook, NY, United States, 2 Cancer Center, Stony Brook Medicine, Stony 
Brook, NY, United States

While advances in screening have resulted in declining rates of colorectal cancer 
(CRC) among adults ≥50  years of age since the mid-2000s, the incidence of 
early-onset CRC (EOCRC) has steadily increased over the last decade. This 
increase is not fully accounted for by hereditary factors, and the hypothesis that 
a sedentary lifestyle and obesity are the primary culprits is not fully supported 
by recent reports indicating that many affected individuals lead active lifestyles, 
maintain normal weight, and are otherwise healthy. Attention has shifted toward 
dietary patterns, notably the consumption of processed and ultra-processed 
foods found in Western diets, which are suspected of disrupting the gut 
microbiome balance that potentially leads to EOCRC. The impact of antibiotic 
use on the gut microbiome is also posited as a contributing factor, given its rising 
prevalence in medical and agricultural practices. We propose that a paradigm 
shift is necessary for EOCRC research, moving beyond metabolic factors to a 
broader exploration of dietary and microbial influences. Future research must 
prioritize understanding the relationship between dietary habits, particularly 
processed food intake, antibiotic exposure, and gut microbiome dynamics, 
to unravel the complex etiology of EOCRC. This will be crucial in developing 
comprehensive preventive strategies to address the increasing incidence of this 
malignancy in younger populations.

KEYWORDS

early onset colorectal cancer, gut microbiome, westernized diet, microbial influence, 
antibiotic use

1 Introduction

Colorectal cancer (CRC) is the third most common cancer diagnosis worldwide and ranks 
second in cancer-related mortality in the United  States (1, 2). Notably, CRC takes on a 
particularly alarming role as the leading cause of death among men under 50 years of age on 
a global scale. Even with advances in screening, a 1–2% annual increase in incidence rates has 
been witnessed among young adults since the mid-1990s, resulting in a shift from 11 to 20% 
of cases occurring in individuals under 55 years from 1995 to 2019 (2, 3).

Genetic mutations such as Lynch Syndrome and Familial Adenomatous Polyposis 
contribute to approximately 1/4 of CRC diagnoses (4–7), but these hereditary syndromes do 
not appear to explain the onset of cancer in the majority of patients under the age of 50 years 
(8, 9). Additionally, there has not been an indication to date that the incidence of these 
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germline mutations has increased over time. While lifestyle factors 
and the obesity epidemic have been proposed as drivers for increases 
in CRC among younger patients (10–12), a striking number of cases 
occur in individuals lacking metabolic syndromes, or those without 
attributable risk factors such as smoking or consumption of alcohol. 
Furthermore, these cases are often diagnosed at advanced stages with 
poor cell differentiation (3, 7, 13). This prompts a cascade of questions 
surrounding the unidentified mechanisms and factors contributing to 
these increased incidence rates in this demographic. Herein, 
we explore the intricate connection between the surge in EOCRC and 
the factors influencing its pathogenesis, such as metabolic syndromes, 
processed foods, antibiotics, and the colonic microbiome.

2 The influence of metabolic 
syndrome

To assess the influence of metabolic factors on CRC, a 
retrospective study was undertaken using data obtained from the 
Stony Brook Cancer Registry, which records demographic, lifestyle, 
clinical, and other factors for all cancer cases (of any type) diagnosed 
at The Stony Brook University Hospital (SBUH). The evaluation 
included more than 900 CRC patients diagnosed at SBUH between 
2010 and 2020 and evaluated factors such as gender, race, age and year 
at diagnosis, marital status, family history of cancer, smoking status 
(current, former, never), and history of alcohol consumption (current, 
former, never). Descriptive statistics stratified by age at diagnosis were 
used to quantify the distribution of all risk factors under evaluation, 
and statistically significant associations were defined as those with 
p-values <0.05. Eleven percent of patients were under the age of 
50 years at the time of diagnosis, and the data indicated that most cases 
were not obese, nor did they have a history of diabetes, hypertension, 
or hyperlipidemia (Table 1). Furthermore, these prevailing metabolic 
factors, often implicated in CRC risk, exhibited a disparate pattern, 
with rates being more than four times lower in CRC cases under 50 
compared to those aged 50 and above.

Similarly, in a study reported by Chen et al., including 253 early-
onset CRC cases, only 3.6 and 5.5% exhibited overweight and obesity, 
respectively, in stark contrast to the 13.4 and 5.6% observed in cases 
aged 50 years and above (4). These findings further dispel the notion 
that obesity in younger patients serves as a primary driver for the 
escalating incidence rates within this demographic. Of additional 
note, these factors are increasing in the population as a whole, thereby 
making it unclear why such metabolic influences would only raise 
incidence among younger patients while rates continue to decline 
among those ≥50 years old who have a larger burden of compromised 
health (12).

Traditional lifestyle factors such as cigarette smoking and alcohol 
consumption also fail to account for the rise in early-onset CRC cases. 
As shown in Table  1, more than half of the cases under 50 years 
reported never consuming alcohol, and 65% never smoked. 
Additionally, the percentage of abstainers among younger patients 
tended to exceed that of their older counterparts. The conventional 
links between these lifestyle behaviors and CRC incidence appear 
elusive in the context of early-onset disease.

In light of these observations, the focus shifts toward the gut 
microbiome as a potential orchestrator of the increasing trend in CRC 
among those under 50 years. Alterations in the microbiota, induced 

by various factors such as environmental exposures, antibiotics, 
sedentary lifestyle, and dietary intake, emerge as plausible 
contributors. Given the significant changes in the American diet over 
the past several decades, as well as findings from a recent worldwide 
systematic review including 12 countries and 5 continents, which 
indicated that increasing CRC risk in younger adults is being driven 
by rising rectal cancers in North America and Australia (14), 
we postulate that dietary shifts may be pivotal in disrupting the gut 
microbiome. These disruptions, in turn, may foster adverse cellular 
changes in the gastrointestinal tract, providing a novel perspective on 
the intricate web of influences contributing to EOCRC incidence. A 
closer inspection of the evolution of dietary consumption patterns in 
the US since the 1900’s may help to elucidate mechanisms responsible 
for noted disruptions in the gut microbiota.

2.1 The dietary shift

During the past century, the American diet has undergone radical 
changes, marked by a notable increase in the consumption of processed 
and ultra-processed foods, including refined carbohydrates, sugar, white 
flour, white rice, and industrial seed/vegetable oils (15, 16). This evolution 
is not merely a shift in dietary preferences but a journey into the 
unknown landscape of the Westernized colonic microbiome that is 
breeding a silent epidemic of EOCRC in young adults. The dietary 
evolution is characterized by a 206% surge in caloric sweeteners and has 
witnessed a staggering 550% increase in the availability of poultry from 

TABLE 1 Characteristics of N  =  909 patients with colorectal cancer 
stratified by age at diagnosis.

Characteristics <50  Years 
(n  =  101)

>  =  50  Years 
(n  =  808)

p-value

Gender, % Male 56.4 54.6 0.75

Race, % 0.55

 Black 8.9 7.3

 White 91.1 92.7

Family Hx Cancer, % 65.5 57.7 0.17

Smoking Status, % <0.01

 Current 21.6 15.7

 Former 13.4 44.7

 Never 65.0 39.6

Alcohol Consumption, % 0.09

 Current 45.3 45.6

 Former 2.1 8.1

 Never 52.6 46.3

Marital Status, % <0.01

 Single 44.4 14.2

 Married 45.5 54.8

 Divorced/Separated 10.1 31.0

Diabetes Hx, % 4.0 18.2 <0.01

Hypertension Hx, % 10.9 49.9 <0.01

Obesity Hx, % 10.9 16.6 0.15

Hyperlipidemia Hx, % 4.0 26.7 <0.01
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1800 to 2019 (15) (Figure 1). The rise of industrial seed oils and vegetable 
shortening, triumphing over traditional animal fats, mirrors a broader 
trend in the infiltration of ultra-processed foods, such as chips, ready-
to-eat meals, pre-packaged snacks, cereals, hot dogs, and energy bars, 
into more than 50% of the American diet.

The story unfolds further in the realm of meat processing, a 
domain increasingly marked by chemical preservatives and alterations 
in saturated fatty acid sources, resulting in colonic inflammation. Meat 
processing methods (i.e., curing, salting, smoking, and canning) result 
in high amounts of saturated fats, trans fats, and cholesterol (16). The 
curing process, for example, results in the release of nitrates and 
nitrites, endogenous N-nitroso compounds (NOCs), (16, 17) further 
cementing the link between dietary choices and CRC. In addition, 
studies show regular red meat consumption which contains heme 
induces toxicity and is a catalyst for epithelial damage, compensatory 
hyperproliferation, and eventual hyperplasia, a precursor to CRC. The 
repercussions extend beyond the immediate realm of meat 
consumption. Cooking methods, particularly at high temperatures, 
transform innocuous meats into carcinogenic agents, releasing 
polycyclic aromatic hydrocarbons (PAHs) and heterocyclic amines 
(HCAs) (16, 17). This toxic union with NOCs triggers mutations in 
pro-inflammatory genes, stimulates DNA damage through alkylation 
(16, 17), and sets the stage for tumorigenesis.

Liang et  al. further cast a spotlight on the Western-style diet, 
reporting a culinary preference among the young compared to older 
individuals residing in Taiwan, who consume a more traditional 
Taiwanese diet (18). This dietary preference emerged as a potent force 
causing genetic or epigenetic alterations leading to microsatellite 
instability, a precursor to CRC (5, 19). Increases in EOCRC were 
primarily driven by distal colon and rectal tumors between 2004 and 
2013 (20), and this trend was highlighted through the study by Zheng 
et al., revealing stronger associations between diet quality and early-onset 
advanced adenomas in the distal colon and rectum compared to the 
proximal colon (20). The intricacies of tumor progression further reveal 
that the proximal CRC is more likely to advance through the serrated 

neoplasia pathway, which contrasts with the majority of distal cancers 
originating from conventional adenomas. These distal cancers bear the 
molecular signatures of APC and TP53 mutations (20).

The molecular composition becomes a key player, as prior 
analyses in older cohorts expose the stronghold of the Western dietary 
pattern on tumors with specific molecular characteristics. These 
characteristics include low MSS or microsatellite instability, non-CpG 
island methylator phenotype, and BRAF/KRAS wild type which are 
representative of the molecular subtype common in EOCRC (20, 21). 
Collectively, the evidence points to a compelling conclusion that diet 
may wield a more potent influence on neoplasia originating from the 
traditional adenoma-carcinoma sequence (20), a stark reminder of the 
intricate interplay between dietary choices and the molecular 
landscape of colorectal cancer. However, while changes in food 
availability and patterns of consumption are believed to yield a 
significant impact on gut health, it is not likely that diet alone is 
responsible for the noted increases in EOCRC incidence. Additional 
factors such as medications, exposures and other potentially negative 
influences require further consideration.

2.2 Colonic microbiota and antibiotics

The colonic microbiota, a complex ecosystem profoundly 
influenced by factors such as diet, toxins, antibiotics, and pathogens, 
emerges as a critical player in the development of CRC. Among these 
factors, enteric pathogens pose the greatest risk of causing microbial 
imbalance, thus initiating or worsening tumorigenesis through 
mechanisms such as chronic inflammation, immune suppression, and 
the production of cancer-promoting metabolites (16). Dietary choices, 
particularly those high in meat and animal fat, have been identified as 
significant contributors to dysbiosis, fueling the production of 
genotoxic hydrogen sulfide (H2S) and the secretion of bile acids, which 
metabolize into carcinogenic secondary bile acids (19, 22). Notably, 
distinctions between low-risk and high-risk CRC populations have 
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emerged, with the latter exhibiting an overabundance of 
proinflammatory bacteria, including Porphyromonas, Fusobacterium, 
Enterococcaceae, and Bacteroides-Prevotella genera, while beneficial 
and short-chain fatty acid-producing bacteria like Faecalibacterium 
prausnitziin, known for its anti-inflammatory properties, are 
diminished (22). Research demonstrates that the gut microbiota’s 
sulfur metabolism, particularly influenced by Western dietary habits, 
plays a direct role in carcinogenesis (23). Notably, H2S exhibits dual 
effects, depending on its origin and concentration. High levels can 
damage the mucosa by disrupting disulfide bonds in the mucus layer, 
allowing luminal bacteria and their byproducts to breach the epithelial 
lining, triggering apoptosis and inflammation (23), especially in 
regions where sulfur-metabolizing bacteria are abundant, such as the 
distal colon. Interestingly, research suggests that low concentrations 
of H2S, both endogenous and from exogenous dietary sources like 
garlic and cruciferous vegetables, can protect and repair the colonic 
epithelium by promoting vasorelaxation, reducing stress, and 
preventing cell death (23).

Additionally, research has shown that in the United States, African 
Americans carry the biggest burden of CRC, and many have 
hypothesized that this could be due to diet-induced changes in the 
microbiome. Indeed, the incidence of colon cancer in rural 
South Africans has been reported to be substantially less than that for 
African Americans (24). O’Keefe et al. compared changes within the 
mucosal membrane of African Americans and rural South Africans 
following a dietary exchange. This was conducted to test the theory 
that Western diets contribute to increased CRC incidence (24). The 
rural South  Africans were provided with a high-fat, low-fiber 
Westernized Diet for two weeks (25), whereas the African Americans 
ate the low-fat, high-fiber African-style diet. Alterations in colonic 
mucosal biomarkers, microbiota (e.g., Fusobacterium nucleatum), and 
metabolome found in the colon of South Africans were linked to 
increased risk of CRC (across all ages) (24, 25). The alternative, a 
decrease in risk factors, was observed for African Americans on the 
South  African-style diet. Taking into account the emergence of 
EOCRC, one could reasonably speculate that exposure to risk factors, 
such as a Western diet high in ultra-processed foods during childhood 
and adolescence, could contribute to increased incidence rates. Since 
a considerable time lapse is required for normal colonic mucosa to 
develop into cancer, significant physiological and metabolic 
disturbances beginning in early life may partially account for the 
rising incidence of sporadic EOCRC (23, 26).

As we examine all age groups, a pattern of decreased microbial 
diversity and dysbiosis emerges as a common denominator in CRC 
risk. Pediatric studies hint at the early-life origins of dysbiosis as the 
setting for EOCRC development, linking it to factors like mode of 
delivery and antibiotic exposure during critical developmental periods 
(26, 27). While causative links between EOCRC and microbiota 
remain elusive, studies establish a positive correlation between the use 
of anti-anaerobic antibiotics and colorectal cancer. The gut 
microbiome, predominantly composed of anaerobes, appears 
susceptible to dysbiosis induced by anti-anaerobic antibiotic 
interventions, potentially fostering an environment conducive to 
colorectal tumor growth. The medical field’s reliance on antibiotics, 
crucial for treating bacterial infections, introduces a paradox. The 
collateral damage inflicted on beneficial short-chain fatty acid-
producing gut bacteria raises concerns about antibiotics’ unintended 
consequences, particularly in the context of EOCRC. In the 1980s, the 
use of broad-spectrum antibiotics in the US tripled due to 

inappropriate prescriptions for ear and upper respiratory tract 
infections in children (6, 13, 27). The historical surge in antibiotic 
prescriptions, especially in pediatric populations, underscores the 
need for judicious antibiotic use to mitigate the risk of dysbiosis and 
its potential contribution to EOCRC. Furthermore, disparities in 
antibiotic prescription rates have indicated that White children 
received more antibiotics than Black children (27, 28), raising the 
question of how race factors into the colonic microbiome. Racial 
disparities in EOCRC incidence rates further complicate the narrative. 
While incidence rates for non-Hispanic Blacks have seen a marginal 
increase, the incidence rates for Hispanics and non-Hispanic Whites 
have surged to 85% within the same time span (4). The role of race and 
antibiotic exposure in shaping the colonic microbiome merits deeper 
exploration to untangle the complex web of contributing factors.

Beyond medicine, the extensive use of antibiotics in agriculture 
poses an additional threat to the gut microbiome. Antibiotics are 
employed in livestock for growth promotion and disease prevention, 
potentially leading to the transfer of antibiotic-resistant bacteria from 
animals to humans (3). The United  States Food and Drug 
Administration (FDA) prohibited the use of antibiotics for growth 
promotion in 2017 and required that medically important antibiotics 
be prescribed by a veterinarian (29). However, these guidelines are 
non-binding and voluntary, and there are loopholes that allow the 
continued use of medically important antibiotics in agriculture. 
The ramifications for public health and nutrition are compounded by 
the conditions of livestock and factory farms. For example, the 
prevalent use of constricted battery cages for laying hens fosters 
unsanitary conditions and disease, both in poultry and potentially in 
their eggs (29). This is particularly disconcerting considering the 
staggering 550% increase in poultry food availability over the last 
century (Figure 1). Pesticides on fresh produce and the presence of 
toxic contaminants in fish-inhabited waters represent additional factors 
contributing to changes in the gut microbiome. Additionally, the 
modern diet, loaded with additives like artificial coloring and 
preservatives, further compounds the issue by influencing the gut 
microbiome. Exogenous factors, including diet and environmental 
exposures, intricately shape microbial diversity, consequently 
impacting metabolism, immune responses, and gene expression (6).

2.3 Discussion

The rising incidence of EOCRC poses a significant and alarming 
public health challenge. While previous research has predominantly 
linked metabolic syndromes to this trend, our investigation unveils a 
more intricate narrative, emphasizing the role of changing dietary 
patterns, particularly in Westernized societies. The traditional focus 
on factors such as obesity, diabetes, and hypertension fail to account 
for over half of EOCRC cases, urging a reevaluation of the multifaceted 
contributors to this growing issue. This realization underscores the 
need for a broader exploration of potential contributors, leading us to 
scrutinize the significant role that dietary patterns and lifestyle 
behaviors play in the context of EOCRC.

One pivotal aspect of this discussion revolves around the profound 
changes in human nutrition witnessed over the past century. The shift 
toward diets rich in meat, fats, oils, and added sugars, coupled with 
reduced consumption of vegetables and whole grains, has created an 
environment conducive to inflammatory processes within the 
intestinal microenvironment (30). While the exact mechanisms 
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remain elusive, the proposed link between inflammatory diets and 
EOCRC highlights the importance of understanding the metabolic 
decomposition of lipids, particularly secondary bile acids and 
hydrogen sulfide (16), as potential instigators of inflammation and 
subsequent damage to the intestinal epithelial barrier.

A notable consequence of dietary transformation is the decline in 
fiber intake, primarily due to increased consumption of refined grains 
and sugars (31, 32). This decline has been associated with an elevated 
risk of colon cancer, emphasizing the critical role of fiber in 
maintaining intestinal health. The statistical evidence of a substantial 
increase in the availability of caloric sweeteners and sugar-sweetened 
beverage consumption further underscores the urgency of addressing 
excessive sugar intake despite some recent declines (22, 30, 32, 33).

The protective potential of a healthy diet, characterized by a high 
intake of fruits, vegetables, legumes, whole grains, and low-fat dairy 
(22), is underscored by epidemiological studies revealing an inverse 
relationship between colorectal adenomas and carcinomas and fiber 
intake (34). Encouragingly, these findings suggest that increased fiber 
intake during childhood and adolescence may serve as a protective 
measure against EOCRC.

The evaluation of the surge in EOCRC consistently points to 
changes in Westernized dietary patterns in the United  States as a 
significant contributor. These dietary alterations, in turn, impact the 
colonic microbiome, adding a layer of complexity to our 
understanding of EOCRC etiology. Importantly, these changes in the 
microbiome persist even in the absence of traditional metabolic 
syndromes. Such findings warrant further research into the intricate 
relationships between diet, gut microbiota, and initiation of cancer 
(16). A shift in focus from traditional metabolic factors to dietary 
patterns, coupled with efforts to regulate processed foods and promote 
judicious antibiotic use, is crucial. This includes targeted interventions 
and therapies aimed at inhibiting incidences of EOCRC. Public health 
campaigns and collaborative efforts among researchers, healthcare 
professionals, policymakers, and the public are imperative to reverse 
this trend and improve gastrointestinal health in younger generations. 
As we advance in our understanding of these relationships, we pave 
the way for informed strategies that can effectively mitigate the risk of 
EOCRC and promote better overall gastrointestinal health.
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The relationship between caffeine 
consumption and colon cancer 
prevalence in a nationally 
representative population
Yuhua Qu 1†, Yulu Cheng 2† and Fengming Chen 1*
1 Department of Anorectology, Hospital of Chengdu University of Traditional Chinese Medicine, 
Chengdu, China, 2 Department of Disinfection Supply Center, Hospital of Chengdu University of 
Traditional Chinese Medicine, Chengdu, China

Aims: This study examines the correlation between caffeine consumption and 
the prevalence of colon cancer.

Methods: Utilizing data from the National Health and Nutrition Examination 
Survey (NHANES) for the years 2001 to 2014, we  applied weighted logistic 
regression to evaluate the association between caffeine consumption and the 
prevalence of colon cancer. This analysis accounted for variables including 
age, gender, race, education, poverty income ratio, smoking status, alcohol 
consumption, and diabetes. The findings were expressed as weighted odds 
ratios (ORs) with accompanying 95% confidence intervals (CIs). The restricted 
cubic spline analysis was performed to exam the dose-dependent relationship.

Results: The study included 27,637 participants, of which 144 were diagnosed 
with colon cancer and 27,493 served as controls. Individuals in the highest 
quartile (Q4) of caffeine consumption (Q4) displayed a significantly increased 
risk of colon cancer compared to those in the lowest quartile (Q1), with a 
weighted OR of 2.00 (95% CI: 1.11–3.59; p =  0.022). Additionally, restricted cubic 
spline analysis indicated a significant correlation between higher caffeine intake 
and increased colon cancer risk, with an overall association p-value of 0.007.

Conclusion: These findings suggest a potential relationship between higher 
levels of caffeine consumption and an increased risk of colon cancer. The 
dose–response relationship suggests a notable correlation at higher caffeine 
intake levels. Further investigations are warranted to confirm these results and 
elucidate potential underlying mechanisms.

KEYWORDS

caffeine intake, colon cancer, dose–response relationship, restricted cubic spline, 
NHANES

1 Introduction

Coffee is one of the most commonly consumed beverages worldwide, with an estimated 
yearly trade of more than 10 billion dollars (1). Its global popularity stems from its distinctive 
flavor and stimulating properties, making it a staple in the daily routines of billions (2). On 
average, an American adult consumes about 1.5 standard cups of coffee daily, making caffeine 
a major component of their daily intake (3). Coffee contains a variety of bioactive compounds 
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linked to several health conditions, including diabetes (4), 
cardiovascular disease (5), cancer (6), and so on. These compounds 
include caffeine, chlorogenic acids, and various minerals, all of which 
can significantly impact human health (7). Among the many biological 
compounds, caffeine, chemically known as 1,3,7-trimethylxanthine, 
mirrors the molecular structure of adenosine, enabling it to block 
adenosine receptors and inhibit its effects (8). Notably, caffeine has 
been shown to exhibit antioxidant and anti-inflammatory properties, 
modulate the gut microbiome, and alter drug/nutrient metabolism 
(9). Therefore, the potential health impacts of caffeine consumption 
have become a focal point of extensive research.

Colon cancer, also referred to as colorectal cancer, is a malignancy 
originating in the colon or rectum. As the third most common cancer, 
colon cancer has become the second leading cause of cancer-related 
deaths worldwide, posing a significant public health concern (10). The 
causes of colon cancer are multifactorial, with lifestyle factors playing 
a significant role in its onset and progression (11). The impact of 
caffeine intake on the risk of digestive tract cancers has been 
extensively studied, yet the findings remain inconsistent. Some 
research indicates a protective effect of caffeine, suggesting it may 
lower the risk of certain digestive tract cancers (12, 13), while other 
studies have found no significant relationship (14–16). The disparity 
underscores the need for further research to clarify the role of caffeine 
consumption in the development of colon cancer.

Given the widespread consumption of coffee and caffeine among 
U.S. adults, this study investigates the potential association between 
caffeine intake and the prevalence of colon cancer in US population. 
We analyzed data from large-scale, population-based surveys, taking 
into account numerous potential confounding factors. Our findings 
aim to enrich the existing body of knowledge regarding the health 
effects of caffeine consumption and may have significant implications 
for public health recommendations and prevention strategies for 
colon cancer.

2 Methods

2.1 Study population

The National Health and Nutrition Examination Survey 
(NHANES) is a large, nationally representative, cross-sectional survey 
conducted by the Centers for Disease Control and Prevention in the 
United States (17). NHANES is designed to investigate the health and 
nutritional status of the non-institutionalized US population via 
interviews, questionnaires, physical examinations, and laboratory 
tests. The survey protocol, including study design and data collection 
procedures, is approved by the National Center for Health Statistics 
Ethics Review Board, and all the participants provided the written 
informed consent. The data were accessed for research purposes on 
02/04/2023.

NHANES has provided nationally representative samples to explore 
the association between caffeine intake and colon cancer. Our study used 
data from seven consecutive NHANES two-year cycles, spanning from 
2001 to 2014. These cycles were selected to ensure a sufficient sample size 
and to allow for the analysis of trends over time. The NHANES survey 
employs a complex, multistage probability sampling design, ensuring the 
representation of various demographic groups, including age, sex, race/
ethnicity, and socioeconomic status. The inclusion criteria for our study 

population were adults aged ≥20 and < 80, and individuals with missing 
data on mobile examination center collected caffeine consumption or 
cancer status were excluded to reduce potential bias in the analysis. 
According to the inclusion and exclusion criteria, the final study 
population comprised a total of 27,637 participants. The NHANES 
sampling weights were utilized for the survey design to guarantee the 
nationally representative estimate for the US population.

2.2 The identification of colon cancer

To identify participants with a history of colon cancer, we relied 
on self-reported medical data from questionnaires. In the continuous 
NHANES questionnaire survey, participants answered the following 
two questions: ‘Have you  ever been told by a doctor or health 
professional that you have colon cancer?’, and ‘Have you ever been told 
by a doctor or health professional that you have rectum cancer?’. A 
positive response to any of these questions indicated a self-reported 
history of colon cancer. To minimize the potential misclassification 
bias, we considered participants to have a history of colon cancer only 
when they reported a positive diagnosis for colon or rectum cancer.

2.3 Caffeine intake assessment

Caffeine intake in our study was assessed using the Dietary 
Interview – Total Nutrient Intakes data from the NHANES survey. The 
dietary intake information was obtained through in-person 24-h 
dietary recall interviews, conducted by trained interviewers based on 
the United States Department of Agriculture’s (USDA) Automated 
Multiple-Pass Method. This method is designed to ensure the accuracy 
of self-reported dietary intake by guiding respondents through a 
structured, detailed interview process. To estimate caffeine intake, the 
reported food and beverage consumption data were linked to the 
USDA Food and Nutrient Database for Dietary Studies (FNDDS). The 
FNDDS provides detailed information on the nutrient content of 
various food items, including caffeine levels. The daily caffeine intake 
for each participant was calculated by summing up the caffeine content 
of all consumed food and beverages during the 24-h recall period.

We utilized only the First Day Dietary Interview data to estimate 
caffeine intake. The First Day Dietary Interview was performed in a 
mobile examination center, where participants were interviewed in a 
controlled environment (18). This approach ensures consistency and 
accuracy in the data collection process. The decision to use only the 
first day of dietary recall was based on the assumption that it provides 
a reliable snapshot of the participants’ habitual caffeine consumption 
while minimizing the potential for recall bias.

2.4 Covariates

In this study, we adjusted for several potential confounding factors 
that could influence the association between caffeine intake and the 
prevalence of colon cancer. The covariates included in our analyses 
were age (continuous), gender (male or female), race/ethnicity 
(categories), education level (categories), poverty income ratio 
(categories), smoking status (never smokers, former smokers, and 
current smokers) (19), alcohol consumption (yes/no), and diabetes 
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(yes/borderline/no). These covariates were incorporated into the 
statistical models to account for their potential effects on the 
relationship between caffeine intake and the prevalence of colon cancer. 
Education level is often used as a proxy for socioeconomic status and 
may be associated with cancer risk through various mechanisms, such 
as health behaviors and access to healthcare. We categorized education 
into three groups: low high school, high school, and above high school. 
Poverty income ratio is a measure of socioeconomic status based on 
the ratio of family income to the poverty threshold. It is a continuous 
variable that may be associated with cancer risk through factors such 
as access to healthcare, health behaviors, and environmental exposures. 
Poverty income ratio was categorized into three levels, including <1.33, 
1.33 ~ 3.5, and ≥ 3.5. In this study, participants who consuming at least 
12 alcohol drinks a year were defined as drinkers (20).

2.5 Statistical analysis

This study used the sample weight (WTDRD1/7) to account for 
the complex survey design considering stratification, clustering, and 
oversampling. The sample weight was divided by 7 to adjust for the 
use of seven consecutive two-year cycles from 2001 to 2014, ensuring 
that the results are representative of the US adult population. To 
compare the demographic, lifestyle, and dietary characteristics 
between cancer patients and controls, we  conducted descriptive 
analyses. Continuous variables were presented as weighted means ± 
standard errors, while categorical variables were presented as weighted 
proportions. We performed weighted t-test for continuous variables 
and weighted chi-square test for categorical variables to determine the 
differences between the groups.

To investigate the association between caffeine intake and the 
prevalence of colon cancer, we utilized weighted logistic regression 
controlling for various potential confounders. Three distinct models 
were employed: Model 1 is the unadjusted model; Model 2 is adjusted 
for age, gender, and race; and Model 3 is the fully adjusted model, 
which includes adjustments for age, gender, race, education, poverty 
income ratio levels, smoking, drinking, and diabetes. The caffeine 
intake was first analyzed as a continuous variable. It was subsequently 
categorized into quartiles of intake for further analysis, with the 
groups defined as: ≤13 mg, 13 ~ 97 mg, 97 ~ 213 mg, and > 213 mg. The 
results were presented as weighted odds ratio (OR) with corresponding 
95% confidence interval (CI). Additionally, we employed restricted 
cubic spline regression with four knots to further investigate the dose–
response relationship between caffeine intake and colon cancer.

All statistical analyses were performed based on R software, and 
p < 0.05 was considered statistically significant.

3 Results

3.1 Participant characteristics by cancer 
status

27,637 participants were enrolled in the study, with 144 individuals 
in the colon cancer group and 27,493 individuals in the control group. 
The baseline characteristics by cancer status are shown in Table 1. The 
average age of the cancer group was significantly higher than that of 
the control group (64.67 ± 1.17 vs. 45.44 ± 0.24, p < 0.001). Caffeine 

intake was also significantly different between the two groups, with the 
cancer group having higher mean caffeine intake (241.51 ± 18.96 mg) 
compared to the control group (183.08 ± 3.45 mg, p < 0.001).

There was no significant difference in gender distribution 
(p = 0.86), with males representing 52.5% of the cancer group and 
48.5% of the control group. The racial composition of the groups was 
significantly different (p < 0.001). Education levels (p = 0.29) and PIR 
levels showed no significant differences between the groups (p = 0.79). 
However, no significant difference was observed in alcohol 
consumption (p = 0.07), with 18.3% of the cancer group and 11.5% of 
the control group reporting alcohol consumption.

3.2 Weighted logistic regression analysis on 
the association between caffeine intake 
and colon cancer

Table  2 presents the weighted logistic regression analysis 
examining the association between caffeine intake and colon cancer. 

TABLE 1 Characteristics of the study population.

Cancer group Control 
group

p

Sample size 144 27,493

Age (years) 64.67 ± 1.17 45.44 ± 0.24 <0.001

Caffeine intake 

(mg)
241.51 ± 18.96 183.08 ± 3.45 <0.001

Gender (male, %) 52.5 48.5 0.86

Race (%) <0.001

  Mexican 

American
1.4 8.6

  Non-Hispanic 

Black
9.5 11.6

  Non-Hispanic 

White
86.0 68.5

  Other Hispanic 1.7 4.8

  Other races 1.4 6.5

Education (%) 0.29

  Below high 

school
17.9 16.9

  High school 20.7 23.6

  Above high 

school
61.5 59.5

PIR levels (%) 0.79

  < 1.33 24.2 21.3

  1.33 ~ 3.5 30.7 32.2

  ≥ 3.5 45.1 46.5

Smoking (%) <0.001

  Current smoker 15.0 23.3

  Former smoker 49.2 22.8

  Never smoker 35.8 53.9

Drinking (yes, %) 18.3 11.5 0.07

PIR, Poverty income ratio.
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In Model 1, which was not adjusted for any covariates, the OR for 
colon cancer per 50 mg increase in caffeine intake was 1.04 (95% CI: 
1.02–1.05, p < 0.001), indicating a significant positive association 
between caffeine intake and colon cancer risk.

In Model 2, which was adjusted for age, gender, and race, the 
OR for colon cancer per 50 mg increase in caffeine intake 
remained significant at 1.04 (95% CI: 1.02–1.06, p < 0.001). The 
analysis of caffeine intake by categories revealed a significantly 
lower risk of colon cancer in the second quartile (Q2) compared 
with the first quartile (Q1) as the reference group (OR: 0.46, 95% 
CI: 0.23–0.92, p = 0.028). The risk of colon cancer in the third 
quartile (Q3) was not statistically significant compared to the 
reference group (OR: 0.67, 95% CI: 0.35–1.29, p = 0.224). However, 
the fourth quartile (Q4) showed a significantly higher risk of 
colon cancer compared to the reference group (OR: 1.97, 95% CI: 
1.14–3.42, p = 0.016).

In Model 3, which was further adjusted for education, poverty 
income ratio levels, smoking, drinking, and diabetes, the OR for colon 
cancer per 50 mg increase in caffeine intake remained significant at 
1.04 (95% CI: 1.02–1.06, p < 0.001). The risk of colon cancer in Q2 was 
significantly lower compared to the reference group (OR: 0.48, 95% 
CI: 0.24–0.96, p = 0.039), while the risk in Q3 was not statistically 
significant (OR: 0.67, 95% CI: 0.35–1.30, p = 0.235). The risk of colon 
cancer in Q4 was significantly higher compared to the reference group 
(OR: 2.00, 95% CI: 1.11–3.59, p = 0.022).

3.3 Dose–response association analysis

To explore the dose–response association between caffeine 
intake and the risk of colon cancer, we conducted the restricted 
cubic spline analysis based on logistic regression. The caffeine 
intake of 0 mg was set as the reference. As shown in Figure 1, the 
results reveal a non-significant association between caffeine 
intake and the risk of colon cancer at low levels. However, at 
higher levels of caffeine intake, a significant association was 
observed. The overall p-value for the association was 0.007, 
indicating a statistically significant relationship between caffeine 
intake and the risk of colon cancer. This indicates that the dose–
response relationship between caffeine intake and the risk of colon 
cancer is predominantly driven by the association observed at 
higher levels of caffeine intake.

4 Discussion

This study explored the association between caffeine intake and 
the prevalence of colon cancer utilizing data from the NHANES 
survey from 2001 to 2014. Our findings indicated a significant 
association between higher caffeine intake and an increased risk of 
colon cancer. This association remained significant adjusting for age, 
gender, race, education, poverty income ratio levels, smoking, 
drinking, and diabetes. Additionally, we observed a reduced risk of 
colon cancer at low levels of caffeine intake, suggesting that the 
relationship may be  influenced by varying consumption levels. 
Moreover, our dose–response analysis using restricted cubic spline 
regression revealed the trend in the relationship between caffeine 
intake and colon cancer risk, with a significant association observed 
at higher levels of caffeine intake. These findings enhanced the 
understanding of the relationship between caffeine intake and colon 
cancer risk and provided valuable insights that could guide public 
health recommendations and risk assessment strategies.

Research on the association between coffee consumption and 
colon cancer risk has yielded conflicting results. A meta-analysis 
encompassing 26 prospective studies with a collective total of 
3,308,028 subjects, revealed a protective effect of coffee against 
colorectal cancer in the U.S. population, with a risk ratio of 0.83 (95% 
CI: 0.72–0.95). However, this analysis found no significant association 
between coffee intake and rectal cancer (16). Caroline et  al. (21) 
investigated the association between coffee intake and the risk of 
colorectal cancer in older US adults, encompassing 47,010 men and 
60,051 women aged 47–96 years without prior cancer diagnosis. Their 
findings indicated that consuming ≥2 cups of decaffeinated coffee a 
day was associated with a decreased risk of colorectal cancer (hazard 
ratio = 0.82, 95% CI = 0.69 ~ 0.96), colon cancer (hazard ratio = 0.82, 
95% CI = 0.69 ~ 0.99), and rectal cancer (hazard ratio = 0.63, 95% CI: 
0.40 ~ 0.99) compared to caffeinated coffee. Giovannucci’s meta-
analysis, which combined data from 12 case–control studies and 5 
cohort studies, demonstrated an inverse relationship, with a pooled 
relative risk of 0.72 (95% CI: 0.61–0.84) (22). Similarly, the NIH-AARP 
Diet and Health Study revealed a significant decrease in colon cancer 
risk among individuals consuming 4/5 cups (HR: 0.85; 95% CI: 0.75–
0.96) and ≥ 6 cups (HR: 0.74; 95% CI: 0.61–0.89) of coffee daily (23). 
Based on 5,145 cases and 4,097 controls from the MECC study, Schmit 
et al. (24), found that coffee consumption reduced the risk of colorectal 
cancer by 26%. The HERPACC-I and II studies further supported 

TABLE 2 Weighted association between caffeine intake and colon cancer based on logistic regression.

Model 1 p Model 2 P Model 3 p

OR (95% CI) OR (95% CI) OR (95% CI)

Caffeine (Per 50 mg) 1.04 (1.02, 1.05) <0.001 1.04 (1.02, 1.06) <0.001 1.04 (1.02, 1.06) <0.001

Caffeine (Categories)

Q1 Reference Reference Reference

Q2 0.41 (0.21, 0.83) 0.013 0.46 (0.23, 0.92) 0.028 0.48 (0.24, 0.96) 0.039

Q3 0.71 (0.37, 1.37) 0.307 0.67 (0.35, 1.29) 0.224 0.67 (0.35, 1.30) 0.235

Q4 2.09 (1.21, 3.60) 0.009 1.97 (1.14, 3.42) 0.016 2.00 (1.11, 3.59) 0.022

Model 1 adjusted for no covariates. Model 2 adjusted for age, gender, and race. Model 3 adjusted for age, gender, race, education, poverty income ratio levels, smoking, drinking, and diabetes.
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these findings, showing that consuming three or more cups of coffee 
daily was associated with a reduced risk of colon cancer (OR: 0.78; 
95% CI: 0.65–0.92) in Asian populations (25).

In contrast, a pooled analysis of 13 prospective cohort studies 
indicated that consumption of more than 1,400 g of coffee daily did 
not increase colon cancer risk (RR: 1.07; 95% CI: 0.89–1.30) (26). 
Furthermore, data from the Nurses’ Health Study and the Health 
Professionals’ Follow-up Study showed no significant association 
between caffeinated coffee consumption and the risk of colon or rectal 
cancer (pooled HR: 0.99; 95% CI: 0.96–1.03) (27). A meta-analysis of 
12 additional cohort studies also found no significant impact of coffee 
consumption on colorectal cancer risk (28). These studies highlight 
that it is necessary to further investigate the associations between 
caffeinated and decaffeinated coffee intake and colorectal cancer risk.

Our study adds to the expanding body of knowledge regarding the 
association between caffeine intake and colon cancer risk. Our results 
suggest that higher levels of caffeine consumption may be linked to an 
increased risk of colon cancer, underscoring the potential need for 
public health initiatives to curtail excessive caffeine consumption. To 
further delineate the causal relationship between caffeine intake and 
colon cancer risk, future research should employ longitudinal study 
designs. Additionally, exploring the biological mechanisms behind 
this association and how it may be  modified by factors such as 
genetics, sex, and lifestyle habits could offer valuable insights for 
developing effective cancer prevention strategies.

The strengths of our study include the use of a large, nationally 
representative dataset, which enhances the generalizability of our 
findings to the US adult population. Additionally, the comprehensive 
adjustment for potential confounding factors minimizes the risk of 
residual confounding. Moreover, the application of restricted cubic 

spline regression in our dose–response analysis allowed for a more 
flexible representation of the relationship between caffeine intake and 
colon cancer risk. However, our study also has some limitations. First, 
the cross-sectional nature of NHANES data precludes any determination 
of causality between caffeine intake and colon cancer risk. Second, the 
reliance on self-reported dietary information and cancer diagnoses may 
have introduced recall and reporting biases. Third, despite adjusting for 
multiple confounders, there is still a possibility of residual confounding 
(such as family history of colorectal cancer in first-degree relatives, 
history of abdominal radiation, and inflammatory bowel disease) due 
to unmeasured or inadequately measured factors. Lastly, the single 24-h 
dietary recall used to estimate caffeine intake may not accurately 
represent habitual consumption patterns.

5 Conclusion

In summary, our findings provide evidence for a positive 
association between high levels of caffeine intake and the risk of colon 
cancer among US adults. The dose–response relationship analysis, 
utilizing restricted cubic spline regression, revealed a predominantly 
linear relationship, with a significant association observed at higher 
levels of caffeine intake. These findings suggest that excessive caffeine 
consumption may be a risk factor for colon cancer. Future longitudinal 
studies are warranted to confirm our findings and to further 
investigate the potential mechanisms underlying the observed 
association. Public health efforts to promote moderate caffeine 
consumption and to raise awareness of the potential risks associated 
with excessive intake may help to reduce the incidence of colon cancer 
in the population.

FIGURE 1

Restricted cubic spline plot of the association between caffeine intake and the risk of colon cancer. The solid line represents the OR of colon cancer 
for varying levels of caffeine intake, with 0  mg caffeine intake set as the reference. The shaded area represents the 95% confidence interval.
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Background: Tracheal, Bronchus, and Lung (TBL) cancer continues to represent

the majority of cancer-related incidence and mortality in United States (U.S.).

While air pollutants are considered essential risk factors, both global and national

average concentrations of major harmful air pollutants have significantly

decreased over the decades. Green space may have a beneficial effect on

human health.

Methods: We obtained data on national and state-level burden of TBL cancer,

the annual average concentration of main air pollutants, and levels of green

spaces in 2007, 2013, and 2019. According to generalized estimating equation

(GEE), we examine the associations among incidence and mortality of TBL

cancer, air pollutants, and greenspaces, represented by the Normalized

Difference Vegetation Index (NDVI) in different age groups with models

adjusted with meteorological, and socio-demographic. We observed additional

effects of the interaction between the NDVI, Ozone, PM2.5, and other factors,

which helped us to interpret and understand our results. Also, we collated states

that witnessed net increments in forest coverage and conducted the same

analysis separately.

Results: In our analysis, the majority of associations between NDVI and air

pollutants with TBL cancer remained significantly positive, particularly

noticeable among individuals aged 20 to 54. However, our findings did not
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explore air pollution as a potential mediator between greenspace exposure and

TBL cancer. While the associations of PM2.5 with TBL cancer remained positive,

the other four pollutants showed positive but statistically insignificant

associations. Our interaction analysis yielded that there were positive

associations between NDVI and ozone, PM2.5, and tobacco use. Max NDVI

acts as a protective factor along with high HDI. Additionally, PM2.5 and HDI also

showed a negative association. In 18 states with more forest, NDVI acts as a

protective factor along with higher health care coverage, better health status, and

participation in physical activities.

Conclusion: In the state-level of U.S., the effects of total greenspace with TBL

cancer are mixed and could be modified by various socio-economic factors.

PM2.5 has a direct correlation with TBL cancer and the effects can be influenced

by underlying socioeconomic conditions.
KEYWORDS

air pollutants, particulate matter, greenspace, TBL cancer, age groups
1 Introduction

Tracheal, bronchus, and lung (TBL) cancer stands as one of the

significant contributors to cancer-related fatalities in U.S. as of

2023. It is projected to constitute 21% of cancer-related deaths and

12% of cancer diagnoses. Despite its profound impact on public

health, TBL cancer exhibits a comparatively low survival rate (1, 2).

According to the Cancer Tomorrow report by GLOBOCAN,

incident cases of TBL in U.S. are forecasted to surge by

approximately 38% by 2040, with mortality cases expected to rise

by about 45%. Furthermore, the majority of TBL cancer cases in

U.S. occur in individuals aged 50 and above. However, roughly 20%

of total TBL cancer deaths are not linked to tobacco use, potentially

placing it as the eighth most prevalent cause of cancer-related

mortality (1, 3, 4).

According to the International Agency for Research on Cancer

(IARC), outdoor air pollution is classified as a Group 1 human

carcinogen and significantly contributes to the burden of diseases,

including lung cancer (5). Moreover, ambient PM2.5 air pollution

has been identified as a contributing factor in nearly 14.1% of lung

cancer deaths globally (6). The persistence of unhealthy air

pollution levels for more than one-third of Americans

underscores the need for continued research and public health

interventions (1, 4, 7). The evolutionary and developmental

mechanisms underlying TBL cancer remain complex. Exposure to

air pollution may play a role in the progression of TBL cancer

through the activation of signal transduction pathways, DNA

damage, inflammation, metabolism, and epigenetic regulation (8).

Recent studies have revealed a mechanistic relationship between air

pollution and lung cancer, both in functional mouse models and

clinical cohorts (9–11).
02152
Based on the findings from seven European cohorts participating

in the “Effects of Low-level Air Pollution: a Study in Europe”

(ELAPSE), researchers have discovered a significant link between

long-term exposure to PM2.5 and an increased risk of lung cancer,

even at concentrations below the current European Union (EU) limit

values. Similarly, the Adventist Health and Smog Study-2

(AHSMOG-2) cohort study also observed significant positive

associations between incident lung cancer and PM2.5 exposure,

particularly among individuals who have never smoked or are past

smokers, at low concentrations (12, 13). Moreover, a case study in

Canada suggests that never-smoking patients have indicated

relationships with air pollution exposures, and chronic exposure to

home air pollution is linked to an elevated risk of lung cancer in

Nepal among never-smokers (14, 15). Besides, more than half of lung

cancer patients in Taiwan are individuals who have never smoked.

Elevated levels of PM2.5 can influence both the occurrence and the

survival of patients with adenocarcinoma lung cancer (16, 17).

Similarly, in Pennsylvania and California, air pollution could affect

the survival rates of lung cancer patients following diagnosis (18, 19).

Greenspace was considered to provide health benefits and

higher access to greenspace is positively correlated with longer life

expectancy (20–22). Exposure to green spaces is inversely associated

with overall and cause-specific mortality, indicating that it provides

a protective role (23–25). For TBL cancer, green spaces may act as a

protective role or work as an effective tool to improve air quality.

Studies in France and Belgium have reported varying associations

between exposure to greenspace, cancer incidence, and mortality.

However, a retrospective cohort study in Taiwan revealed that

increased exposure to green space may mitigate the harmful

impacts of PM2.5 and reduce the risk of lung cancer (26–28). For

other cancers, including breast and prostate cancer, there might be a
frontiersin.org
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protective relationship between exposure to greenspace and the

development of malignancies (29).

Despite extensive studies on the health benefits of green spaces

and the detrimental effects of air pollution, the specific interactions

between green space, air pollution, and TBL cancer at the state level

in the United States remain underexplored. This study addresses the

following gaps: (1) Limited exploration of green space and cancer

links: While existing research validates the general health benefits of

green spaces, there is a lack of detailed exploration regarding their

specific association with TBL cancer. This study aims to provide a

more comprehensive understanding of how green spaces influence

TBL cancer incidence and mortality. (2) Reconfirmation of PM2.5

impact: Although the link between PM2.5 air pollution and TBL

cancer has been established, this study reconfirms this connection

within the context of green space exposure, emphasizing the need to

consider multiple environmental factors simultaneously. (3) Need

for nuanced analysis: Current research often overlooks the complex

interactions between green spaces, air pollution, lung cancer, and

varying population demographics. This study highlights the

necessity of a more nuanced and precise analysis that accounts

for these interactions to better inform future research and public

health policies.

By addressing these gaps, the study aims to enhance our

understanding of the interplay between environmental factors and

TBL cancer, ultimately providing valuable insights for the

development of more effective health interventions and policies.

Therefore, in this study, we conducted a comprehensive analysis to

assess the interplay between green spaces, air pollutant levels, and

the risk of tracheal, bronchus, and lung (TBL) cancer across

different age groups (over 20 years, 20–54 years, and over 55

years) at the state level in U.S. Furthermore, we explored

potential underlying mechanisms by investigating their

associations with meteorological, sociodemographic, and

socioeconomic factors.
2 Materials and methods

2.1 Study design and population

The contiguous U.S. spans approximately 9,834,633 square

kilometers and is inhabited by nearly 330 million people. It

comprises 50 states and the District of Columbia. Our analysis

focused on 48 states along with the District of Columbia. The health

system at the state level in U.S. holds significant authority. Alaska

and Hawaii, along with overseas territories, were excluded from our

research due to the non-applicability of study variables (30).
2.2 Data collection and measurements

2.2.1 Outcome: TBL cancer incidence and
mortality data

The Global Burden of Diseases (GBD) data visualization tool

was developed by the Institute for Health metrics and Evaluation

(IHME) in U.S (31). It provides statistics on the incidence and
Frontiers in Oncology 03153
mortality rate of TBL cancer data by state, age, and year. Using the

terminology defined in the GBD research, the state-wide incidence

and mortality rate of TBL cancer were calculated (32). GBD is a

reliable data source in U.S., compiling and summarizing data from

various national databases. For individuals aged 20 and older, 20 to

54, and over 55, we estimated the incidence and mortality rate of

TBL cancer for the 48 states and the District of Columbia, spanning

three specific years: 2007, 2013, and 2019. We rounded the collected

epidemiological data to integers for the convenience of

subsequent research.

2.2.2 Exposures and other variables
2.2.2.1 Area greenness

In accordance with the US Environment Protection Agency

(EPA), “greenspace” is any vegetated land, including gardens,

lawns, forests, wetlands, and agricultural land (33). Using the

NDVI, green space was estimated based on land surface

reflectance, NDVI is a remote sense indicator that has been

extensively utilized in epidemiological studies to evaluate the

association between greenness and health. The following formula

was used to obtain the NDVI proportions: NDVI = (NIR − R)/

(NIR + R) (34). The MODIS images, composed of surface

reflectance images updated every 16 days with a spatial resolution

of 1000m per pixel, were primarily employed to assess the greenness

on www.gisrs.cn (accessed on 30 April 2023). This website offers

annual state-level estimates of the NDVI in U.S. An NDVI value of

‘0’ indicates the absence of vegetation, while values approaching ‘1’

indicate the highest level of greenness (35).

2.2.2.2 Air pollution

Data sources from EPA were used to calculate the

concentrations of main ambient air pollutants (36). The routine

air quality monitoring stations in the U.S. gathered annual average

concentrations of nitrogen dioxide (NO2), sulfur dioxide (SO2),

ozone (O3), and particulate matter with diameters up to 2.5 μm

(PM2.5) and 10 μm (PM10) for the years 2007, 2013, and 2019. We

downloaded the average annual data of different time nodes for

corresponding states and calculated the average values. The data

were measured in various units, including parts per billion (ppb)

and parts per million (ppm), and these were converted to

micrograms per cubic meter (μg/m³).

2.2.2.3 Weather and other variables

Data from the National Centers for Environmental Information

(NCEI) and the Statewide Mapping and Climate at a Glance online

sources were utilized to gather meteorological information for the

states across U.S. for the years 2007, 2013, and 2019 (37). We

selected a time scale of 12 months to obtain the yearly average

temperature(°F) and annual precipitation(in inches). Data on PD

(population density) and GDP (gross domestic product) for each

state were compiled from the U.S. Bureau of Economic Analysis and

the U.S. Census Bureau (38, 39). In assessing educational

attainment, we used the rate of college completion as an indicator

of higher education levels (40). State-level tobacco use age-adjusted

prevalence was sourced from the BRFSS Prevalence & Trends Data
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portal (41). For the state-level HDI, we acquired the data from

https://globaldatalab.org/shdi/, version v7.0 (42). Additionally, we

collected potential socioeconomic factors, including healthcare

coverage, health status, obesity rate, and participation in physical

activities (43). We did not adjust the collected relevant factors as

they met the criteria for our research. To explore the impact of

different types of green spaces, We identified 18 states with

increasing net forest coverage from 2000 to 2020 (44).
2.3 Statistical analysis

Utilizing state-level map charts and data visualization

techniques, we depicted the variations in mean NDVI, TBL

cancer incidence, and mortality across 48 states and Washington

D.C. from 2007, 2013, to 2019. Two-dimensional multiple line

graphs were employed to explore the relationship between TBL

cancer data and mean NDVI (Y1 and Y2-axis) over the specified

periods on the horizontal axis (X-axis), using R studio. The

statistical software R, v.4.3.0, facilitated the plotting of multiple

variables, utilizing gg-plot for bubble charts. The bubble plot,

resembling a scatterplot, portrayed the average concentrations of

pollutants and mean NDVI across the X-axis and Y-axis.

Initially, we assessed the correlations among air pollutants and

between air pollutants and meteorological factors using Spearman’s

correlations. Subsequently, the association between NDVI and TBL

cancer incidence and mortality for each year was examined,

controlling for individual air pollutants. A Poisson regression

model was applied for each year, adjusting for meteorological

parameters, GDP, and population density. Then, integrating the

three-time points into a single model using a Generalized

Estimating Equation (GEE) with a Poisson link, we estimated the

association between NDVI (as the primary exposure variable) and

TBL cancer incidence and mortality across different subgroups.

Additionally, we investigated how NDVI and air pollution

interacted with other relevant factors over the three time periods

in the GEE model. All statistical analyses were two-sided, with effect

estimates and 95% confidence intervals (CI) provided for

associations with a p-value less than 0.05, indicating strong

evidence of association. These statistical analyses were conducted

using R Studio.
3 Results

Although TBL cancer incidence and mortality in over 20 years

subgroup peaked in 2019 with relatively similar numbers (86.87 in

2007; 82.33 in 2013, and 88.69 in 2019), overall trends remained

consistent and declined over the three time periods. The overall

incidence and mortality rates of adult TBL cancer for individuals

aged 20–54 years and over 55 years decreased across the three time

periods (Table 1). The East South-Central region of U.S. showed

higher rates of TBL cancer incidence and mortality among

individuals over 55 years (Figure 1). The overall mean NDVI

values in U.S. ranged from 0.70 in 2007 to 0.71 in 2013 to 0.72 in

2019 (Figure 1). The East and East Central regions of U.S. had
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higher mean NDVI values in 2007, 2013, and 2019. Conversely, the

Western region, including states with high altitudes such as

Arizona, Nevada, Utah, New Mexico, and Wyoming, exhibited

comparatively lower NDVI values.

There was a strong correlation between PM2.5 and SO2, while

the other air pollutants showed weak to moderate relationships

(Supplementary Table S1). PM2.5, PM10, NO2, and Ozone levels

exhibited moderate and positive correlations with the annual

average temperature. On the contrary, annual average

precipitation was negatively and moderately correlated with

PM10 and Ozone. Controlling for specific pollutants, NDVI was

primarily associated with TBL cancer incidence and mortality in

individuals over 20 years old across all three years (Supplementary

Table S2). We also employed a unified model to evaluate all three

years, adjusting for meteorological and socio-demographic factors.

In this analysis, the associations between NDVI, air pollutants, and

TBL cancer incidence and mortality remained largely positive.

The study found a significant association between the NDVI

and the incidence of TBL cancer in individuals aged 20 and above.

Specifically, for PM2.5, the association was quantified with a b
coefficient of 0.713 (95% CI: 0.856, 1.140; p < 0.01). Similar

significant associations were observed for other air pollutants:

PM10 (b = 0.756; 95% CI: 0.590, 0.922; p < 0.001), SO2 (b =

0.692; 95% CI: 0.525, 0.859; p < 0.001), NO2 (b = 0.730; 95% CI:

0.557, 0.903; p < 0.001), and Ozone (b = 0.808; 95% CI: 0.626, 0.990;

p < 0.001).

Similarly, NDVI was associated with TBL cancer mortality in

the same age group. The b coefficient for PM2.5 was 0.664 (95% CI:

0.426, 0.902; p < 0.01). For other pollutants, the associations were:

PM10 (b = 0.748; 95% CI: 0.579, 0.917; p < 0.001), SO2 (b = 0.669;

95% CI: 0.496, 0.842; p < 0.001), NO2 (b = 0.712; 95% CI: 0.540,

0.884; p < 0.001), and Ozone (b = 0.796; 95% CI: 0.610, 0.982; p <

0.001) (Table 2). Especially, more pronounced effects were observed

among individuals aged 20 to 54 in terms of mortality (0.777 –

1.780) (Table 2). These findings were further supported by

subgroup analyses, which demonstrated statistically significant

correlations in both middle-aged individuals (20–54 years old)

and older adults (55 years and above), reinforcing the overall

relationship between NDVI, air pollution, and TBL cancer

outcomes. The consistent significance across multiple pollutants

and age groups underscores the robustness of the observed

associations and suggests a broad impact of vegetation and air

quality on TBL cancer incidence and mortality.

Furthermore, the associations of PM2.5 with TBL cancer

remained significantly positive after adjusting for meteorological

and socio-demographic variables, ranging from 0.012 to 0.080.

Notably, PM2.5 was associated with TBL cancer mortality in

individuals aged 20–54 years (b = 0.076; 95% CI =0.070, 0.082;

p < 0.001) for PM10, along with SO2, NO2, and Ozone (b = 0.062;

95% CI = 0.053, 0.070; p < 0.001), (b = 0.079; 95% CI =

0.072, 0.085; p < 0.001), and (b = 0.080; 95% CI = 0.073, 0.087; p

< 0.001), respectively (Table 3). Despite this, the associations for

the other four pollutants were positive but not statistically

significant (Table 3).

Our interaction analysis between NDVI and ozone revealed

positive associations with all TBL cancer rates, while concentrations
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TABLE 1 Summary statistics for the incidence and mortality rates of Tracheal, Bronchus, and Lung (TBL) cancers, along with other socio-demographic factors in U.S. states for the years 2007, 2013, and 2019.

2019

,Min Mean(SD) Median(IQR) Max,Min

96 89.92(±20.66) 88.69(103.82-77.74) 138.09,36.94

8.75(±2.77) 8.21(10.42-6.98) 15.65,3.52

.49 210.46(±40.99) 206.79(240.14-182.02) 318.14,11.03

52 110.40(±24.55) 110.31(127.21-97.35) 175.73,42.95

12.36(±3.68) 11.47(14.71-10.06) 23.23,4.82

.60 255.84(±47.21) 258.00(287.61-229.87) 403.67,127.51

0.92(±0.04) 0.93(0.94-0.91) 0.97,0.72

0.72(±0.16) 0.80(0.84-0.64) 0.89,0.29

7.00(±1.47) 7.39(8.18-5.98) 9.25,2.85

16.79(±5.28) 16.28(19.10-13.89) 38.33,7.18

6.58(±6.07) 5.07(7.64-2.97) 34.39,0.68

33.83(±14.26) 32.10(41.47-26.48) 75.65,6.04

4 78.28(±6.71) 77.11(83.80-73.03) 92.18,63.75

0 52.88(±8.74) 53.00(59.20-45.65) 73.50,38.30

41.82(±14.73) 46.48(49.88-31.52) 70.61,13.19

373.79
(±1336.25) 88.70(220.55-41.40) 9370.60,5.10

0,28681.50
382161.30
(±488529.52)

219588.00
(501016.95-97940.10) 2729225.80,29940.70

cancer trends over time. Note: age groups (over 20 years, 20–54 years, and over 55 years).
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Measures

2007 2013

Mean(SD) Median(IQR) Max,Min Mean(SD) Median(IQR) Max

TBL cancer mortality in 20+ 86.87(±18.15) 85.78(98.74-74.84) 131.45,34.84 84.23(±19.00) 82.33(97.03-72.22) 128.65,34

TBL cancer mortality in 20-54 12.21(±3.62) 11.51(14.64-10.03) 21.28,4.91 10.26(±3.37) 9.42(12.64-8.03) 18.56,3.98

TBL cancer mortality in 55+ 239.14(±40.34) 237.57(264.24-217.94) 339.60,123.74 212.49(±40.17)
205.08
(238.10-188.54) 319.23,11

TBL cancer incidence in 20+ 106.01(±21.42) 108.19(119.39-93.46) 164.08,41.33 104.13(±22.80)
103.15
(118.52-92.38) 168.88,41

TBL cancer incidence in 20-54 17.02(±4.68) 16.32(20.20-13.93) 29.15,6.74 14.58(±4.53) 13.69(17.77-11.73) 28.14,5.54

TBL cancer incidence in 55+ 287.49(±46.89) 291.88(318.81-262.33) 438.97,144.11 259.34(±47.09)
259.58
(288.92-228.42) 412.51,13

Environmental factors

MaxNDVI 0.90(±0.05) 0.92(0.93-0.89) 0.96,0.71 0.91(±0.05) 0.92(0.94-0.91) 0.98,0.73

Mean NDVI 0.70(±0.17) 0.77(0.82-0.61) 0.88,0.23 0.71(±0.18) 0.80(0.83-0.60) 0.87,0.23

Air pollutants

PM2.5(mg/m³) 10.94(±2.81) 11.52(13.09-8.20) 15.61,5.31 8.45(±1.56) 8.75(9.60-7.31) 11.25,3.90

PM10(mg/m³) 23.50(±6.64) 23.44(27.08-20.09) 52.51,10.99 19.53(±7.02) 18.17(21.27-14.89) 43.00,8.85

SO2(mg/m³) 24.88(±14.07) 23.14(36.15-13.63) 75.86,3.21 10.42(±7.10) 8.54(14.64-5.07) 38.45,2.16

NO2(mg/m³) 44.57(±20.22) 40.56(54.08-31.92) 103.13,8.49 34.85(±15.76) 31.41(42.35-25.42) 89.03,6.13

OZONE(mg/m³) 86.09(±10.22) 87.52(94.83-78.52) 104.81,63.54 79.14(±6.80) 78.35(82.64-74.42) 96.29,64.1

Meterorological variables

Annual average temperature
(degree Fahrenheit) 53.00(±7.79) 52.90(59.25-46.40) 71.5,40.8 51.59(±7.60) 50.30(57.00-45.25) 70.90,38.6

Average precipitation
(degree Inch) 34.06(±10.77) 36.31(42.24-28.62) 50.13,8.74 37.92(±15.37) 42.76(48.01-23.64) 63.50,7.28

Socio-economic variables

Population density
436.27
(±1605.31) 108.80(242.25-49.95) 11280.00,5.90

395.75
(±1404.40)

101.20
(235.10-45.80) 9856.5,5.8

GDP
316943.29
(±373357.02)

189002.50
(415680.35-90324.80) 2041192.20,26226.7

331896.06
(±402848.75)

19169.80
(436805-93593.80) 2179229.0

This table includes data on cancer incidence and mortality rates per 100,000 population. These factors are analyzed to understand the potential socio-demographic influences on

155
.

2

.

1

https://doi.org/10.3389/fonc.2024.1398679
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhao et al. 10.3389/fonc.2024.1398679
of other air pollutants showed no significant associations.

Interaction between PM2.5 and HDI showed a negative

association (b = -0.324; 95% CI = -0.177, -0.471; p < 0.05) (b =

-0.351; 95% CI = -0.484, -0.219; p < 0.01) with TBL cancer incidence

and mortality in individuals over 20 years old. The interaction

between PM2.5 and educational level was negatively associated with

TBL cancer rates in all subgroups except for TBL cancer incidence

in individuals aged over 55. Our interaction analysis between

tobacco use and PM2.5 concentration levels indicated a positive

association (b = 2.710; 95% CI = 1.510, 3.910; p < 0.05) (b = 2.710;

95% CI = 1.640, 3.780; p < 0.05) with TBL cancer incidence and

mortality in individuals over 20 years old. Additionally, the

interaction between max NDVI and HDI was negatively

associated with TBL cancer incidence in the individuals aged 20–

54 (b = -25.053; 95% CI = -13.052, -37.054; p < 0.05), as well as TBL

cancer mortality in individuals aged 20 to 54 and those aged over 55
Frontiers in Oncology 06156
(b = -64.227; 95% CI = -18.502, -82.794; p < 0.001) (b = -25.053;

95% CI = -13.052, -37.054; p < 0.05) (Table 4).

In the analysis of 18 states with increasing net forest coverage

from 2000 to 2020, we observed additional effects between mean

NDVI and health care coverage, health status, obesity rate, and

participation in physical activities, separately. (Supplementary

Table S3). Regarding health care coverage, better health status,

and participation in physical activities, NDVI indicated a protective

role. However, when interacting with high BMI individuals, NDVI

was positively associated with TBL cancer rates.

The graph depicts the TBL cancer incidence and mortality rates

(per 100,000 population) among individuals aged over 55 years and

the mean NDVI across 49 states in the United States for the years

2007, 2013, and 2019 (Figure 2). The lines on the graph illustrate the

temporal trends of the data series, with blue lines representing

cancer incidence, orange lines representing cancer mortality, and
FIGURE 1

Distribution of mean NDVI, TBL cancer mortality, TBL cancer incidence, and mean PM2.5 concentration levels in ages over 20 years in the U.S. in
2007, 2013, and 2019. The normalized differential vegetation index (NDVI) values for 2007 (left), 2013 (middle), and 2019 (right), are shown on a
spectrum of light green (least value) to dark green (highest value). Mean NDVI values of 0 to 0.2 are categorized as low, >0.2 to 4.0 as moderate,
and >0.4 as high levels of greenspaces. Rates of TBL cancer incidence and mortality in ages over 55 years are shown on a spectrum of white (least
value) to red (highest value) and dark blue (highest value).
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green lines indicating the mean NDVI. The horizontal axis (X-axis)

displays the three time periods (2007, 2013, and 2019), while the

Y1-axis on the left side corresponds to the cancer rates, and the Y2-

axis on the right side corresponds to the mean NDVI (Figure 2).

Selected states in U.S. of our study: (1) Alabama, (2) Arizona,

(3) Arkansas, (4) California, (5) Colorado, (6) Connecticut,

(7) Delaware, (8) District of Columbia, (9) Florida, (10) Georgia,

(11) Idaho, (12) Illinois, (13) Indiana, (14) Iowa, (15) Kansas,

(16) Kentucky, (17) Louisiana, (18) Maine, (19) Maryland,

(20) Massachuset ts , (21) Michigan, (22) Minnesota ,

(23) Mississippi, (24) Missouri, (25) Montana, (26) Nebraska,

(27) Nevada, (28) New Hampshire,(29) New Jersey, (30) New

Mexico, (31) New York, (32) North Carolina, (33) North Dakota,

(34) Ohio, (35) Oklahoma, (36) Oregon, (37) Pennsylvania,

(38) Rhode Island, (39) South Carolina, (40) South Dakota,

(41) Tennessee, (42) Texas, (43) Utah, (44) Vermont, (45)
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Virginia, (46) Washington, (47) West Virginia, (48) Wisconsin,

and (49) Wyoming (Figure 2).

Figure 3 presents the mean NDVI and concentrations of PM2.5

and Ozone across states for the years 2007, 2013, and 2019. In the

left panel, the association between the mean NDVI (Y-axis) and the

levels of PM2.5 or Ozone concentration (X-axis) is depicted. The

size and color of the bubbles indicate the TBL cancer incidence and

mortality for each state across the three time periods. Note: The

data are represented as asthma prevalence (cases per 100,000

population), NDVI as the mean value, PM2.5 (particulate matter

of diameter 2.5 μm or smaller), PM10 (particulate matter of

diameter 10 μm or smaller), NO2 (nitrogen dioxide), SO2 (sulfur

dioxide), O3 (ozone) in μg/m3, annual average temperature in

degrees Fahrenheit, average annual precipitation in inches, GDP

(gross domestic product), PD (population density) as persons/

sqkm. Average values are presented as mean (± standard
TABLE 3 Generalized estimation equation (GEE) result coefficients (b) (95% CI, lower, upper) of PM2.5 for association of TBL cancer incidence,
mortality and air pollutants.

PM2.5

TBL cancer
incidence in
20+

TBL cancer
mortality in
20+

TBL cancer
incidence in
20-54

TBL cancer
mortality in
20-54

TBL cancer
incidence in
55+

TBL cancer
mortality in
55+

Unadjusted 0.015(0.009,0.021) * 0.016(0.010,0.023) ** 0.033(0.028,0.038) *** 0.067(0.058,0.076) *** 0.031(0.026,0.036) *** 0.033(0.028,0.038) ***

Model 1 0.025(0.017,0.033) ** 0.029(0.020,0.038) ** 0.042(0.035,0.049) *** 0.078(0.065,0.091) *** 0.037(0.031,0.044) *** 0.042(0.035,0.049) ***

Model 2 0.017(0.013,0.022) *** 0.019(0.014,0.024) *** 0.035(0.031,0.038) *** 0.076(0.070,0.082) *** 0.033(0.029,0.036) *** 0.035(0.031,0.038) ***

Model 3 0.012(0.006,0.019) * 0.014(0.007,0.050)* 0.030(0.025,0.035) *** 0.062(0.053,0.070) *** 0.028(0.023,0.033) *** 0.030(0.025,0.035) ***

Model 4 0.015(0.010,0.020) ** 0.017(0.012,0.021) *** 0.035(0.031,0.039) *** 0.079(0.072,0.085) *** 0.033(0.029,0.037) *** 0.035(0.031,0.039) ***

Model 5 0.022(0.017,0.026) *** 0.023(0.019,0.028) *** 0.039(0.035,0.043) *** 0.080(0.073,0.087) *** 0.037(0.033,0.041) *** 0.039(0.035,0.043) ***
Each of the study variables was used in the GEE with the Poisson link to explore the associations between the incidence and mortality of TBL cancer and PM2.5 as the primary exposure variable.
The unadjusted variables are reported separately. In the multivariate analysis, Model 1: Each covariate and weather parameters; further adjusted for GDP, PD, Mean temperature, Annual
precipitation and population density with each of the air pollutants in Model 2: PM10; Model 3: SO2; Model 4: NO2; Model 5: Ozone; “*” Indicates significant p-interaction values and is reported
if p-int < 0.05; “**” Indicates significant p-interaction values and is reported if p-int < 0.01; “***” Indicates significant p-interaction values and is reported if p-int < 0.001.
Note: age groups (over 20 years, 20–54 years, and over 55 years).
TABLE 2 Generalized estimation equation (GEE) result coefficients (b) (95% CI, lower, upper) of NDVI for association of TBL cancer incidence,
mortality and air pollutants.

NDVI
continuous

TBL cancer
incidence in
20+

TBL cancer
mortality in
20+

TBL cancer
incidence in
20-54

TBL cancer
mortality in
20-54

TBL cancer
incidence in
55+

TBL cancer
mortality in
55+

Unadjusted 0.726(0.499,0.953) ** 0.673(0.440,0.906) ** 0.281(0.068,0.494) 0.840(0.533,1.147) ** 0.343(0.131,0.555) 0.281(0.068,0.494)

Model 1 0.998(0.856,1.140) ***
0.930
(0.787,1.070) *** 0.558(0.431,0.684) *** 1.159(0.964,1.350) *** 0.636(0.511,0.762) ***

0.558
(0.431,0.684) ***

Model 2 0.713(0.482,0.944) ** 0.664(0.426,0.902) ** 0.277(0.059,0.495) 0.777(0.467,1.087) * 0.334(0.118,0.550) 0.277(0.059,0.495)

Model 3 0.756(0.590,0.922) ***
0.748
(0.579,0.917) *** 0.763(0.605,0.921) *** 1.830(1.579,2.081) *** 0.764(0.605,0.923) ***

0.763
(0.605,0.921) ***

Model 4 0.692(0.525,0.859) ***
0.669
(0.496,0.842) *** 0.559(0.401,0.717) *** 1.350(1.099,1.601) *** 0.578(0.424,0.732) ***

0.559
(0.401,0.717) ***

Model 5 0.730(0.557,0.903) ***
0.712
(0.540,0.884) *** 0.728(0.564,0.892) *** 1.780(1.530,2.030) *** 0.736(0.569,0.903) ***

0.728
(0.564,0.892) ***

Model 6 0.808(0.626,0.990) ***
0.796
(0.610,0.982) *** 0.755(0.585,0.925) *** 1.710(1.445,1.975) *** 0.765(0.595,0.935) ***

0.755
(0.585,0.925) ***
Each of the study variables was used in the GEE with the Poisson link to explore the associations between the incidence and mortality of TBL cancer and NDVI as the primary exposure variable.
The unadjusted variables are reported separately. In the multivariate analysis, Model 1: Each covariate and weather parameters; further adjusted for GDP, Mean temperature, Annual
precipitation and population density with each of the air pollutants in Model 2: PM2.5; Model 3: PM10; Model 4: SO2; Model 5: NO2; Model 6: Ozone; “*” Indicates significant p-interaction values
and is reported if p-int < 0.05; “**” Indicates significant p-interaction values and is reported if p-int < 0.01; “***” Indicates significant p-interaction values and is reported if p-int < 0.001.
Note: age groups (over 20 years, 20–54 years, and over 55 years).
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deviation), with minimum (Min) and maximum (Max) values, and

percentile measures at 25th, 50th, 75th (Figure 3).
4 Discussion

In this research, we investigated the relationship between

greenspace, air pollutant concentration, and TBL cancer across

different age groups at the state level in U.S. Our findings uncovered

a direct relationship between the average NDVI and PM2.5 levels

with TBL cancer rates across all age groups, particularly notable in

the 20 to 54 age range. This study stands as the first at the state level

to identify such a connection. In our examination of interactions,

we noted positive correlations between ozone and NDVI, as well as

between PM2.5 and tobacco consumption. Conversely, we observed

negative associations between PM2.5 concentration and educational

attainment as well as HDI, and between maximum NDVI and HDI

in the GEE models analyzing TBL cancer data.

Several studies have investigated the impact of greenspace on

TBL cancer and other types of cancer. These studies have identified

variability in the observed relationships, influenced by factors such

as the type of greenspace, method of exposure measurement,

individual attributes, and geographic location. For instance,

studies in France and Spain found different results depending on

the type of greenery. In France, spending more time near farmland

was positively linked to a higher chance of getting breast cancer.

Meanwhile, in Spain, it was linked to a higher risk of getting any

type of cancer (26, 45). While exposure to neighborhood-level

greenspace in Australia is speculated to be linked to higher risks

of having skin cancer (46). In addition to a cross-sectional study

conducted in Philadelphia, when green parcels as tiny as 1m² are

included as greenspace, there is a positive correlation between the

density of greenspace and both overall and cause-specific mortality

(47). A recent meta-analysis compiled data from nine papers

investigating the link between greenspace exposure and lung

cancer, eventually, the combined findings suggested no significant

association (29). Therefore, the relationship between green space

and health appears to be nuanced, potentially varying based on
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geographical context, study methodologies, and the techniques used

to assess exposure in the studies (48).
4.1 NDVI, Ozone, and TBL cancer

In our analysis of the interaction between maximum NDVI and

HDI, we observed a protective effect of high greenspace in areas

with high HDI. We theorized those individuals residing in high

socioeconomic status areas, compared to those in low-income

regions, exhibited lower rates of TBL lung cancer and stronger

health preservation. This may be attributed to the likelihood that

individuals with higher incomes are more inclined to benefit from

the protective effects of greenspaces (49, 50). Additionally, we

observed a positive correlation between NDVI and ozone levels

with all TBL cancer rates. We considered the possibility that

greenspaces could emit hydrocarbons, such as isoprene and

terpenes, which serve as precursors to ozone. These biogenic

hydrocarbons might contribute to the development of TBL cancer

(51). According to research conducted in California, there was a

moderate association observed between ozone levels and patients

diagnosed with either squamous cell carcinoma or adenocarcinoma,

which are two subtypes of lung cancer (19).

In the analysis of 18 states with increasing net forest coverage,

we observed the NDVI exhibited a protective effect with higher

healthcare coverage, improved health status, and engagement in

physical activities (Supplementary Table S3). This indicates that the

health impacts of different types of green spaces are diverse. States

with net increases in forest coverage exhibit a more significant and

positive effect on health promotion compared to states with

unchanged or decreasing green spaces, demonstrating a better fit

between the health effects and the presence of green spaces (52).

Our study did not account for other air pollution as a possible

mediator between greenspace exposure and TBL cancer. However,

it is hypothesized that certain trees and plants may release pollen,

exacerbating allergies, while other aspects of urban vegetation may

impede air circulation, leading to the accumulation of air pollutants

(51). A study conducted in Los Angeles found higher levels of
TABLE 4 GEE interaction analysis result (b) (95% CI, lower, upper) of related factors for association of TBL cancer incidence, mortality and air
pollutants in different age groups.

TBL cancer
incidence in
20+

TBL cancer
mortality in
20+

TBL cancer
incidence in
20-54

TBL cancer
mortality in
20-54

TBL cancer
incidence in
55+

TBL cancer
mortality in
55+

NDVI*OZONE 0.026(0.015,0.037)* 0.025(0.014,0.036)* 0.034(0.0260.042)*** 0.039(0.024,0.055)* 0.034(0.025,0.042)*** 0.034(0.026,0.042)*

PM2.5*HDI -0.324(-0.177,-0.471)*
-0.351(-0.484,-
0.219)** -0.110(0.006,-0.226) -0.283(-0.105,-0.461) -0.081(0.062,-0.224) -0.110(-0.006,0.226)

PM2.5*EDU
-0.229(-0.168,-
0.289)***

-0.249(-0.193,-
0.305)*** -0.108(-0.059,-0.157)* -0.216(-0.134,-0.298)** -0.087(-0.027,-0.147)

-0.108(-0.059,-
0.157)*

PM2.5*SMOKE 2.710(1.510,3.910)* 2.710(1.640,3.780)* 0.751(-0.106,1.526) -0.235(0.765,-1.235) 0.807(-0.333,1.947) 0.751(-0.065,1.567)

MaxNDVI*HDI 2.067(-13.329,17.463) -5.383(8.692,-19.458)
-25.053(-13.052,-
37.054)*

-64.227(-18.502,-
82.794)*** -24.50(12.00,37.00)

-25.053(-13.052,-
37.054)*
Models in first four rows were adjusted for GDP, population density, mean temperature, annual precipitation, and population density. In italicized MaxNDVI with HDI, model were adjusted for
Mean temperature and Annual precipitation; “*” Indicates significant p-interaction values and is reported if p-int < 0.05; “**” Indicates significant p-interaction values and is reported if p-int <
0.01; “***” Indicates significant p-interaction values and is reported if p-int < 0.001. Note: age groups (over 20 years, 20–54 years, and over 55 years).
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PM2.5 in areas adjacent to greenspaces compared to the parks or

the broader region (49). This underscores the importance of

considering potential unintended consequences when increasing

green space in urban areas. For instance, it may create conditions

favorable for the survival of infectious pathogens, potentially

contributing to the spread of diseases (53). However, despite

these considerations, the evidence regarding the association

between access to green space and physical activity remains

inconclusive (54).
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4.2 PM2.5 and TBL cancer

With regard to our analysis, there is a significant positive

relation between PM2.5 with TBL cancer mortality, which was

similar to mortality attributable to risk factors of ambient particular

pollution in the GBD compare visualization tool and one related

research (55). As an avoidable cause of TBL cancer, attention to

outdoor air pollution had perhaps been distracted away owing to

the dominance of tobacco smoking. It is generally accepted that
FIGURE 2

Data depicts the TBL cancer incidence and mortality (per 100,000 population) among individuals aged over 55 years, alongside the mean NDVI
across 49 states in the United States for the years 2007, 2013, and 2019. Temporal trends are depicted by lines on the graph, with blue lines
representing cancer incidence, orange lines representing cancer mortality, and green lines indicating the mean NDVI. The horizontal axis (X-axis)
spans the three time periods of 2007, 2013, and 2019, while the Y1-axis on the left represents the cancer rate, and the Y2-axis on the right
represents the mean NDVI.
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hazardous ambient emissions could be reduced to improve air

quality, thus improving the morbidity and mortality of lung

cancer (56). Interestingly, research on PM2.5 exposure in Europe,

Japan, and Canada has uncovered several significant findings. Both

long-term and short-term exposure to PM2.5 can contribute to lung

cancer. Moreover, even exposure levels lower than the current EU

limit values and possibly the WHO Air Quality Guidelines have

been linked to lung cancer risk (12, 57, 58). In a population study

conducted in Pennsylvania, researchers observed “U-shaped” dose-

response curves, suggesting that both low and high exposures to

PM10 can have a similar impact on lung cancer survival (18). In a

cohort study in Canada, researchers applied a newly developed class

of concentration-response models and observed sublinear

associations between lung cancer incidence and PM2.5 (58).

However, due to socioeconomic inequalities such as ethnicity,

income level geography specificity, and so on, it is challenging to

determine whether disparities in air pollution have been rising or

falling in U.S (59). A study of U.S. veterans found that black

individuals and those in socioeconomically deprived areas face a

higher risk of PM2.5-related deaths from non-accidental and non-

communicable causes, highlighting the impact of socioeconomic

and racial factors (60).
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In our interaction analysis, we found protective effects between

PM2.5 and HDI, as well as educational level, respectively. Increased

indoor PM2.5 concentrations were noted in rural U.S. households

during winter, especially among those using wood stoves for heating.

Additionally, urbanization overall has a notably positive impact on

HDI (61, 62). Educational interventions have demonstrated efficacy

in lowering indoor PM2.5 levels in specific subsets of households

studied (63). It’s worth noting that air pollution can impact school

performance, particularly in test scores. Air pollution does affect

school performance, in particular test scores (64, 65). Regarding the

combined effects of air pollution and smoking, we observed

significant positive associations between PM2.5 and tobacco use.

Hence, it is crucial to assess the risks of air pollution-related lung

cancer alongside smoking risks. Remarkably, individuals with lung

cancer who have never smoked showed significant associations with

ambient air pollution exposure, compared to those who have ever

smoked. Hence, it is vital to consider cumulative exposure to ambient

air pollutants when assessing the risk of developing lung cancer,

alongside accurately quantifying traditional risk factors like smoking.

As smoking prevalence continues to decrease, the lung cancer risks

associated with long-term current and previous ambient air quality

may become relatively more important to public health (66).
FIGURE 3

Mean NDVI and concentrations of PM2.5 and ozone across the states in the years 2007, 2013, 2019. Note: the left panel shows the association of
the mean NDVI along the Y-axis and the PM2.5 or Ozone concentration levels on the X-axis. The size and colors of the bubbles measure the TBL
cancer incidence and mortality of each state in the three time periods.
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4.3 Age Subgroup analysis

Our subgroup analyses based on age revealed some evidence of

effect modification by selected individual characteristics. The TBL

cancer mortality of 20–54 years subgroup was found to be strongest

and positively associated with all the variables. Age appeared to modify

the association between TBL cancer and exposure to PM2.5, with

stronger impacts among young individuals compared to the elderly.

This finding is consistent with a cohort study in Canada, which also

indicated a tendency for stronger associations between lung cancer

incidence with PM2.5 among younger adults (58). We attributed our

findings to several factors distinguishing young adults from the elderly.

For instance, they exhibit varying patterns of response to negative

stimuli, with older adults showing different mobility performance

compared to their younger counterparts. Additionally, young adults

may not experience increased self-confidence due to their greater

reliance on the Internet for cancer care. Notably, there are significant

differences in immune profiles between adults and the elderly among

colorectal cancer patients. A study conducted in U.S. revealed that the

elderly group had notably higher levels of monocyte chemoattractant

protein-1 (MCP-1) and lower levels of epidermal growth factor (EGF)

compared to adults (67–71).
4.4 Limitations

Our study has a few limitations, one of which is the constrained

accessibility of the EPA air quality monitoring network for measuring

state-level air pollutant concentrations in specific cities. For greenspace,

our measure of state-wide greenness was rather crude in that it lacked

specification of the space type. Annual green space may be influenced

by weather and geographical characteristics. Furthermore, contact with

green space is indirect, complex, and multidimensional exposure.

Green space including agriculture, lawns, forests, wetlands, and

gardens, may contribute differently to public health. The risk of TBL

cancer is influenced by numerous factors, and our findings regarding

the association between green space exposure, air pollutants,

socioeconomic factors, and TBL cancer should be interpreted

cautiously. The benefits offered by green space may be overshadowed

by other conditions and accompanying lifestyles. Additionally, our

study’s findings may not apply to other regions globally due to

differences in urban morphology, air quality improvement efforts,

and car-oriented lifestyles, particularly in U.S. Unfortunately, we

lacked information on other significant factors potentially related to

cancer, which could confound our analyses. There is an urgent need for

standardized methods of analysis when considering green space

exposure and its various forms. Existing and future studies focusing

on greenness in specific areas should be interpreted with caution (72).

The characteristics such as access, biodiversity, facilities, and aesthetics

would influence green spaces when exerting their health benefits to the

public (73, 74). Future studies should aim to adjust for a comprehensive

set of covariates, assess the quality of greenspace, and explore the

association of greenspace exposure with different cancer subtypes (20,

23, 29, 75, 76).
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5 Conclusion

In U.S., the distribution of greenspace and air pollution

concentrations varies from east to west, with both factors being

linked to TBL cancer along with distinct socioeconomic variables

and other correlated risk factors. This study represents the first

attempt to investigate the relationship between greenspace, air

pollutants, socioeconomic factors, and TBL cancer at the state

level in U.S. By correlating and contrasting with existing research

on air pollution, greenspace, and various diseases, this study

contributes to a better understanding of the association between

the natural environment and health issues.
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