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a b s t r a c t 

Lung cancer is one of the leading causes of cancer incidence and mortality worldwide. While smoking, radon, air 

pollution, as well as occupational exposure to asbestos, diesel fumes, arsenic, beryllium, cadmium, chromium, 

nickel, and silica are well-established risk factors, many lung cancer cases cannot be explained by these known risk 

factors. Over the last two decades the incidence of adenocarcinoma has risen, and it now surpasses squamous cell 

carcinoma as the most common histologic subtype. This increase warrants new efforts to identify additional risk 

factors for specific lung cancer subtypes as well as a comprehensive review of current evidence from epidemiologic 

studies to inform future studies. Given the myriad exposures individuals experience in real-world settings, it is 

essential to investigate mixture effects from complex exposures and gene-environment interactions in relation to 

lung cancer and its subtypes. 
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. Introduction 

Lung cancer remains the leading cause of cancer death and continues

o be among the most commonly diagnosed cancers worldwide 1 . A re-

ent analysis identified large regional and gender variations in the trends

f age-adjusted incidence rates of lung cancer from 1978–2012 with

9 countries showing significantly decreasing trends among men and

6 countries exhibiting significantly increasing trends among women 2 .

n China, the age-adjusted rate of lung cancer remained stable among

en and increased among women from 2000 to 2010 3 . In addition to

ex and geographical disparities, histologic subtypes of lung cancer also

howed apparent difference in incidence trends. In the United States,

hree major subtypes including squamous cell carcinoma (SCC), large

ell carcinoma (LCC), and small cell lung cancer (SCLC) showed initial

ncreasing trends from 1973 to 1980s and then started to decrease; in

ontrast, adenocarcinoma surpassed SCC in 1985 as the most commonly

iagnosed subtype of lung cancer, with rates further increasing from

003 to 2015 4 . In China, investigators have reported the same shift in

istologic subtype incidence, with adenocarcinoma becoming the most

ommonly-diagnosed lung cancer there as well 5 . A recent study pointed

ut that an increased use of low-dose computed tomography (LDCT)
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mong non-smoking Asian women was associated with overdiagnosis

f lung cancer 6 . LDCT can increase detection of adenocarcinoma 7 , and

ould be expected to lead to an increase in adenocarcinoma out of pro-

ortion to other histologic subtypes. 

Over the last decades, epidemiologists have taken significant steps

o investigate the etiologic risk factors for lung cancer. While tobacco

ontrol programs have effectively reduced lung cancer incidence and

ortality overall in many populations 1 , the increasing incidence of ade-

ocarcinoma and its spatial and gender variations underscore an urgent

eed to continue identifying the etiologic risk factors of lung cancer. In

his review, we summarize the current evidence of lung cancer etiology

rom epidemiologic studies and discuss the challenges and opportunities

or future epidemiologic studies of novel risk factors. 

. Smoking 

Cigarette smoking is a well-documented risk factor for lung cancer 8 .

 cigarette contains more than 70 carcinogens that have been eval-

ated by the International Agency for Research on Cancer (IARC) as

uman carcinogens, and the evidence of a causal relationship between

ung cancer and cigarette smoking from epidemiologic studies has been
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ummarized by IARC monographs 8 , 9 . The risk of lung cancer generally

ncreases with increasing duration and intensity of cigarette smoking,

ith a greater risk in current smokers than in former smokers 9 . 

While earlier studies suggested a higher risk of lung cancer associ-

ted with cigarette smoking among women than men 10 , 11 , recent evi-

ence supports a comparable risk between men and women 12–14 . Evi-

ence of racial and ethnic disparities is mixed 9 , and variations in start-

ng age of smoking, duration of smoking, cigarette filters, ingredients in

obacco products, and other lifestyle and environmental factors could

xplain some of the racial and ethnic differences in the association be-

ween smoking and lung cancer risk in other studies 9 . The Multiethnic

ohort Study in the USA found that while Japanese Americans had the

owest risk followed by Latinos, Whites and African Americans were

mong those who smoked no more than 20 cigarettes/day, and these

acial and ethnic differences were no longer significant among those

ho smoked more than 30 cigarettes/day 15 . 

The strength of association between smoking and lung cancer varies

y histologic subtypes, demonstrating a stronger association with SCC

nd SCLC and a weaker association with LCC and adenocarcinoma 16 .

 meta-analysis of 8 cohort and 14 case-control studies conducted in

apan showed proportionally elevated risks of SCC and adenocarcinoma

mong active smokers in men (RR = 11.7 and 2.30 respectively) and

omen (RR = 11.3 and 1.37 respectively) 17 . 

Evidence linking non-cigarette tobacco products, such as cigars,

ipes, and smokeless tobacco, to lung cancer risk has been less over-

helming 18 . Generally, studies support a positive association between

igars and pipes and lung cancer risk 19–22 . However, the association

etween lung cancer and smokeless tobacco products has been incon-

lusive 23–26 . One possible explanation for the inconsistent results is that

mokeless tobacco consists of many different forms, such as chewing

obacco, Swedish snuff, etc., and the composition of different products

aries 27 . Studies have also shown that smokers who additionally used

on-cigarette tobacco had a higher risk of lung cancer than exclusive

igarette smokers 25 , 26 . 

Electronic cigarettes (e-cigarettes) have been on the market since

007 18 . Even though e-cigarettes produce lower levels of toxic sub-

tances compared to traditional cigarettes, long-term exposure to low

evels of carcinogens released by e-cigarettes, including ultrafine par-

iculate matter, polycyclic aromatic hydrocarbons, formaldehyde ni-

rosamines, and heavy metals might also pose health impact 28–30 . In ad-

ition, e-cigarettes can lead to nicotine addiction 31 . Although there is a

ack of human evidence on long-term exposure to e-cigarettes and lung

ancer risk, animal evidence showed that mice exposed to e-cigarette

moke for 12 weeks developed lung adenocarcinoma 32 , suggesting that

uture epidemiologic study of long-term exposure to e-cigarettes and

ung cancer risk is warranted. 

Exposure to secondhand tobacco smoke is associated with an in-

reased risk of lung cancer 8 , 9 . The most compelling evidence is from

tudies on exposure to secondhand tobacco smoke from partners 9 . Stud-

es of secondhand tobacco smoke exposure in the workplace generally

howed an elevated risk among those with the highest level of expo-

ure 8 , 9 . Limited evidence shows exposure to secondhand tobacco smoke

uring childhood associated with lung cancer risk 9 . 

In summary, cigarette smoking is strongly associated with an in-

reased risk of lung cancer in an exposure-response manner, and the

trength of the association varies by histologic subtypes. Association

ith secondhand tobacco smoke is challenged by exposure assessment,

articularly exposure to secondhand smoke in the workplace and during

hildhood. Elucidating additional interactions between other lifestyle

nd environmental factors would provide insights to inform tobacco

ontrol prevention strategies. 

. Alcohol consumption 

Alcohol has been identified as a Group c by IARC 

9 . Although alco-

ol is causally associated with cancers of the head and neck, esopha-
217 
us, colon, rectum, female breast, and liver, the relationship between

lcohol and lung cancer remains inconclusive 9 . Several meta- 33 , 34 and

ooled-analyses 35 , 36 suggested a J-shaped association between overall

onsumption of alcohol per day and lung cancer. A recent large prospec-

ive cohort study conducted in China reported a significant exposure-

esponse relationship between alcohol consumption and lung cancer as

ell 37 , which is consistent with two previous prospective studies con-

ucted in China reporting elevated lung cancer mortality among heavy

rinkers after adjusting for smoking 38 , 39 . This study also found a sig-

ificant exposure-response relationship among both smokers and non-

mokers 37 . However, earlier studies generally reported no association

mong non-smokers 40 . 

Several studies investigating alcoholic beverage type and risk of lung

ancer found inconsistent results 35 , 36 , 41–51 . Both a meta- and a pooled-

nalysis suggested an inverse association with wine consumption at low

o moderate levels and an increased risk of lung cancer from beer con-

umption at higher levels 34 , 35 . This meta-analysis also suggested an el-

vated risk associated with high consumption of liquor in men, but not

n women 34 . 

Associations by histologic subtype are also inconclusive, with some

tudies reporting no association with any histologic subtype 52–54 and

thers showing significant associations for certain subtypes 44 , 55–59 . An

levated risk was generally reported for SCC 

55 , adenocarcinoma 44 , 58 , 59 ,

r both 56 , 57 . 

In summary, the relationship between alcohol consumption and lung

ancer is inconclusive, although a weak or moderate association has

een reported by some studies. Controlling confounding from smoking

s paramount when studying alcohol and lung cancer risk. Investigations

y histologic subtype and by beverage type are also warranted in future

arge studies with sufficient statistical power and detailed information

n both active and passive smoking. 

. Occupational exposures 

A number of industries and occupations, including mining, construc-

ion, metalworking, and driving, have been linked to an increased risk

f lung cancer 60 . Established occupational lung carcinogens, including

sbestos, diesel fumes, arsenic, beryllium, cadmium, chromium, nickel,

nd silica, accounted for roughly 10% of lung cancer cases with large

egional variations 61 . In China, an estimated 9.5% of lung cancer deaths

ere attributable to occupational exposure in 2005 62 . 

Epidemiologic studies using occupation or industry titles to investi-

ate occupational exposure in relation to lung cancer risk were prone

o exposure misclassification. Workers who were classified under a spe-

ific occupation or industry title could be exposed to multiple agents

nd vice-versa. Likewise, an occupational/industrial title could entail

ery different exposure levels of a specific agent. Using a job-exposure

atrix to link information from both occupation and industry titles with

pecific exposure agents would minimize the exposure misclassification

nd increase statistical power. Recent reports from two large pooled

ase-control analyses used the job-exposure matrix to investigate the

xposure-response relationship between occupational exposure to diesel

xhaust or crystalline silica and lung cancer 63 , 64 . These studies found

hat exposure to diesel exhaust or crystalline silica was associated with

ung cancer even at the lowest cumulative exposure level. As millions

f workers are exposed to diesel exhaust and an increasing number

f workers are exposed to crystalline silica while manufacturing stone

ountertops and sandblasting denim 

65 , 66 , these findings have significant

ublic health implications and highlight the importance of occupational

afety regulations and effective control programs to eliminate these ex-

osures. 

Night shift work leads to circadian rhythm disruption, which is as-

ociated with cancer initiation and progression, and has been classified

s Group 2A human carcinogen by IARC 

67 . The few studies that investi-

ated shift work in relation to lung cancer risk reached inconsistent re-

ults 68–76 , which could perhaps be explained by misclassification based
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n shift work and its co-exposures to other lung carcinogens, as well as

ncomplete control of confounding factors such as smoking. Sleep du-

ation may modify the association between shift work and lung cancer

isk 70 , although the relationship between sleep duration and lung cancer

s also inconsistent 70 , 77–82 . 

Non-occupational lung cancer risk factors may play a synergistic

r antagonistic role with occupational factors. Studies have reported

oint effects of smoking and occupational exposures, including diesel ex-

austs, crystalline silicas, and exposure circumstances as welders, brick-

ayers, and painters, in lung cancer risk 63 , 64 , 83–85 . Future large studies

re needed to integrate both occupational and non-occupational risk fac-

ors to understand their interactions and mixed effect on lung cancer.

inally, the “healthy worker effect ” should be considered when inter-

reting study results that compare the incidence or mortality of occu-

ational settings to those of the general population, in which the true

ssociations are likely to be underestimated. 

. Radon 

Radon has been classified as a Group 1 human carcinogen by IARC

ased on sufficient evidence from epidemiologic studies reporting a

trong exposure-response relationship between occupational exposure

o radon and its decay products and risk of lung cancer 86 . It is the lead-

ng cause of lung cancer in nonsmokers 86 . Subsequent studies investigat-

ng exposure to residential radon and risk of lung cancer have generally

upported an adverse association 87–90 , although epidemiologic studies

ave encountered methodologic challenges to exposure assessment of

esidential radon concentration, which can be affected by the type and

ge of the house, renovation materials, ventilation capacity of indoor

ir, temperature, humidity, atmospheric pressure, and season 91 . 

Studies investigating the association by histologic subtypes have gen-

rally supported an adverse association across all histologic subtypes as

ummarized by a meta-analysis 92 . 

. Air pollution 

Outdoor air pollution and particulate matter (PM) in outdoor air pol-

ution were classified as Group 1 human carcinogens by IARC in 2013

ased on sufficient evidence from human and experimental animal stud-

es, as well as mechanistic evidence 93 . Several large-scale cohort studies

ith data on confounding variables (i.e., cigarette smoking) provided

trong evidence of a positive link between ambient air pollution and

ung cancer incidence and mortality 94–96 . A meta-analysis reported a

tatistically significant increased risk of lung cancer incidence in each

0 μg/m 

3 increase in PM 2.5 (RR = 1.09, 95% CI: 1.04, 1.14) 97 . A re-

ently updated meta-analysis including 20 cohort studies reported an

ven greater risk of lung cancer associated with PM 2.5 
98 . Although there

as no significant heterogeneity in findings across studies where either

xed site monitoring or model-based approaches for exposure assess-

ent were used, most of these studies were conducted in North America

nd Europe, where ambient exposure is lower; to date, very few studies

ave been conducted in Asia and other parts of the world with higher

nown exposure levels 99–103 . Several recent large epidemiologic stud-

es also support an adverse effect of PM 2.5 and PM 10 on lung cancer

isk 104–107 , although two studies showed no clear association with PM

ue to lack of controlling for cigarette smoking 108 and short follow-up

ime 109 . 

In addition to PM, studies on nitrogen dioxide (NO 2 ), a marker of

raffic-related air pollution, suggested an increased risk of lung cancer

ssociated with increasing exposure to NO 2. These studies were summa-

ized in two meta-analyses 110 , 111 . Several recent large epidemiologic

tudies provided inconsistent results, with some studies supporting an

ncreased risk of lung cancer associated with exposure to NO 2 
104 , 112 ,

nd others showing no association 106 , 109 , 113 . A recent study among

ostmenopausal never-smoker women reported an increased risk of

ung cancer among those residing < 50 m from primary highways, sug-

esting that other traffic-related indicators including ultrafine particles,
218 
article-bound polycyclic aromatic hydrocarbons (PPAHs) and volatile

rganic compounds (VOCs) might contribute to an increased risk of lung

ancer 113 . The few studies that investigated O 3 and lung cancer risk

ielded inconsistent results 104 , 106 , 114 . 

Household burning of coal and biomass fuel (primarily wood) has

een classified as Group 1 and Group 2A human carcinogens for lung

ancer, respectively 115 . Combustion of solid fuels is also a major con-

ributor to indoor and outdoor air pollution, particularly in “develop-

ng countries ” including China 116 . Epidemiologic studies conducted in

hina 117 , 118 , North America, and Europe 115 gave compelling evidence

o support the relationship between coal combustion and risk of lung

ancer. An updated review of epidemiologic studies reported a summa-

ized OR of 1.17 (95% CI: 1.01, 1.37) for lung cancer associated with

iomass for cooking and/or heating, and a higher risk among women

n “developing countries ” compared with “developed countries ”, which

as consistent with higher exposure among the former 119 . Exposure lev-

ls of indoor air pollution from combustion of solid fuels for cooking and

eating are largely influenced by the type and quality of fuels, the type

nd condition of stoves, the type of ventilation and housing, the spe-

ific tasks and skill of the stove operator, and weather conditions 115 .

etter exposure assessment is warranted to elucidate exposure-response

elationship between solid fuels and lung cancer risk. 

A limited number of studies have investigated air pollution and

isk of lung cancer by histologic subtypes. A meta-analysis reported a

tronger association of adenocarcinoma with PM 2.5 (RR = 1.40, 95%

I: 1.07, 1.83 per 10 𝜇g/m 

3 ) based on three studies, and with PM 10 

RR = 1.29, 95% CI: 1.02, 1.63 per 10 𝜇g/m 

3 ) based on two studies 97 .

ome - but not all - subsequent studies supported a stronger association

etween PM 2.5 
120 , 121 , PM 10 

122 , and adenocarcinoma 123 . Further stud-

es of the relationship between air pollution and lung cancer histologic

ubtypes are needed. 

Evidence of the link between different components of PM and risk of

ung cancer is also limited 97 , 124 . A study using PM 2.5 oxidative burden,

he product of PM 2.5 mass, and oxidative potential, which is the ability

f regional filter extracts to deplete antioxidants glutathione or ascor-

ate in a synthetic respiratory tract lining fluid, reported a significantly

ncreased risk of lung cancer mortality associated with glutathione-

elated, but not ascorbate-related, PM 2.5 oxidative burden 125 . Several

ther studies reported a similar adverse association between various

M 2.5 components and lung cancer risk 126–128 . Several PM components

ncluding nickel, chromium, cadmium, and silica dust, as well as diesel

ngine exhaust have been classified as lung cancer carcinogens by IARC

ased on sufficient evidence in humans 129 , 130 . 

Very few studies have examined the combined effects of air pollu-

ion, cigarette smoking, and other lifestyle factors. The American Cancer

ociety Cancer Prevention Study II (ACS CPS-II) suggested a greater risk

f lung cancer mortality among those with PM 2.5 and cigarette smok-

ng exposures than what was expected from the sum of their individual

ffects 131 . European cohort studies found no interaction between am-

ient PM 2.5 or PM 10 concentrations and fruit consumption in relation

o lung cancer risk 95 . Studying the interactions of various lifestyle fac-

ors with air pollution in lung cancer risk has important public health

mplications. Future longitudinal studies with detailed information on

onfounding factors and modifiable lifestyle factors are needed. 

. Dietary factors 

Epidemiologic studies investigating the relationship between dietary

ntake and lung cancer risk have reported mixed results. The variety of

ood frequency questionnaires used in these studies makes comparison

hallenging. Meta-analyses suggested a moderately reduced risk of lung

ancer associated with greater intake of fruits and vegetables 132 , 133 ,

oy-products 134 , and fish 135 , as well as a moderately increased risk as-

ociated with high intakes of red and processed meat 136 , 137 . However,

tudies of supplementary nutrients including vitamin A, vitamin C, vi-

amin E, carotenoid, folate, selenium, and multivitamins provided no
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vidence of their protective effect against lung cancer 138 , 139 . Two in-

erventional studies indicated that beta-carotene supplements increased

he risk of lung cancer among smokers 140–142 . 

In addition to specific food items and nutrients, recent studies have

lso investigated dietary patterns in relation to lung cancer risk. Al-

hough definitions of dietary patterns differed between studies, healthy

ietary patterns, generally defined as a diet rich in fruits, vegeta-

les, fish, white meat, and soy products, have been linked to a re-

uced risk of lung cancer according to some studies reporting statis-

ically significant results 143–146 and others showing non-significant re-

ults 147–149 . On the other hand, studies suggested an increased risk as-

ociated with a Western diet high in red meat and low in fruits and

egetables 147 , 148 , 150 , 151 . 

In summary, the relationship between dietary intake and risk of lung

ancer is inconclusive. The complexity of food items, variety of cooking

ethods, and variations in eating patterns over time make dietary expo-

ure assessment extremely challenging. Future large prospective studies

ith longitudinally collected information on dietary intake are needed

o elucidate the role of diet and its interactions with other lifestyle and

nvironmental factors in relation to lung cancer risk. 

. Physical activity 

Physical activity has proven benefits for prevention of many chronic

iseases including certain cancers 152 . Epidemiologic studies investigat-

ng physical activity and risk of lung cancer, however, have reached

nconclusive results. Studies generally supported an inverse association

etween leisure time physical activity and risk of lung cancer and its his-

ologic subtypes, and found an inverse association mainly among smok-

rs or men 153–156 . The few studies that investigated household physical

ctivity and risk of lung cancer reported no association 157 , 158 . In con-

rast, the majority of studies investigating occupational physical activity

nd lung cancer risk found no significant association 157 , 159–164 , except

hree studies reported a significantly increased risk associated with oc-

upational physical activity 165–167 and that one study showed a reduced

isk 168 . A recent meta-analysis suggested an elevated risk of lung cancer

ssociated with high-level occupational physical activity compared with

ow-level occupational physical activity or sedentary occupation among

en, but not among women 169 . 

The observed variations in the association between lung cancer and

hysical activity by different types of physical activity, by smoking sta-

us, and by gender highlight the importance of future research. Resid-

al confounding due to lack of detailed information on smoking inten-

ity and other environmental and lifestyle factors could be a potential

oncern. Reverse causation should also be considered. For example, a

ong history of unhealthy lifestyle (i.e., smoking) may cause subclinical

ancer or respiratory conditions, which may in turn impede the ability

r desire to exercise even years before the lung cancer becomes overt.

herefore, the disease process may be the cause of reduction in phys-

cal activity. On the other hand, degrading health might motivate the

ndividuals to change unhealthy lifestyles and become more physically

ctive. It is also essential to understand concurrent co-exposures when

ssessing occupational physical activity and to elucidate interactions be-

ween physical activity and other environmental and lifestyle factors in

ung cancer risk. 

. Psychological factors 

Few studies have explored psychological factors in relation to lung

ancer risk, and the results have been inconclusive. Work stress is not

ignificantly associated with increased risk of lung cancer 170 . Early life

tress measured as a parental death during childhood is associated with

ncreased risk of lung cancer 171 . An early meta-analysis reported pos-

tive association between stress-related psychological factors and lung

ancer risk 172 . A recent meta-analysis of cohort studies showed an in-

reased risk of lung cancer associated with anxiety and depression with
219 
ignificant study heterogeneity 173 . Depression has been linked to re-

uced immune function and increased inflammation, potentially leading

o cancer development and progression 174 , 175 . Individuals with anxiety

r depression are also likely to smoke, drink, and be physically inac-

ive and obese 176 . It is essential to control these important lifestyle fac-

ors when studying the relationship between depression and anxiety and

ung cancer risk. 

0. Family history 

Family history of lung cancer has been linked to an increased risk

f lung cancer in the majority of published studies with an estimated

wofold association 177–180 . The strength of the association varied by ge-

graphic regions and certain sociodemographic factors as reviewed in a

ecent systematic review and meta-analysis, with a stronger association

enerally reported among Asians, younger individuals, ever smokers,

nd individuals with multiple affected relatives ( Table 1 ) 177 . Currently

o strong evidence indicates significant difference in the association

y histologic subtypes 178 , 181 . Although heritable genetic susceptibility

ould explain some of the association between family history and lung

ancer risk 182 , 183 , shared environmental and lifestyle risk factors as well

s gene-environment interactions are also important contributors to the

elationship 177 . 

1. Genetic factors 

A number of genetic susceptibility loci have been identified by

enome-wide association studies (GWAS) for lung cancer overall and

or specific histologic subtypes over the past decade. Among European

opulations, 19q13, 15q25, 15q21.1, 10q23.33, 8p21.1, 6q27, 6p21,

p15, 5q14.2, 4p15.2, 3p26, and 1p31.1 were significantly associated

ith lung cancer 184–195 , whereas 22q12.1, 13q13.1, 12q13.33, 9p21.3,

p21, 4p15.2, and 2q32.1 were associated with SCC 

196–198 , 20q13.33,

8q12.1, 11q23.3, 10q24.3, 8p12, 5p15, and 3q28 were associated

ith adenocarcinoma 185 , 191 , 196–199 . Among Asian populations, stud-

es have identified 20q13.2, 20q11.21, 17q24.3, 13q12.12, 12q12.2,

0p14, 6p21.33, 6p22.2, 5q32, 5q31.1, 5p15, 3q28, and 1p36.32 for

ung cancer 200–204 , 3q29 for non-small cell lung cancer 205 , 12q23.1 for

CC 

206 , and 5p15, 3q28, and 6p21 for adenocarcinoma 204 ( Table 1 ).

tudies, mainly on Asian non-smoking women, have identified 17q24.3,

3q31.3, 12q13.13, 10q25.2, 6q22.2, 6p21, 5p15, 3q28, and 2p16.3 for

ung cancer 207–210 , and 18p11 for non-small cell lung cancer 211 among

on-smokers. These identified loci are mainly located in the regions re-

ated to smoking behavior, nicotine addiction, DNA repair, and immune

esponse 186 , 188 , 193 , suggesting potential directions for future etiologic

tudies. The effect size of most genetic associations reported in the lit-

rature was modest with an OR of ∼1.3 182 , although higher effect size

as been reported in familial lung cancers 187 . Considering small effect

ize of single genetic locus, Shen et al. constructed polygenic risk scores

PRS) and showed that individuals with high PRS (the highest 10%) had

6% higher risk of lung cancer than the lowest 10% (HR = 1.96, 95%

I: 1.53, 2.51), suggesting that PRS could be potentially used to identify

igh-risk populations for lung cancer 212 . 

A growing body of literature has investigated gene-environment in-

eractions and lung cancer risk. Studies using GWAS data to explore

ene-environment interactions in lung cancer risk have identified loci on

5q22.32 and 14q22.1 that interact with smoking 213 , loci on 6p21.32

nd 3q28 with household air pollution 214 , and loci on 22q13.31, 11q13,

q32.1, and 2q34 with asbestos 215 , 216 . A number of interactions have

een reported by a study exploring interactions with occupational expo-

ure to 70 agents 217 . Although gene-environment interactions are likely

o play an essential role in individual susceptibility to lung cancer 218 , 219 ,

tudies investigating gene-environment interactions are still in an ex-

loratory stage due to the limitations of available study populations with

ufficient statistical power and data on exposures. 
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Table 1 

Associations between genetic factors, family history and the risk of lung cancer and its subtypes. 

Loci a Family history b HR (95% CI) 

Lung cancer 

Western 19q13, 15q25, 15q21.1, 10q23.33, 8p21.1, 6q27, 6p21, 5p15, 5q14.2, 4p15.2, 3p26, and 1p31.1 1.73 (1.58–1.89) 

Asia 20q13.2, 20q11.21, 17q24.3, 13q12.12, 12q12.2, 10p14, 6p21.33, 6p22.2, 5q32, 5q31.1, 5p15, 3q28, and 1p36.32 2.14 (1.83–2.50) 

Squamous cell carcinoma 

Western 22q12.1, 13q13.1, 12q13.33, 9p21.3, 6p21, 4p15.2, and 2q32.1 1.55 (1.29–1.85) 

Asia 12q23.1 0.65 (0.09–4.68) 

Adenocarcinoma 

Western 20q13.33, 18q12.1, 11q23.3, 10q24.3, 8p12, 5p15, and 3q28 1.70 (1.49–1.94) 

Asia 5p15, 3q28, and 6p21 1.86 (1.34–1.94) 

Non-small cell lung cancer 

Western – 1.72 (1.54–1.92) 

Asia 3q29 1.76 (1.44–2.16) 

a Western refers to European population. 
b Pooled summary estimates (95% CI) from Ang L et al 177 . 
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2. Other factors 

Several other factors have also been studied in relation to lung can-

er risk, but to a lesser extent. Studies linking obesity to lung cancer risk

eached inconsistent results. Two meta-analyses of prospective cohort

tudies showed that waist circumference, a simple yet sensitive indica-

or of obesity, is positively associated with lung cancer risk regardless of

moking status 220 , 221 . Compared with the normal category, the highest

ategory of body mass index was inversely associated with lung can-

er risk, but the inverse association disappeared for never smokers or

CC after stratifying by smoking status or histological subtype, respec-

ively 221 . A study covering 42% of the United States population reported

n increased risk of lung cancer associated with low social economic sta-

us (SES) 222 . The observed association is likely to be explained by con-

ounding factors. Smoking is more prevalent among populations with

ow SES, which is associated with poor access to healthy food, hygiene,

ealth insurance, and professional healthcare 223 . Another study from

he United States found a significant negative correlation between lung

ancer incidence rates in men and median income at state level, how-

ver, the significant correlation disappeared after controlling for smok-

ng, age, and race 224 . 

A growing body of evidence supports that sex hormones might play a

ole in the development of lung cancer 225 . Epidemiologic studies investi-

ated menstrual and reproductive factors, hormonal contraception, and

ormone replacement therapy (HRT) in relation to female lung cancer

isk, and the results were inconsistent. A recent meta-analysis employing

 combined indicator reported that exposure to higher levels of endoge-

ous and exogenous sex steroid hormones was associated with a reduced

isk of lung cancer among non-smoking women 226 . The higher levels of

ndogenous sex steroid hormone exposure were defined as younger ages

t menarche, older ages at menopause, longer reproductive windows

only for postmenopausal women), longer menstrual cycle, pregnancy

istory, first pregnancy at younger ages, and multiple pregnancies. The

igher levels of exogenous sex steroid hormone exposure were defined

s use of oral contraception, use of HRT, and isoflavone intake from

ood 226 . One population-based prospective study among Caucasian men

nvestigated androgens and found higher testosterone levels associated

ith increased risk of lung cancer 227 . 

Infectious agents can activate inflammatory cells and inflammatory

ignaling pathways that facilitate the development of an inflammatory

nvironment and subsequently promote lung carcinogenesis 228 . Mecha-

istic evidence supports that both bacterial (e.g., Chlamydophila pneu-

onia, Mycobacterium tuberculosis, Helicobacter pylori ) and viral (e.g.,

uman immunodeficiency virus, human papilloma virus, Epstein–Barr

irus, cytomegalovirus, and influenza virus) infections may increase the

isk of lung cancer, but epidemiologic studies have been limited 228 . A re-

ent meta-analysis showed that previous lung diseases, such as asthma,

hronic bronchitis, emphysema, pneumonia, tuberculosis, and chronic
220 
bstructive pulmonary disease, were associated with increased risk of

ung cancer and its subtypes, and the association was stronger among

lder individuals and Asian populations 229 . On the contrary, a history

f hay fever was associated with lower risk of lung cancer 229 . 

3. Risk factors for non-smokers 

Lung cancer among non-smokers has been considered as a differ-

nt disease 230 . Approximately 15–25% of lung cancers occur in non-

mokers, and the proportion varies significantly among different pop-

lations with a much higher proportion for women than men world-

ide, particularly in South Asia 230 . A majority of lung cancer in non-

mokers are adenocarcinomas 231 . It is essential to evaluate the risk fac-

ors for lung cancer among non-smokers. Epidemiologic studies among

on-smokers have generally supported an increased risk of lung can-

er associated with exposure to second-hand smoke 232 , 233 , radon 234 ,

M 2.5 
97 , cooking oil fumes 235 , and family history 177 . Limited studies

ave investigated occupational hazards and lung cancer risk among non-

mokers 236 , 237 . 

4. Conclusions 

As a result of previous studies, smoking, radon, air pollution, and oc-

upational exposure to asbestos, diesel fumes, arsenic, beryllium, cad-

ium, chromium, nickel, and silica are well-established risk factors for

ung cancer. Alcohol consumption, physical activity, obesity, dietary

actors, social and psychological considerations, infectious agents, hor-

ones, as well as complex genetic predispositions and interactions have

lso been suggested as contributing factors for lung cancer, although the

oles of these factors are inconclusive. 

Residual confounding from smoking and collinearity/

ulticollinearity due to co-exposures to correlated risk factors has

een a major challenge for studying lung cancer risk factors, partic-

larly those with moderate and low associations with lung cancer.

tatistical approaches such as adjusting confounding factors to a finer

egree, conducting stratified analyses, and performing mixture analyses

re available solutions. In addition, given the complex exposure of hu-

ans in the real world, it is pivotal to understand the complex exposure

atterns among populations and investigate the mixture effects from

omplex exposures and gene-environment interactions. To achieve this

oal, detailed information from large and diverse populations is needed

o provide sufficient statistical power to investigate multiple exposures

nd their mixture effects on lung cancer risk. 

An emerging novel approach blending cancer primary prevention

ervice and research through a digital platform may provide a cost-

ffective solution to the challenges in cancer prevention, including lung

ancer. Chinese National Cancer Center recently developed the Smart

ealth Management Digital Platform for Primary Cancer Prevention
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SmartHMDP-PCP), which can provide a tool to build personal expo-

ure profiles for risk assessment, individualized cancer prevention rec-

mmendations, and alerts of cutting-edge scientific findings on man-

gement of behavioral, environmental, and psychosocial risk factors 238 .

e-identified exposure profiles of consented individuals will be com-

iled into the unique epidemiologic databases that are customizable for

nalytics 238 . Implementation studies are needed to understand the ef-

ectiveness of SmartHMDP-PCP in lung cancer prevention. 
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