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Abstract

Sections

Lung cancer is the leading cause of cancer-related death worldwide.
However, lung cancer incidence and mortality rates differ substantially
across the world, reflecting varying patterns of tobacco smoking,
exposure to environmental risk factors and genetics. Tobacco smoking
istheleadingrisk factor for lung cancer. Lung cancer incidence largely
reflects trends in smoking patterns, which generally vary by sex and
economic development. For this reason, tobacco control campaigns
are a central part of global strategies designed to reduce lung cancer
mortality. Environmental and occupational lung cancer risk factors,
such as unprocessed biomass fuels, asbestos, arsenic and radon, can
also contribute to lung cancerincidence in certain parts of the world.
Over the past decade, large-cohort clinical studies have established that
low-dose CT screening reduces lung cancer mortality, largely owing to
increased diagnosis and treatment at earlier disease stages. These data
have led to recommendations thatindividuals with a high risk of lung
cancer undergo screening in several economically developed countries
and increased implementation of screening worldwide. In this Review,
we provide an overview of the global epidemiology of lung cancer. Lung
cancer risk factors and global risk reduction efforts are also discussed.
Finally, we summarize lung cancer screening policies and their
implementation worldwide.

'Division of Endocrinology, Diabetes, and Bone Diseases, Department of Medicine, Ilcahn School of Medicine at
Mount Sinai, New York, NY, USA. 2Division of Hematology and Oncology, Department of Medicine, lcahn School
of Medicine at Mount Sinai, New York, NY, USA. ®Division of General Internal Medicine, Department of Medicine,
Icahn School of Medicine at Mount Sinai, New York, NY, USA. “Tisch Cancer Institute, Icahn School of Medicine at
Mount Sinai, New York, NY, USA. < e-mail: amanda.leiter@mssm.edu

Introduction

Epidemiology of lung cancer

Lung cancer risk factors across
the globe

Screening and the global
burden of lung cancer

Effects of advances in
treatment on lung cancer
mortality

Conclusions

Nature Reviews Clinical Oncology


https://doi.org/10.1038/s41571-023-00798-3
http://crossmark.crossref.org/dialog/?doi=10.1038/s41571-023-00798-3&domain=pdf
http://orcid.org/0000-0001-9072-5512
mailto:amanda.leiter@mssm.edu

Review article

Key points

e Lung cancer is the leading cause of cancer death globally, with
incidence and mortality trends varying greatly by country and largely
reflecting differences in tobacco smoking trends.

o Cigarette smoking is the most prevalent lung cancer risk factor,
although environmental exposures, such as biomass fuels, asbestos,
arsenic and radon, are allimportant lung factor risk factors with levels
of exposure that vary widely across the globe.

e Lung cancer incidence and mortality rates are highest in
economically developed countries in which tobacco smoking peaked
several decades ago, although these rates have mostly now peaked
and are declining.

e Reductions in lung cancer mortality in economically developed
countries reflect decreased incidence (mirroring declines in
tobacco smoking) and improvements in treatment of patients with
advanced-stage disease, including immunotherapies and targeted
therapies.

¢ In low-income and middle-income countries at the later stages of
the tobacco epidemic, both lung cancer incidence and mortality are
increasing, thus highlighting the importance of tobacco mitigation
policies for reducing the global burden of lung cancer.

o Low-dose CT-based lung cancer screening reduces lung cancer
mortality, although adoption of lung cancer screening programmes
has been slow, with limited uptake compared with other cancer
screening programmes.

Introduction

Lung cancer is a very aggressive and highly prevalent disease world-
wide, with an estimated 2.2 million new cases and 1.8 million deaths
in 2020. Globally, lung cancer is the leading cause of cancer mortal-
ity in men and is the second highest cause of cancer death in women,
behind only breast cancer'. Lung cancer incidence and mortality are,
overall, approximately twice as highin men asin women, although the
male-to-female incidence and mortality ratios vary greatly across dif-
ferent regions of the world'. Tobacco exposure is by far the main risk
factor for lung cancer worldwide; however, environmental exposures
(such as biomass fuels, arsenic, radon, industrial carcinogens and air
pollution), which can vary substantially by country, also contribute to
lung cancer incidence and mortality trends. Furthermore, the extent
of certain histopathological features of lung cancer, such as subtype
(adenocarcinoma or squamous cell carcinoma) and the frequency of
somatic mutations (such as (EGFR) alterations) vary in different parts
ofthe world, which might reflect region-specific variationsin smoking
patterns, environmental exposures and genetics. Lung cancer also has
certain characteristics that canbe seenin certain patient populations
such aswomen, people living with HIV and never-smokers.

Epidemiology of lung cancer

Lung cancer is broadly categorized into small-cell and non-small-cell
histologies; non-small-cell lung cancer (NSCLC) comprises >85% of all
cases and can be further classified by histological subtype. Globally, the

most common histological subtype of NSCLC is adenocarcinoma (40%),
followed by squamous cell carcinoma (25%)**. Adenocarcinoma over-
took squamous cell carcinoma as the most common subtype in more
economically developed countries in the 1990s and is also the most
prevalent subtype inwomen (27-54%) and never-smokers (53-70%)>*>.
This increase in the incidence of lung adenocarcinoma has also
occurred more recently inlow- and middle-income countries (LMICs)*.

Lung cancerincidence and mortality vary greatly internationally.
Global differences in lung cancer incidence across the world largely
reflect differencesin tobacco smoking patterns, which vary by sexand
economicdevelopment trends (Fig.1). Boththeincidence and mortal-
ity ratesof lung cancer are three to four times higher in countries with
higherlevels of economic development as defined by the human devel-
opmentindex (HDI), ascore that combines gross domesticincome per
capita, life expectancy and levels of education™® (Fig. 1c).

Economically developed countries
Ineconomically developed countries, defined as those with the highest
HDIscores, lung cancerincidence started to declineinmenin the 1980s,
reflecting trends in tobacco smoking, which peaked decades ago and
have consistently decreased since in most of these countries (Figs.2-4).
Inwomen, peak lung cancer incidence occurred more recently (inthe
1990s), with a slight decrease in annual incidence rates since then.
However, the degree of declineinlung cancerincidence varies substan-
tially by country. Inthe USA, lung cancer incidence is declining in both
menand women, albeit with substantially greater decreases in men'’%,
In fact, the lung cancer incidence rates among women in the USA are
now higher than those in men, particularly in women born after 1960.
Interestingly, this trend is not entirely explained by historical changesin
tobacco use patterns®. Women in the USA and several other geographi-
calregions are more likely than men to have non-smoking-related lung
cancer’. Between 2011 and 2016, 90% of lung cancers in men and 84%
inwomenwere smoking-related (occurringin either current or former
smokers). However, rates among never-smokers are higherin younger
(20-49 years of age) people, with only 81% of men and 74% of women
with lung cancer having ahistory of smoking exposure (either current
or former smokers)™. Other epidemiological studies investigating
lung cancer incidence rate trendsin never-smokers (of all ages) in the
USA have been conflicting, with some studies suggesting an increase
and some suggesting no change''?. Regarding race and ethnicity, data
from the USA indicate that non-Hispanic white and Black individuals
have the highestincidence of lung cancer; these patternslargely reflect
differencesin smoking patterns, although ethnicity-related differences
in susceptibility to the carcinogenic effects of tobacco smoking and
differences in nicotine metabolism have also been reported> ™",
Lung cancer mortality in the USAstillaccounts for almost a quarter
of all cancer deaths'®. However, mortality rates have declined inrecent
years, which can probably be attributed to improvements in treat-
ment and anincrease inthe number of patients diagnosed at an earlier
disease stage, as a consequence of screening. Early diagnosis can
translate into improved outcomes, although mortality rates were
already declining between 2013 and 2016, prior to the broader imple-
mentation of lung cancer screeningin the USA that started around 2016
(ref.18).In 2019, death rates had declined by 56% in men compared
to the peak in 1990 and by 32% among women since peaking in 2002
(ref. 17). Lung cancer mortality also varies substantially by ethnicity
with Black and non-Hispanic white people having the highest mortal-
ity rates (39 per100,000 and 40 per 100,000, respectively), and those
of Hispanic (16 per 100,000) and Asian American (21 per 100,000)
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ethnicity having the lowest lung cancer mortality rates”. Lung cancer
deathrates have declined more quickly in Black men thaninwhite men,
which has reduced the historical disparity in lung cancer mortality
between these two groups”. Unfortunately, however, persistent racial
inequalities in outcomes continue to exist and have been attributed to
delays in diagnosis and lower rates of treatment among Black men®>?',
In Europe, lung cancer incidence is generally highest in western
countries. The UK has similar trends to those seeninthe USA, with lung
cancer incidence rates declining more quickly in men thanin women.
Other economically developed European countries with very high HDI
scoresalso have declininglung cancer incidence ratesin men, with the
exceptions of France and Spain where these rates have remained largely
stable, reflecting a higher prevalence of smoking in these countries*.
Among European women, lung cancer incidence rates aresstillincreas-
ing, with the exceptions of the UK, Denmark and Netherlands, where
rates in women have plateaued or are declining, probably reflecting
an early peak of tobacco smoking among women in these countries’.
Lung cancer is the leading and second leading cause of cancer
deathin Europeanmenand women, respectively, with lung cancer mor-
tality rates varying substantially by country. In Europe, the mean 5-year
survival of patients with NSCLC is 15%, but this percentage ranges
widely (from 10% in Lithuania to 20% in Switzerland)*. Reflecting
incidence patterns, lung cancer mortality is decreasing in both men
and women in European countries with the highest HDI scores, such
as the UK. Lung cancer mortality is decreasing in men throughout
Europe, althoughitis not decreasingamong womeninmost European
countries*. However, as of 2023, lung cancer mortality has stopped
increasing forwomenin Europe overall, with declinesin mortality rates
projected for the future®. Lung cancer mortality trends are generally
less favourable in countries located in central or eastern Europe com-
pared with those in western Europe, with less precipitous declines in
lung cancer mortality particularly apparent in southern and central
or eastern European countries than in western European countries®.
For example, lung cancer mortality increased in Bulgaria, Portugal
and Romania between 2000 and 2017. These mortality trends can
largely be attributed to these countries being in a later stage of the
smoking epidemic, with higher rates of smoking and fewer restrictions
on smoking?*. When comparing mortality rates between European
countries and the USA, differences in the quality of cancer registry
data must be taken into account. For example, countries located in
central or eastern Europe (such as Hungary and Romania) developed
their cancer registries later than most countries in western Europe,
andsuchregistries often have lower levels of population coverage and
more missing data regarding lung cancer diagnosis and mortality***.
In Asia, countries with very high HDI scores, such as Japan and
Korea, have high lung cancer incidence and mortality rates, similar
to those seen in the USA and Europe. However, the gap in incidence
between menand womeniswider because lung cancer ratesinmenare
not declining as precipitously, and the incidence in women, although
increasing, remains very low’. These patterns reflect awide gender gap
inthe prevalence of smoking in these countries®. Lung cancer mortal-
ity has been decreasing in both men and women in Japan and Korea',
possibly owing to the availability of effective targeted therapies for
lung cancers harbouring oncogenic driver mutations, which are more
prevalentin these populations than in the USA or Europe® (Fig. 5).

Emerging economies
Emerging economies are characterized by rapid economic growth
over the past 20 years. Lung cancer incidence and mortality patterns

largely correlate with the degree of economic development in these
countries. In Brazil, a country with a high HDI score that is also the
largest emerging economy in South America, lung cancer incidence
peaked in 2008, reflecting the high rates of smoking in the 1970s
(as compared to the USA and Europe, where smoking rates in men
peakedinthe1950s)**2, Lung cancer mortality in Brazil has been declin-
ingsince the late2000s; however, this statistic reflects opposite trends
by sex. Lung cancer mortality peaked in the early 1990s in men and
has decreased since then, whereas lung cancer mortality rates among
women are still increasing™*".

China, the largest emerging economy in the world, has reported
highrates of lung cancerincidence (815,000 new lung cancersin 2020)
and mortality". The burden of lung cancer in Chinais directly related to
the high prevalence of tobacco smoking, particularly inmen. Smoking
rates in Chinese men, while declining, remain very high (50%in 2019).
Smokingis muchless commonin Chinese women, with rates below 4%
in the same analysis*. Despite this limited smoking prevalence, lung
cancerincidencerates areincreasingin Chinese women, whichislikely
tobelinked to exposure to other carcinogens such as household and/or
outdoor air pollution or second-hand smoke®.

Tobacco use, as wellaslung cancer incidence and mortality, varies
greatly across different regions of China. In urban areas, lung cancer
incidence and mortality are higher owing to earlier adoption of smok-
ing. Fortunately, public health measures in urban areas (such as Beijing
and Shanghai) have already led to a declinein population smoking rates
since 2007 (ref. 38). Conversely, lung cancer incidence and mortality
are still increasing in rural regions of China, where tobacco smoking
is still high and access to medical care is more limited®*. In China,
the National Cancer Registration and Follow-up Programme covers
approximately 40% of the Chinese population with worse coverage in
rural regions, and this might lead to under-reporting of both cancer
incidence and mortality data®**°,

InIndia, lung cancer incidence and mortality rates are low com-
pared with those of other emerging economies and comparable with
those in certain LMICs'. Nonetheless, lung cancer incidence rates
in India increased between 2012 and 2016 in both men and women,
mirroring smoking patterns, albeit with high levels of heterogene-
ity between different regions. In particular, lung cancer incidence
has been increasing in northeastern and urban regions, which has
been attributed to higher tobacco smoking rates and air pollution in
theseareas**2, The proportion of squamous cell carcinomas (16-48%)
remains higher than thatin more economically developed countries,
although the proportion of adenocarcinomas (24-51%) has started to
increase over the past decade. These patterns have been attributed
to the consumption of handmade cigarettes called ‘bidi’ (rather than
manufactured cigarettes, which are filtered and contain less nico-
tine)*"*. In India, the predominant form of tobacco use is smokeless
tobacco, which is instead consumed orally and thus increases the
risks of oropharyngeal and oesophageal cancers but not necessarily
that of lung cancer. Regional differences intobacco consumptiontime
mightalso contribute to heterogeneity inlung cancer incidence among
different regions of India***’.

LMICs

Ingeneral, lung cancer registry datafrom LMICs are limited. Lung cancer
age-standardized incidence and mortality rates are generally lowerin
LMICs owing to historically lower smoking rates and the competing
risks of death from other causes (such asinfectious diseases). However,
these rates are largely variable by country and even within countries,
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Fig.1| The global epidemiology of lung cancer. a,b, Age-standardized
estimated lung cancer incidence rates (per 100,000 persons per year) for men
(parta) and women (partb) across the globe in 2020, demonstrating substantial
variability in lung cancer incidence by country. ¢, Lung cancer age-standardized

incidence and mortality rates in 2020 categorized by human development index
(HDI), an economic development score that combines income, life expectancy
and education. ASR, age-standardized rate. Adapted fromref. 1 https://gco.iarc.fr/
today/home (accessed July 2023).

owing to differences in smoking patterns, environmental exposures
and access to health-care services'. For example, in Latin America,
higher lung cancer incidence and greater mortality are usually seen
in countries with greater levels of economic development as defined
by HDI score (such as Argentina and Uruguay) both of which have an
increased prevalence of tobacco smoking. Overall, while lung cancer is
the leading cause of cancer mortality in Latin America, lung cancer
incidence is declining and remains higher in men than in women*%*,

Among Asian LMICs, lung cancer incidence and mortality are also
highly variable and correlate closely with tobacco smoking patterns.
Countries geographically closer to eastern Europe, such as Kazakhstan
and Turkey, have higher lung cancerincidencerates. Inthe Middle East,
LMICS with alow prevalence of tobacco smoking, such as Yemen and
Pakistan, have the lowest lung cancer incidence and mortality rates™*.

Africaisthe continent with the lowest lung cancer incidence and
mortality rates, which reflects lower smoking rates. Additionally, lower
life expectancy owingto the presence of several other major competing
causes of death might have a role in lower lung cancer incidence and
mortality rates. However, increases in both life expectancy and smok-
ing led to higher lung cancer mortality rates between 2002 and 2018,
particularlyinmeninnorthernand southern Africa. Tunisia, Morocco
and South Africa have the highestincidences of lung cancer; countries
with the lowest rates include Niger and Mozambique™*".

Lung cancer risk factors across the globe

Cigarette smoking is the most established and widely recognized risk
factor for lung cancer, with incidence trends that largely mirror those
of regional smoking patterns. Other lifestyle and environmental expo-
sures thatincrease lung cancerriskinclude exposure to biomass fuels,
occupational exposures and pollution. Other lung cancer risk factors
include genetics and sex (Table 1).

Smoking

Cigarette smoking increases lung cancer risk by 10-fold to 30-fold,
with a proportional relationship between the number of cigarettes
and the number of years smoked and risk of malignancy*>*. Cigar,
pipe and bidi smoking are also associated with an increased risk>**.
The link between tobacco consumption and lung cancer began to be
recognizedinthe1930s through epidemiological case-control studies.
Around this time, polycyclic aromatic hydrocarbons present in coal
tarand cigarette smoke were identified as carcinogens®®. In the 1950s,
dozens of other tobacco-related carcinogens had been characterized
and further epidemiological data confirmed the link between tobacco
smoking and lung cancer, with a1954 study showing that heavy smoking
(>35 cigarettes per day) increases therisk of lung cancer by a factor of
40 (refs. 56,57). Despite a global consensus as early as the 1950s, the
first national public health effort to reduce cigarette smoking did not
occur until the US Surgeon General’s report on smoking and health was
publishedin1964 (ref. 58). At this time, 52% of men and 35% of womenin
the USA smoked cigarettes. Following this report, cigarette smoking
in the USA and other higher-HDI nations began to decline markedly,
atrend that translated a few decades later to declines in lung cancer
incidence rates*. By contrast, smoking rates in LMICs have seen little

decline over the past three decades?. Given the high worldwide health
burden of smoking, the WHO developed the Framework Convention for
Tobacco Control (FCTC), an international treaty designed to support
participating nations in the implementation of tobacco control laws
up to an agreed minimum standard, which was implemented in 2005
and has expanded to include 182 countries as of 2021. FCTC interven-
tions include pictorial health warning labels on cigarette packaging
and tobacco advertising bans®°. Despite these efforts, more thana
billion people worldwide were estimated to have regularly smoked
cigarettes in 2019. Global smoking rates have decreased by 27% since
1990, although these declines have mostly occurred in economically
developed, and certain Latin American countries®.

Second-hand smokeis also arecognized risk factor for lung cancer
(conferring an estimated 20-30% increase in risk), with this increase
being proportional to the degree of exposure®®2, Since the harmful
effects of second-hand smoke exposure were recognized in the 1980s,
many countries have implemented policies to either ban or strictly limit
smokingin public places. Second-hand smoke exposure, as measured
using the second-hand smoke index (individuals who smoked associ-
ated withone death ofanindividual who did not smoke), has declined
worldwideinthe past 20 years exceptin Africaand eastern Mediterra-
nean countries®. Unfortunately, however, mortality from second-hand
smoke exposure continues to increase in some parts of the world,
including southern parts of Asia and Latin America®.

The use of electronic cigarettes (e-cigarettes) and vaping devices
hasemerged over the past decade, particularly amongst younger indi-
viduals (13-25 years of age) and non-smokers®*“°, While establishing an
epidemiological link between these forms of smoking and lung cancer
willrequire longer follow-up, e-cigarette smoke s likely to contain sev-
eral human carcinogensincluding polycyclicaromatic hydrocarbons
and aldehydes. The availability of e-cigarettes might promote the
cessation of traditional cigarette smoking, but conversely might also
be linked to smoking initiation in previous never-smokers®*. Despite
legal age restrictions for purchasing e-cigarettes and other tobacco
products in the USA (a minimum of 18-21 years of age), adolescents
and youngadults are the main e-cigarette users. Inthe USA, e-cigarette
use declined for the first time in 2020 after consistentincreasesin use
among middle-school and high-school students in the previous years®.
US policies designed to further control e-cigarette use have included
flavour bans and taxes®. In other parts of the world, regulatory strate-
gies for limiting the use of e-cigarettes have varied and include com-
plete prohibition, only allowing use for smoking cessation therapy,
taxation and flavour bans®.

Environmental exposures

Emissions from unprocessed biomass fuels are known to contain car-
cinogens, such as benzene and cyclic aromatic hydrocarbons, both of
which are linked to an increased risk of lung cancer®., Approximately
half of the global population is exposed to domestic biomass fuels,
such as combustible products for cooking and heating, including
wood and coal. Exposure to biomass fuel emissionsis associated with
anincreased lung cancer risk (odds ratio (OR) 1.56, 95% confidence
interval (Cl) 1.44-1.69), with a particularly high risk in coal users in
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Fig. 2| Changesin lung cancer epidemiology for men and women over time.
Age-standardized lung cancer incidence rates (per 100,000 persons per year)
over time by sex in selected countries: USA (parta), England and Wales (partb),

Spain (part c), China (partd), Japan (part e), India (part f) and Brazil (part g).
Data source: Global Cancer Observatory: Cancer Over Time',

Asia (OR4.93,95% Cl3.73-6.52), but also with a more limited increase
in risk in wood users in North America and Europe (OR 1.21, 95% CI
1.06-1.38) when compared with non-solid-fuel users®. Data from
meta-analyses also indicate that both cooking and heating with bio-
mass fuels are associated with an increased risk of lung cancer, with a
higher riskinwomen thaninmen, whichis suggested toreflect greater
levels of exposure in women®*®S, Interventions designed to reduce the

extent of indoor air pollution from biomass fuels include woodstove
change-out programmes, adding chimneys and switching fuel type to
petroleum; however, these efforts have not yet been shown to amelio-
rate the health hazards associated with domestic use of biofuels”*’. The
increasing frequency and scale of wildfires globally has augmented
the potential for exposure to biomass fuel emissions’®. Long-term
exposure to wildfires (within 50 km) might increase the risk of lung
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cancer compared with that of unexposed populations (HR1.05, 95%
Cl1.03-1.07)".

Environmental exposure to arsenic, agroup1carcinogen accord-
ing to the International Agency for Research on Cancer (IARC), is
known toincrease the risk of lung cancer’ %, Millions of people glob-
ally are exposed to high arsenic levels through contaminated drink-
ing water and/or food”. As a consequence, the WHO recommends
a maximum arsenic concentration of 10 pg per litre in water. Strate-
gies for lowering arsenic exposure include substituting water from
high-arsenic sources (such as groundwater) with water from other
sources for drinking and the use of arsenic removal systems®,

Radonis another carcinogen associated with anincreased risk of
lung cancer. Exposure can occur in residential settings owing to the
presence of this element in soil and building materials, and in some
occupational settings. In the Cancer Prevention Study-ll, residential
radon exposure was associated with an increased risk of lung cancer
mortality (HR1.15,95% CI11.00-1.31, per 100 Bq/m?increase in radon)®..
A meta-analysisincorporating datafrom 39 lung cancer case-control
studies demonstrated that elevated radon exposureis associated with
ahigher risk of lung cancer (relative risk 1.38,95% C1 1.19-1.60)*>. Over
time, the incidence of lung cancer attributable to radon exposure has
declined across the globe. However, changes in rates of lung cancer
attributable toradon exposure vary considerably between countries,
with increased levels of radon-attributable lung cancer emerging
between 1990 and 2019 in countries with moderate HDI scores®. The
WHO has provided detailed recommendations regarding indoor radon
levels and suggested policies for radon exposure prevention®. These
plans incorporate strategies such as radon testing, radon mitigation
andradon-resistant construction. For example, the US Environmental
Protection Agency implemented aNational Radon Action Planin 2010
to launch several projects designed to reduce the risk of radon expo-
sure, which have been successful in that rules and standards regard-
ing radon exposure have been established and awareness of the risks
associated with such exposures has increased®.

Occupational exposures commonly associated with lung cancer
include asbestos, arsenic, beryllium, silica and diesel exhaust. Other
exposures also include nickel, cadmium and chromium®®. Asbestos
fibre exposure can occur in occupations such as mining, ship and
building construction, and insulation, and is notorious for increasing
the risk of cancer (particularly mesothelioma, but also NSCLC)%%.
Asbestos exposure also has a synergistic effect with tobacco smoking
regarding increasing the risk of lung cancer®*?. Possible mechanisms
for the carcinogenic effects of asbestos include altered DNA methyla-
tion in lung epithelial cells, changes in lung epithelial cell signalling
pathways that promote inflammation and cellular proliferation, and
increased levels of oxidative stress”. In the USA, levels of asbestos use
and mining peaked in the 1940s (during and after the Second World
War). Asbestos use in the USA was partially banned in 1973 and this
material has not been mined since 2002. Russia, China, Brazil and
Kazakhstan are now the leading producers of asbestos. Asbestos use
iscurrently bannedin 71 countries and was eliminated in the European
Union in2005. However, many countries around the world, including
the USA, Canada, China, Russia, India and Mexico, continue to con-
sume asbestos products, most commonly for insulation materials and
automobile brakes”.

Diesel exhaustis another common occupational exposure associ-
ated withlung cancer developmentandis classified asagroup 1human
carcinogen by the IARC®. Epidemiological studies have consistently
demonstrated a link between occupational diesel exhaust exposure

and increased lung cancer risk. A pooled case-control analysis dem-
onstrated ORs of 1.1 (95% CI11.0-1.2) and 1.4 (95% Cl 1.3-1.5) for low
versus high cumulative elemental carbon exposure, respectively®, and
these results have been confirmed in multiple other epidemiological
studies’ . These findings highlight the importance of reducing poten-
tial diesel exhaust exposures in occupational and domestic settings.
Inthe USA, multiple programmes have beenimplemented to promote
the development and implementation of technologies intended to
reduce diesel emissions including the Diesel Emissions Reduction Act
Program of 2005 and 2010, which was re-authorized in 2020.

Chronic obstructive pulmonary disease

Smoking is acommon risk factor for both chronic obstructive pul-
monary disease (COPD) and lung cancer. However, several studies
have demonstrated that regardless of smoking duration and total
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Netherlands (2004-2013), Brazil (2003-2012), Japan (2001-2010), Republic
of Korea (2003-2012), China (2003-2012) and India (2003-2012). Data source:
Global Cancer Observatory: Cancer Over Time'*s.
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Fig. 4| Changesin number of individuals who smoke, by country (1990-2019).
These dataindicate areduction or plateauing in the percentage of the population
who smoke in most economically developed countries, alongside anincrease in

the percentage of smokers in many economically developing countries. Globally,

despite an approximately 10% decrease in the percentage of smokers, the
number of smokers continues to increase owing to population growth.
Modified fromref. 22, CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).

pack-years, COPD is an independent risk factor for developing lung
cancer.Inacase-control study, the number of newly diagnosed cases
oflung cancer was sixfold higher in patients with COPD thanin matched
smokers without the disease’. Data from further studies indicate that
increased severity of COPD, including worse airway obstruction, worse
diffusing lung capacity and greater extent of emphysemaon CT, are all
associated with bothincreased lung cancer incidence and mortality'°.
Postulated mechanisms underlying the link between COPD and lung
cancer include enhanced expression of inflammatory cytokines and
oxidative stress, leading to the development of a carcinogenic tissue
microenvironment'®, Data from large-scale genetic studies have dem-
onstrated ageneticlink between COPD, emphysema and lung cancer,
and haveidentified geneticlocithat contributeindependently toboth
lung cancer and COPD'*, These genetic variants influence epithelial
remodelling and the presence of inflammatory mediatorsin the lung'®.

HIVinfection

Lung cancer is the leading cause of non-AIDS-defining cancer deathin
peopleliving with HIV'**. Numerous studies have demonstrated that HIV
infection increases the risk of lung cancer by twofold to fivefold'> ",
This increased risk is partially attributable to higher smoking rates
in people living with HIV, although data from numerous studies indi-
cate a persistent increased risk of lung cancer even when control-
ling for smoking exposure'® %1%, People living with HIV who also
smoke have greater than double the lung cancer risk of people living
with HIV who do not smoke''%°, Furthermore, lung cancer typically
develops at a younger age and with fewer pack-years of smoking in
this population'®">2_people living with HIV are also more likely to
be diagnosed with lung cancer at more advanced stages and are more
likely to have disease of an adenocarcinoma histology'0®108113114,

Lung cancer risk and characteristics might differ in people living
with HIV owing to the virus itself directly promoting oncogenesis,
virus-relatedimmunosuppression (resulting in the need to maintain low
CD4 counts over prolonged periods of time) and infection-related and
non-infection-related lung inflammation'*.

Diet and metabolic factors

Numerous epidemiological studies have examined the effects of diet,
including the use of vitamins and other dietary supplements, on lung
cancer risk'”. Ameta-analysis of data from 33 published studies revealed
pooledrisk ratios of1.44 (95% C11.29-1.61) for red meat consumption
and of1.23 (95% C11.10-1.37) for processed meat consumption. A dose-
response analysisindicated thateach 50 g per day increase inred meat
intake increases the risk of lung cancer by 20%"*'”. Conversely, data
from several studies have demonstrated aninverse association between
consumption of fruit and vegetables and lung cancer development™®"%,
Fruit and vegetables contain antioxidants that might negate the inflam-
matory, genotoxic and oncogenic effects of smoking on lung epithelial
cells". Cross-sectional and cohort studies have demonstrated asso-
ciations between the consumption of specific vitamins, minerals and
dietary supplements and lung cancer incidence'®. For example, higher
vitamin B, and methionine levels were associated with reduced lung
cancer riskinthelarge European Prospective Investigationinto Cancer
and Nutrition (EPIC) study (OR 0.44 for the fourth versusfirst quartile
for vitamin B levels, 95% C1 0.33-0.60; OR 0.52 for the fourth versus
first quartile of methionine levels, 95% CI 0.39-0.69) in both smok-
ers and never-smokers'?. In the Vitamins and Lifestyle study, a large
prospective cohortstudy involving approximately 77,000 volunteers,
vitamin E supplements were associated with an increased risk of lung
cancer (HR1.05,95% CI1.00-1.09, per 100 mg/day dose increase), witha
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higher riskin current smokers (HR1.11,95% CI11.03-1.19, per 100 mg/day
doseincrease)'”. Many of these analyses adjust for both the dose and
duration of any smoking, although residual confounding related
to smoking (which might lead to different dietary and supplement
ingestion habits) could be a source of bias in many of these studies'’.

In addition to epidemiological studies, several randomized con-
trolled trials have assessed the effects of vitamin and/or other dietary
supplement consumption on lung cancer risk. A Cochrane Review
of data from randomized controlled trials found that vitamin D and
calcium supplementation does not affect lung cancer risk among
post-menopausal women and that selenium supplementation does
not significantly reduce lung cancer risk in men'**. The same review,
analysing data from prospective studies, also showed that the use
of B-carotene (a vitamin A precursor) and vitamin A supplements
can increase lung cancer risk. The Alpha-Tocopherol, Beta Carotene
Cancer Prevention trial (with randomization to a-tocopherol 50 mg
per day alone, 3-carotene 20 mg per day alone, both a-tocopherol
and -carotene, or placebo) showed that 3-carotene supplementation
increases therisk of lung cancer, whereas a-tocopherol has no associa-
tion with lung cancer development'”. The Beta-Carotene and Retinol
Efficacy trialinvolving >18,000 smokers, former smokers and workers
exposed to asbestos showed that daily dietary supplementation with
B-carotene (30 mg) and vitamin A (25,000 IU) increased the relative
risk of lung cancer (RR 1.28, 95% C11.04-1.57) relative to placebo™.
Based on these data, the US Preventive Services Task Force (USPSTF)
recommends against the use of 3-carotene for cancer prevention and
otherwise concludes that the current evidence is not sufficient to make
arecommendation regarding the use of other dietary supplements for
lung cancer prevention',

The prevalence of type 2 diabetes, insulin resistance and increased
BMI (leading to overweight and obesity) are increasing steadily world-
wide and have been associated with higher risk of many common types
of cancer'”. However, lung cancer has an inverse association with BMI,
known as the ‘obesity paradox?*'?°, This finding has been attributed
to residual confounding with smoking or reverse confounding in the
setting of cachexia with more advanced-stage lung cancer. While BMI
isinversely correlated with lung cancerincidence, emerging evidence
indicates that obesity determined by measures other than BMI, such
as increased waist circumference and increased waist to hip ratio, is
associated with a higher risk of lung cancer**"*!, Additionally, type 2
diabetes has not been associated with lung cancerincidence (including
any histological subtype)®*"**. However, Mendelian randomization
studies have demonstrated alink betweeninsulin resistance (a precur-
sorto diabetes thatis associated with higher waist circumference) and
anincreased risk of lung cancer, Data from this study, along with data
from preclinical studies showing the importance of insulin receptors
inthe pathogenesis of lung cancer, suggest thatincreased endogenous
insulin levels (rather than high blood sugar) might have a role in lung
cancer development®**,

Geneticrisk factors

Major insights into the somatic mutations that drive lung cancer have
been gained, with distinct subtype patterns (such as lung cancers har-
bouring EGFR alterations) found in different geographical regions
(suchaseast Asia) and among specific patient groups (such aswomen
and never-smokers) (Fig. 5). Regional differences in the percentages of
tumours expressing specific molecular markers reflect the effects
of varyingrisk factors (such as the prevalences of smoking and of unpro-
cessed biomass fuel exposure) and haveimportantimplications for lung

cancer detection and therapeutic management. Alterations in EGFR
are more prevalent in east Asia (38-50%) than in the Americas (24%)
and Europe (14%)"°*%, in adenocarcinomas (38% versus 12% in other
histologies), in women (44% versus 24% in men) and in never-smokers
(49% versus 22% in smokers)"®. Other driver mutations associated with
non-smokersincludethosein ALK (overall prevalence 4-5%), ROS1and
ERBB2.The prevalence of cytosine-adenine nucleotide transversions
(C:GtoT:A) and tumour mutational burden are both higher in patients
withasmoking history thanin those who have never smoked™. Altera-
tionsin KRAS (27% of cases) are more prevalentin smokers with adeno-
carcinoma (34%) and also differ in prevalence across different parts of
the world (25% in the USA versus 8% in China)"*"*"***! Patients with
lung cancers harbouring oncogenic driver mutations have increased
treatment options owing to the availability of targeted therapies that
are usually more effective than non-targeted approaches.

Having a family history of lung cancer is a known risk factor
for lung cancer, although heritability (defined as the proportion of
variance in cancer risk accounted for by inter-individual genetic dif-
ferences) is complex and an area of active research***. In a large
case-control study from the International Lung Cancer Consortium,
having a first-degree relative with lung cancer was associated with a
1.51-foldincrease in the risk of lung cancer after adjusting for smoking
and other potential confounders™*. A prospective study from several
Scandinavian countries involving >120,000 monozygotic twins, an
approach designed to take into account shared environmental risk
factors, found that the heritability of lung cancer is 18%'*. Certain
pathogenic germline variants, such as pathogenic TP53 variants (often
referred to as Li-Fraumeni syndrome) and EGFR variants, can confer
anincreased risk of lung cancer, although these are exceedingly rare
(linked to <1% of lung cancers)"*'*". Genome-wide association studies

60+

‘ M eorr M KRAS ALK ‘

IN
o
1

Newly diagnosed cases (per 100,000 persons per year)
3
|

Never Smoker

smoked

North Female

America

East Asia

General

Europe

Fig. 5| Prevalence of common NSCLC driver mutations by continent and
patient characteristics. Mutations in EGFR or KRAS, and ALK fusions, are among
the commonest driver alterations in patients with non-small-cell lung cancer
(NSCLC). Theincidence of these alterations can vary substantially by location
and certain other patient characteristics and can have importantimplications
owing to the availability of effective targeted therapies for patients with cancers
harbouring these alterations. Data on the general prevalence of these alterations
are derived from the Genomics Evidence Neoplasia Information Exchange
(GENIE) consortium database and from large cohort studies for subpopulation
prevalencesl%*l}&l-’!0,141,199*201.
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Table 1| Commonrrisk factors for lung cancer

Risk factor Relative risk Strategies to mitigate risk Refs.
Smoking 10-40 National and global public 52,53,57,60
awareness and education
campaigns, tobacco taxes
and policies supported
by the WHO Framework
Convention for Tobacco
Control
Second-hand 1.2-1.3 National policies to reduce 61,63
smoke smoking in public places
Biomass fuels 1.2-4.9 Woodstove change-out 35-37,68,69
programmes
Arsenic 1.02-1.20 Arsenic removal systems, 72-78,80
depending substituting high-arsenic
on degree of water with water from
exposure other sources
Radon 115-1.38 National radon action plans 81,82,84,85
to increase the extent
of radon testing, increase
radon mitigation and
encourage radon-resistant
construction
Asbestos 1.14-7 National and international 87-89,93
depending asbestos bans
on degree of
exposure
Diesel 11-1.4 International programmes 95-98,197
exhaust designed to reduce diesel
emissions internationally
(such as the Diesel
Emissions Reduction Act
Program in the USA)
Chronic 2-6 Smoking mitigation 99,100
obstructive strategies (see above)
pulmonary
disease
HIV 2-5 Large-scale education 105-111
efforts on HIV infection
prevention strategies and
HIV infection treatment
Red meat 1.36 per National nutritional 16,117
50g/day education efforts
Fruit and 0.86 (highest National nutritional 19
vegetable versus lowest  education efforts
consumption intake)

(GWAS) have identified multiple low-penetrance variants that increase
therisk of lung cancer. An aggregate of data from multiple GWAS identi-
fied 18 susceptibility loci that are potentially responsible for 12% of the
added familial relative risk of lung cancer'*®, In diseases with complex
heritability patterns with multiple low-penetrance genetic variants,
suchaslungcancer, polygenicrisk scores have the potential toimprove
personalized disease risk predictions'. Several risk scores focusing on
established susceptibility lociidentified in previous GWAS have shown
the potential to improve lung cancer risk stratification and provide
guidance on the optimal timing of screening"*, As the costs of geno-
typing continue to decrease and the technology becomes more widely
available, polygenic risk scores, in combination with traditional lung
cancer risk factors, will potentially become animportant component
of lung cancer risk prediction.

Screening and the global burden of lung cancer
Development of evidence-based guidelines

Alarge proportion of patients with lung cancer (48%) are diagnosed with
distant metastases, and these patients have a 5-year relative survival rate
of 8%. By contrast, patients diagnosed with localized lung cancer have a
5-year survival rate of 260%"*">>. Thus, diagnosing lung cancer at the
earlier stages is critical for improving outcomes. Data from multiple
international lung cancer screening trials have demonstrated that
screening with low-dose CT (LDCT) is an effective method of increas-
ing the percentage of individuals diagnosed with stage I-1llung cancer
and decreasing the percentage diagnosed with stage IlI-1V disease in
high-risk populations (typically heavy smokers 50 years of age)>* 5,
Thus far, only the National Lung Screening Trial (NLST) and Neder-
lands-Leuvens Longkanker Screenings Onderzoek (NELSON) trial
have sufficient statistical power and follow-up to assess reductions
inlung cancer mortality, with both studies demonstrating that LDCT
improves survival in high-risk populations®$*°,

The NLST was the definitive study that led to the incorporation
of lung cancer screening into US national clinical guidelines in 2013.
In the NLST, individuals 55-74 years of age with a smoking history of
>30 pack-years and <15 years since smoking cessation were randomly
assigned to either LDCT or chest radiography screening. The NLST
found that LDCT reduced lung cancer mortality by 20% with anumber
needed to screen (NNS) to prevent one lung cancer death of 323 indi-
viduals (over 6.5 years of follow-up monitoring)"’. The most recent
USPSTF guidelines recommend annual LDCT screening for adults
50-80years of age withasmoking history of >20 pack-years who either
currently smoke or quit smoking within the past 15 years'’. In 2016,
the Canadian Preventive Task Force guidelines recommended annual
LDCT screening for up to three consecutive years for adults 55-74 years
of age with a smoking history of >30 pack-years who either currently
smoke or quit within the past 15 years™.

InEurope, the NELSON trial, conducted in Belgium and Netherlands,
included patients 55-75 years of age, with asmoking history of >15 ciga-
rettes per day for >25 years or >10 cigarettes per day for >30 years, and
less than 10 years since quitting. Patients were randomly assigned to
undergo LDCT screening versus no screening. This trial demonstrateda
24%reductioninlung cancer mortality (NNSto prevent one lung cancer
death of 130 over 10 years of follow-up monitoring), with even greater
effectiveness in women™®, Based on data from the NELSON trial, the
EuropeanUnionissued a position statementin2017 recommending that
member countries delineate a timeline for implementing lung cancer
screening and also outlined preparatory steps forimplementation'. In
September 2022, the UK National Screening Committee recommended
anational targeted lung cancer screening programme'® (Table 2).

Despite the major positive effect on lung cancer mortality
observed in the NLST and the NELSON trial, LDCT screening comes
with the risk of false-positive findings, which canlead to unnecessary
invasive procedures. The number of screening procedures needed to
cause unnecessary harm (false-positive results that led to unnecessary
invasive procedures) was 59 in the NLST and 62 in the NELSON trial*5"°,
Other potential harms of screening include radiation-related cancers
(considered extremely rare), patient distress and incidental (other than
nodules) imaging findings that might not be clinically important but
could nonethelesstrigger additional investigations and the associated
anxieties and/or costs'**. Ongoing research attempting to improve the
stratification of patients with LDCT-detected nodules (such asbiomark-
ers and/or prediction models) might reduce the risk of unnecessary
harms associated with screeningin the future.
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Following publication of the NLST results, clinicians in several
Asian countries, including Japan, China and South Korea, developed
lung cancer screening guidelines for use inindividuals with a high risk
oflungcancer (Table 2).In2013, Japanissued guidelines recommend-
ing LDCT screening in adults >50 years of age with a smoking history
of 230 pack-years'®. The most recent screening guidelines published
inChina, from2018, recommend LDCT screening in adults 50-74 years
of age with a smoking history of at least 20 pack-years who are either
current smokers or who quit smoking in the past 5 years'. Similarly,
cliniciansin South Koreaissued guidelinesin2015that recommended
LDCT screening according to the NLST inclusion criteria'’. Given the
observed increase in the incidence of lung cancer in women with no
history of smoking exposure inseveral Asian countries, the application
of LDCT lung cancer screening in non-smoking populations is currently
anactive area of research. As 0of 2019, the China National Cancer Early
Screening trial enrolled 78,500 smokers and non-smokers who were
randomized to annual LDCT for three consecutive years versus bian-
nual LDCT for1year versus no screening, with various screening tests
for colorectal cancer included in each arm, to assess for differences
in lung cancer mortality'®. In Japan, an ongoing trial is evaluating the
utility of 5-yearly LDCT versus chest roentgenography in never-smokers
or lighter smokers (<30 pack-years)'*’. The results of these trials are
expected to further inform lung cancer screening guidelines in Asia
and other parts of the world.

In countries with lower HDI scores, the findings of lung cancer
screening trials conducted in Europe and the USA might not be appli-
cable owing to higher incidences of granulomatous disease (such as
pulmonary tuberculosis), which mightincrease therisk of false-positive
findings. The first Brazilian Lung Cancer Screening Trial (BRELT1) had
the same inclusion criteria as the NLST. BRELT1 had a higher positive
screen rate (40%) than the NLST (26%), albeit with a similar number
of lung cancer diagnoses'”°. However, in BRELT1 (unlike in the NLST),
indeterminate pulmonary nodules >4 mmin diameter were considered
a positive finding. This trial did not examine lung cancer mortality,
althoughthe datademonstrate that LDCT screening needs to be further
studied, and potentially refined, in countries with lower HDI scores
and higher rates of tuberculosis. Brazilian national guidelines did not
recommend lung cancer screening with LDCT as of 2014 (ref. 171).

Implications for early diagnosis
Withthe growing uptake of screening, lung cancer is increasingly being
diagnosed at earlier stages. Inthe USA, the percentage of lung cancers

diagnosed aslocalized disease (according to cancer registry summary
stage) increased from 20%to 28% from 2013 t0 2018 (refs. 17,152). Simu-
lation modelling, acomparative effectiveness technique that enables
the extrapolation of existing evidence to forecast long-term clinical
outcomes, has been used to assess the potential benefits and harms of
various different lung cancer screening strategies. A modelling study
conducted to assess the cost effectiveness of the approach recom-
mendedinthe 2021 USPSTF guidelines (thatindividuals >50 years of age
withaminimum cumulative smoking exposure of <20 pack-years should
undergo annual LDCT screening until 80 years of age and until 15 years
following smoking cessation) found that screening is cost-effectivein
the USA, and also that expanding eligibility to patients who quit smok-
ing <25years previously would be even more cost-effective’?. Data from
another study demonstrated that the overall level of benefit from lung
cancer screening in the USA was expected to peakin2021 owing to lower
smoking rates among younger birth cohorts'”>. Given the more recent
implementation and the lack of coordinated national lung screening
programmes, only limited data are available on the nationwide effects
of lung cancer screening in other countries.

Challenges to widespread implementation

Despite robust evidence supporting the effectiveness of LDCT-based
lung cancer screening, levels of adoption remain low. Inthe USA, where
screening has been broadly recommended since 2013, only 18% of eligi-
ble patientsin real-world settings had undergone lung cancer screening
with LDCT as of 2018 (ref. 174). In China, uptake of LDCT screeningina
study that actively recruited participants (including through the use
of mediaadvertisements, offers of rapid procedures and even certain
financial incentives as well as traditional methods) was only 33%".
Similarly, only 52% of eligible individuals agreed to participatein a
dedicated lung cancer screening study in the UK. These rates are
dramatically lower than those observed for other cancer screening
tests, such as breast cancer (78% of eligible women) and colorectal
cancer (67% of eligible adults)"”".

Multiple barriers to LDCT-based lung cancer screening might
explain these low uptake rates, including patient-related, provider-
related and health-care system-related factors. Patient-related barriers
include a lack of knowledge of screening benefits and fatalistic views
about lung cancer among screening candidates"*"”’, Provider-related
and system-related barriers include a limited awareness of screening
guidelines, eligibility and alack of time for shared decision making*°.
Theavailability of multiple society guidelines with different screening

Table 2 | National lung cancer screening guidelines by country

Country or region Year Screening recommendation and interval Agerange Minimum Maximum time since
(years) pack-years quitting smoking (years)

USA'™®° 2021 LDCT 50-80 20 <15

Canada™™ 2016 LDCT (annually for three consecutive years) 55-74 30 <15

Brazil”' 2014 Not recommended currently NA NA NA

China'® 2018 LDCT (annual) 50-74 20 <5

Japan'® 2013 LDCT (screening interval not specified) >50 30 Any

Republic of Korea™’ 2015 LDCT (annual) 50-74 30 <15

UK'®® 2022 LDCT (screening interval not specified) 55-74 Any Any

European Union'® 2017 Member countries should delineate timeline for implementation ~ NA NA NA

LDCT, low-dose CT; NA, not applicable.
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eligibility criteria creates confusion among health-care providers'"'**,
Furthermore, approaches to automatically identify potential candi-
dates for screening from electronic health records are limited given
that detailed data on smoking history are often not available'.

Internationally, amajor system-related barrier to LDCT lung can-
cer screeningis cost.Inthe USA, LDCT is covered by private insurance
and Medicare (government-provided medical insurance for adults
>65 years of age). Coverage for LDCT by Medicaid (a state and federal
medical insurance programme for individuals with limited income)
isvariable by state and often uses different eligibility criteria to those
recommended by the USPSTF, requires prior authorization and/or
involves copayments'®*. In China, the costs of both screening and lung
cancer treatment, which are only partially covered by the govern-
ment in many regions, are major barriers to patient participation'®.
In Europe, where many countries have nationalized health-care sys-
tems, the cost effectiveness of LDCT screeningis animportant consid-
eration whenimplementing national lung cancer screening guidelines.
However, if nationally adopted, upfront costs will be largely covered by
the national health systems, facilitating adoption’¢. Although LDCT
screening might be cost-effective in the long term, upfront costs of
implementation mightimpair screening uptake. However, even when
payment-related barriers are removed, uptake among the target
population has been between 25-50%"817>175176187,

Other system-related barriers to screening implementation
include limited access to screening centres, as well as a lack of infra-
structure for evaluation of screening-detected pulmonary nodules™’.
Given these multilevel barriers, interventions designed to improve
implementation should include patient and provider education,
system-level changes to enable the availability of staffing and resources
to identify and counsel eligible patients, as well as improvements in
infrastructure to enable screening tests and any follow-up investiga-
tionsto be promptly conductedin order to rapidly diagnose and treat
patients with screening-detected cancers.

Challenges regarding implementation on a global scale include
the cost of CT scanners, as well as the limited availability of infra-
structure for follow-up procedures including pathology-based
diagnosis and treatment of any pulmonary nodules and/or cancers
identified on LDCT'**'%°, False-positive results are of greater con-
cern in countries with lower HDI scores owing to the often higher
incidence of pulmonary tuberculosis and other granulomatous lung
infections””’. Given the challenges and costs associated with screening
and the high smoking rates in several LMICs relative to economically
developed countries, many policy experts advocate for implement-
ing stricter tobacco control measures rather than LDCT screening

programmes’®s,

Future directions in lung cancer screening

Inaddition to LDCT screening, the development of blood tests involv-
ing the detection of circulating tumour material, also known as ‘liquid
biopsies’, is an active area of research. Examples of non-invasive bio-
marker assays currently under evaluation include those based on
the detection of microRNAs and cell-free DNA (cfDNA), circulating
autoantibodies and nasal gene expression™’. Multicancer early detec-
tion genomic blood tests use cfDNA sequencing, typically in combi-
nation with more traditional markers, to screen for multiple cancer
types, with preliminary data demonstrating low false-positive rates
(<1%)"". The successful development and implementation of these tests
has the potential toreduce barriers to screening and thereby decrease
lung cancer mortality'*'*>. The initial implementation of multicancer

early detection genomic blood testsis likely to happenin conjunction
with traditional screening methods in order to enhance sensitivity'*.

Effects of advances in treatment on lung cancer
mortality

Lung cancer mortality is declining in the economically developed
world largely owing to reductions in incidence (mirroring tobacco
trends), although reduced lung cancer mortality owing to improved
survival from the use of more advanced treatments might also have
arole. In an assessment of lung cancer mortality trends in the USA,
population-level reductionsin lung cancer mortality between 2013 and
2016 were attributed to the increased uptake of targeted therapies for
NSCLC driven by targetable alterations such as ALK rearrangements
and EGFR mutations'®. The use ofimmune checkpointinhibitors (such
as anti-PD-1and anti-PD-L1 antibodies), which were approved for use
inthe USA as early as 2015, is another paradigm shift that hasimproved
the survival outcomesin patients withadvanced-stage NSCLC without
atargetabledriveralteration, and is expected to have population-level
effects on lung cancer mortality in countries with widespread access
to these treatments'™.

Givenlimited access to newer lung cancer therapiesin most LMICs,
the effects of targeted therapies and immune checkpointinhibitors on
lung cancer mortality are likely to be limited. Less than half of all patients
globally have access to the molecular testing needed to select patient
for targeted therapies, with practice patterns varying substantially
depending on geographical location'”. As well as a lack of infrastruc-
ture permitting the detection of specific targetable alterations, other
barriers to accessing novel lung cancer therapies in LMICs include a
lack of access to cancer centres and the unaffordability of therapies™®.

Conclusions

Lung cancer is a major source of morbidity and mortality across the
globe. In this Review, we highlight the major international trends in
the epidemiology of lung cancer, lung cancer risk factors and lung
cancer screening. In economically developed countries, such as
the USA and UK, where tobacco smoking peaked 40-50 years ago,
both the incidence of and mortality from lung cancer are declining.
Theimplementation of lung cancer screeningin the USA and in other
economically developed countries over the past decade hasled to an
increase in the diagnosis of early-stage lung cancer, which has led to
further reductionsin lung cancer mortality. Increasing theimplemen-
tation of lung cancer screening will be critical for reducing global lung
cancer burden. Inmost LMICs, the extent of tobacco smoking is declin-
ing but remains highly prevalent. Tobacco control will continue to be
crucialinreducing lung cancerincidence and mortality in most parts of
the world. Toimprove lung cancer outcomes, future studies designed
to further refine lung cancer risk using genetics and other clinical risk
factors and eligibility for screening, particularly in non-smokers, are
likely to be important. The further characterization of lung cancer
biologyisexpectedtoenableimprovementsin personalized therapies
in patients with lung cancer.

Published online: 21 July 2023

References

1. Sung, H. et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71, 209-249 (2021).

2. Travis, W. D., Brambilla, E., Burke, A. P, Marx, A. & Nicholson, A. G. WHO Classification of
Tumours of the Lung, Pleura, Thymus and Heart (IARC, 2015).

3. Schabath, M. B. & Cote, M. L. Cancer progress and priorities: lung cancer. Cancer
Epidemiol. Biomark. Prev. 28, 1563-1579 (2019).

Nature Reviews Clinical Oncology



Review article

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lortet-Tieulent, J. et al. International trends in lung cancer incidence by histological
subtype: adenocarcinoma stabilizing in men but still increasing in women. Lung Cancer
84,13-22 (2014).

Wakelee, H. A. et al. Lung cancer incidence in never smokers. J. Clin. Oncol. 25, 472-478
(2007).

United Nations Development Programme. Human development report 2021-22. UNDP
http://report.hdr.undp.org (2022).

Jemal, A., Ma, J., Rosenberg, P. S., Siegel, R. & Anderson, W. F. Increasing lung cancer
death rates among young women in southern and midwestern states. J. Clin. Oncol. 30,
2739-2744 (2012).

Jemal, A. et al. Higher lung cancer incidence in young women than young men in the
united states. N. Engl. J. Med. 378, 1999-2009 (2018).

Islami, F. et al. Proportion and number of cancer cases and deaths attributable to
potentially modifiable risk factors in the United states. CA Cancer J. Clin. 68, 31-54
(2018).

Siegel, D. A., Fedewa, S. A., Henley, S. J., Pollack, L. A. & Jemal, A. Proportion of never
smokers among men and women with lung cancer in 7 US states. JAMA Oncol. 7,
302-304 (2021).

Sakoda, L. C. et al. Trends in smoking-specific lung cancer incidence rates within a US
integrated health system, 2007-2018. Chest https://doi.org/10.1016/j.chest.2023.03.016
(2023).

Pelosof, L. et al. Proportion of never-smoker non-small cell lung cancer patients at
three diverse institutions. J. Natl Cancer Inst. https://doi.org/10.1093/jnci/djw295 (2017).
Meza, R., Meernik, C., Jeon, J. & Cote, M. L. Lung cancer incidence trends by gender,
race and histology in the United States, 1973-2010. PLoS ONE 10, e0121323 (2015).
Haiman, C. A. et al. Ethnic and racial differences in the smoking-related risk of lung
cancer. N. Engl. J. Med. 354, 333-342 (2006).

Murphy, S. E. Biochemistry of nicotine metabolism and its relevance to lung cancer.

J. Biol. Chem. 296, 100722 (2021).

Siegel, R. L., Miller, K. D., Fuchs, H. E. & Jemal, A. Cancer statistics, 2021. CA Cancer J.
Clin. 71, 7-33 (2021).

Siegel, R. L., Miller, K. D., Fuchs, H. E. & Jemal, A. Cancer statistics, 2022. CA Cancer J.
Clin. 72,7-33 (2022).

Howlader, N. et al. The effect of advances in lung-cancer treatment on population
mortality. N. Engl. J. Med. 383, 640-649 (2020).

Singh, G. K. & Jemal, A. Socioeconomic and racial/ethnic disparities in cancer mortality,
incidence, and survival in the United States, 1950-2014: over six decades of changing
patterns and widening inequalities. J. Environ. Public Health 2017, 2819372 (2017).
Blom, E. F., Ten Haaf, K., Arenberg, D. A. & de Koning, H. J. Disparities in receiving
guideline-concordant treatment for lung cancer in the United States. Ann. Am. Thorac.
Soc. 17,186-194 (2020).

Sineshaw, H. M. et al. County-level variations in receipt of surgery for early-stage
non-small cell lung cancer in the United States. Chest 157, 212-222 (2020).

GBD 2019 Tobacco Collaborators. Spatial, temporal, and demographic patterns in
prevalence of smoking tobacco use and attributable disease burden in 204 countries
and territories, 1990-2019: a systematic analysis from the Global Burden of Disease Study
2019. Lancet 397, 2337-2360 (2021).

Allemani, C. et al. Global surveillance of trends in cancer survival 2000-14
(CONCORD-3): analysis of individual records for 37513025 patients diagnosed with
one of 18 cancers from 322 population-based registries in 71 countries. Lancet 391,
1023-1075 (2018).

Jani, C. et al. Lung cancer mortality in Europe and the USA between 2000 and 2017:

an observational analysis. ERJ Open. Res. https://doi.org/10.1183/23120541.00311-2021
(2021).

Malvezzi, M. et al. European cancer mortality predictions for the year 2023 with focus
on lung cancer. Ann. Oncol. 34, 410-419 (2023).

Carioli, G. et al. European cancer mortality predictions for the year 2020 with a focus
on prostate cancer. Ann. Oncol. 31, 650-658 (2020).

Alves, L., Bastos, J. & Lunet, N. Trends in lung cancer mortality in Portugal (1955-2005).
Rev. Port. Pneumol. 15, 575-587 (2009).

Martinez, C., Guydish, J., Robinson, G., Martinez-Sanchez, J. M. & Fernandez, E.
Assessment of the smoke-free outdoor regulation in the WHO European region.

Prev. Med. 64, 37-40 (2014).

Forsea, A. M. Cancer registries in Europe - going forward is the only option.
Ecancermedicalscience 10, 641 (2016).

Cho, B. C. et al. Genomic landscape of non-small cell lung cancer (NSCLC) in East Asia
using circulating tumor DNA (ctDNA) in clinical practice. Curr. Oncol. 29, 2154-2164
(2022).

Mathias, C. et al. Lung cancer in Brazil. J. Thorac. Oncol. 15, 170-175 (2020).

Souza, M. C., Vasconcelos, A. G. & Cruz, O. G. Trends in lung cancer mortality in Brazil
from the 1980s into the early 21st century: age-period-cohort analysis. Cad. Saude
Publica 28, 21-30 (2012).

Jiang, D. et al. Trends in cancer mortality in China from 2004 to 2018: a nationwide
longitudinal study. Cancer Commun. 41,1024-1036 (2021).

Parascandola, M. & Xiao, L. Tobacco and the lung cancer epidemic in China. Transl. Lung
Cancer Res. 8, S21-S30 (2019).

Hosgood, H. D. 3rd et al. In-home coal and wood use and lung cancer risk: a pooled
analysis of the International Lung Cancer Consortium. Env. Health Perspect. 118,
1743-1747 (2010).

36.

37.

38.

39.

40.

4.

42.

43.
44,

45.

46.

47.

48.

49.

50.

51
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Kurmi, O. P., Arya, P. H., Lam, K. B., Sorahan, T. & Ayres, J. G. Lung cancer risk and solid
fuel smoke exposure: a systematic review and meta-analysis. Eur. Respir. J. 40,1228-1237
(2012).

Qiu, A. Y., Leng, S., McCormack, M., Peden, D. B. & Sood, A. Lung effects of household
air pollution. J. Allergy Clin. Immunol. Pract. 10, 2807-2819 (2022).

Zhang, M. et al. Trends in smoking prevalence in urban and rural China, 2007 to 2018:
findings from 5 consecutive nationally representative cross-sectional surveys. PLoS Med.
19, e1004064 (2022).

Pineros, M., Znaor, A., Mery, L. & Bray, F. A global cancer surveillance framework within
noncommunicable disease surveillance: making the case for population-based cancer
registries. Epidemiol. Rev. 39, 161-169 (2017).

Wei, W. et al. Cancer registration in China and its role in cancer prevention and control.
Lancet Oncol. 21, e342-e349 (2020).

Mathur, P. et al. Cancer statistics, 2020: report from National Cancer Registry
Programme, India. JCO Glob. Oncol. 6,1063-1075 (2020).

Nath, A., Sathishkumar, K., Das, P., Sudarshan, K. L. & Mathur, P. A clinicoepidemiological
profile of lung cancers in India - results from the National Cancer Registry Programme.
Indian J. Med. Res. 155, 264-272 (2022).

Singh, N. et al. Lung cancer in India. J. Thorac. Oncol. 16, 1250-1266 (2021).

Kaur, H. et al. Evolving epidemiology of lung cancer in India: reducing non-small cell
lung cancer-not otherwise specified and quantifying tobacco smoke exposure are the
key. Indian J. Cancer 54, 285-290 (2017).

Mohan, A. et al. Clinical profile of lung cancer in North India: a 10-year analysis of 1862
patients from a tertiary care center. Lung India 37,190-197 (2020).

Shaikh, R., Janssen, F. & Vogt, T. The progression of the tobacco epidemic in India on the
national and regional level, 1998-2016. BMC Public Health 22, 317 (2022).

India State-Level Disease Burden Initiative Cancer Collaborators. The burden of cancers
and their variations across the states of India: the Global Burden of Disease Study
1990-2016. Lancet Oncol. 19, 1289-1306 (2022).

& Piferos, M. et al. An updated profile of the cancer burden, patterns and trends in Latin
America and the Caribbean. Lancet Reg. Health Am. 13,100294 (2022).

Raez, L. E. et al. The burden of lung cancer in Latin-America and challenges in the access
to genomic profiling, immunotherapy and targeted treatments. Lung Cancer 119, 7-13
(2018).

Pakzad, R., Mohammadian-Hafshejani, A., Ghoncheh, M., Pakzad, |. & Salehiniya, H.

The incidence and mortality of lung cancer and their relationship to development in
Asia. Transl. Lung Cancer Res. 4, 763-774 (2015).

Hamdi, Y. et al. Cancer in Africa: the untold story. Front. Oncol. 11, 650117 (2021).
Centers for Disease Control and Prevention. What are the risk factors for lung cancer?
CDC https://www.cdc.gov/cancer/lung/basic_info/risk_factors.htm (2022).

Peto, R. et al. Smoking, smoking cessation, and lung cancer in the UK since 1950:
combination of national statistics with two case-control studies. Br. Med. J. 321,
323-329 (2000).

Boffetta, P. et al. Cigar and pipe smoking and lung cancer risk: a multicenter study from
Europe. J. Natl Cancer Inst. 91, 697-701 (1999).

Pednekar, M. S., Gupta, P. C., Yeole, B. B. & Hébert, J. R. Association of tobacco habits,
including bidi smoking, with overall and site-specific cancer incidence: results from the
Mumbai cohort study. Cancer Causes Control. 22, 859-868 (2011).

Proctor, R. N. The history of the discovery of the cigarette-lung cancer link: evidentiary
traditions, corporate denial, global toll. Tob. Control. 21, 87-91(2012).

Doll, R. & Hill, A. B. The mortality of doctors in relation to their smoking habits. Br. Med. J.
1,1451(1954).

US Department of Health, Education, and Welfare. Smoking and health: report of the
Advisory Committee to the Surgeon General of the Public Health Service (US Public
Health Service, 1964).

Brawley, O. W., Glynn, T. J., Khuri, F. R., Wender, R. C. & Seffrin, J. R. The first Surgeon
General's report on smoking and health: the 50th anniversary. CA Cancer J. Clin. 64,
5-8(2014).

WHO Framework Convention on Tobacco Control. 2021 global progress report on
implementation of the WHO Framework Convention on Tobacco Control (WHO FCTC,
2022).

Oberg, M., Jaakkola, M. S., Woodward, A., Peruga, A. & Priss-Ustln, A. Worldwide burden
of disease from exposure to second-hand smoke: a retrospective analysis of data from
192 countries. Lancet 377, 139-146 (2011).

Office on Smoking and Health. The Health Consequences of Involuntary Exposure to
Tobacco Smoke: a Report of the Surgeon General (Centers for Disease Control and
Prevention, 2006).

Yousuf, H. et al. Estimated worldwide mortality attributed to secondhand tobacco smoke
exposure, 1990-2016. JAMA Netw. Open 3, 201177 (2020).

Bracken-Clarke, D. et al. Vaping and lung cancer - a review of current data and
recommendations. Lung Cancer 153, 11-20 (2021).

Centers for Disease Control and Prevention. Trends in tobacco use among youth.

CDC https://www.cdc.gov/tobacco/data_statistics/fact_sheets/fast_facts/trends-in-
tobacco-use-among-youth.html (2022).

Sindelar, J. L. Regulating vaping - policies, possibilities, and perils. N. Engl. J. Med. 382,
e54 (2020).

Campus, B., Fafard, P., St Pierre, J. & Hoffman, S. J. Comparing the regulation

and incentivization of e-cigarettes across 97 countries. Soc. Sci. Med. 291, 114187
(2021).

Nature Reviews Clinical Oncology


http://report.hdr.undp.org
https://doi.org/10.1016/j.chest.2023.03.016
https://doi.org/10.1093/jnci/djw295
https://doi.org/10.1183/23120541.00311-2021
https://www.cdc.gov/cancer/lung/basic_info/risk_factors.htm
https://www.cdc.gov/tobacco/data_statistics/fact_sheets/fast_facts/trends-in-tobacco-use-among-youth.html
https://www.cdc.gov/tobacco/data_statistics/fact_sheets/fast_facts/trends-in-tobacco-use-among-youth.html

Review article

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

Bruce, N. et al. Does household use of biomass fuel cause lung cancer? A systematic
review and evaluation of the evidence for the GBD 2010 study. Thorax 70, 433-441
(2015).

Woolley, K. E. et al. Effectiveness of interventions to reduce household air pollution

from solid biomass fuels and improve maternal and child health outcomes in low- and
middle-income countries: a systematic review protocol. Syst. Rev. 10, 33 (2021).
Johnston, F. H. et al. Estimated global mortality attributable to smoke from landscape
fires. Environ. Health Perspect. 120, 695-701(2012).

Korsiak, J. et al. Long-term exposure to wildfires and cancer incidence in Canada:

a population-based observational cohort study. Lancet Planet. Health 6, e400-e409
(2022).

Rousseau, M.-C., Straif, K. & Siemiatycki, J. IARC carcinogen update. Environ. Health
Perspect. 113, A580-A581(2005).

Yuan, T., Zhang, H., Chen, B., Zhang, H. & Tao, S. Association between lung cancer risk
and inorganic arsenic concentration in drinking water: a dose-response meta-analysis.
Toxicol. Res. 7,1257-1266 (2018).

Shankar, S., Shanker, U. & Shikha Arsenic contamination of groundwater: a review of
sources, prevalence, health risks, and strategies for mitigation. Sci. World J. 2014,
304524 (2014).

D'lppoliti, D. et al. Arsenic in drinking water and mortality for cancer and chronic diseases
in central Italy, 1990-2010. PLoS ONE 10, e0138182 (2015).

Ferdosi, H. et al. Arsenic in drinking water and lung cancer mortality in the United States:
an analysis based on US counties and 30 years of observation (1950-1979). J. Environ.
Public Health 2016, 1602929 (2016).

Ferreccio, C. et al. Arsenic, tobacco smoke, and occupation: associations of multiple
agents with lung and bladder cancer. Epidemiol 24, 898-905 (2013).

Wu, M. M., Kuo, T. L., Hwang, Y. H. & Chen, C. J. Dose-response relation between arsenic
concentration in well water and mortality from cancers and vascular diseases. Am. J.
Epidemiol. 130, 1123-1132 (1989).

Oberoi, S., Barchowsky, A. & Wu, F. The global burden of disease for skin, lung, and
bladder cancer caused by arsenic in food. Cancer Epidemiol. Biomark. Prev. 23, 1187-1194
(2014).

UNICEF. Arsenic Primer: Guidance on the Investigation and Mitigation of Arsenic
Contamination (UNICEF, 2018).

Turner, M. C. et al. Radon and lung cancer in the American Cancer Society Cohort.
Cancer Epidemiol. Biomark. Prev. 20, 438-448 (2011).

Ngoc, L. T. N., Park, D. & Lee, Y. C. Human health impacts of residential radon exposure:
updated systematic review and meta-analysis of case-control studies. Int. J. Environ. Res.
Public Health 20, 97 (2012).

Shan, X. et al. A global burden assessment of lung cancer attributed to residential radon
exposure during 1990-2019. Indoor Air 32, 13120 (2022).

World Health Organization. WHO Handbook on Indoor Radon: a Public Health Perspective
(WHO, 2009).

US Environmental Protection Agency. The national radon action plan - a strategy for
saving lives. EPA https://www.epa.gov/radon/national-radon-action-plan-strategy-saving-
lives (2023).

IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. A Review of
Human Carcinogens. Part F: Chemical Agents and Related Occupations (IARC, 2012).
Pira, E., Donato, F., Maida, L. & Discalzi, G. Exposure to asbestos: past, present and future.
J. Thorac. Dis. 10, $237-S245 (2018).

Villeneuve, P. J., Parent, M., Harris, S. A. & Johnson, K. C. Occupational exposure to
asbestos and lung cancer in men: evidence from a population-based case-control study
in eight Canadian provinces. BMC Cancer 12, 595 (2012).

Lash, T. L., Crouch, E. A. & Green, L. C. A meta-analysis of the relation between
cumulative exposure to asbestos and relative risk of lung cancer. Occup. Environ. Med.
54, 254-263 (1997).

Nelson, H. H. & Kelsey, K. T. The molecular epidemiology of asbestos and tobacco in lung
cancer. Oncogene 21, 7284-7288 (2002).

Markowitz, S. B., Levin, S. M., Miller, A. & Morabia, A. Asbestos, asbestosis, smoking, and
lung cancer. New findings from the North American Insulator cohort. Am. J. Respir. Crit.
Care Med. 188, 90-96 (2013).

Mossman B. T., Gualtieri A. F. in Occupational Cancers (eds.Anttila S. & Boffetta P.)
239-256 (Springer, 2020).

Thives, L. P., Ghisi, E., Thives Junior, J. J. & Vieira, A. S. Is asbestos still a problem in the
world? A current review. J. Environ. Manag. 319, 115716 (2022).

Benbrahim-Tallaa, L. et al. Carcinogenicity of diesel-engine and gasoline-engine
exhausts and some nitroarenes. Lancet Oncol. 13, 663-664 (2012).

Ge, C. et al. Diesel engine exhaust exposure, smoking, and lung cancer subtype risks.

a pooled exposure-response analysis of 14 case-control studies. Am. J. Respir. Crit. Care
Med. 202, 402-411(2020).

Garshick, E. et al. Lung cancer and elemental carbon exposure in trucking industry
workers. Env. Health Perspect. 120, 1301-1306 (2012).

Silverman, D. T. et al. The diesel exhaust in miners study: a nested case-control study of
lung cancer and diesel exhaust. J. Natl Cancer Inst. 104, 855-868 (2012).

Vermeulen, R. et al. Exposure-response estimates for diesel engine exhaust and lung
cancer mortality based on data from three occupational cohorts. Environ. Health
Perspect. 122, 172-177 (2024).

Young, R. P. et al. COPD prevalence is increased in lung cancer, independent of age, sex
and smoking history. Eur. Respir. J. 34, 380-386 (2009).

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

10.

m.

2.

3.

4.

15.

6.

n7z.

8.

mne.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

de Torres, J. P. et al. Lung cancer in patients with chronic obstructive pulmonary
disease-incidence and predicting factors. Am. J. Respir. Crit. Care Med. 184, 913-919
(201).

Durham, A. L. & Adcock, I. M. The relationship between COPD and lung cancer.

Lung Cancer 90, 121-127 (2015).

Young, R. P. et al. Individual and cumulative effects of GWAS susceptibility loci

in lung cancer: associations after sub-phenotyping for COPD. PLoS ONE 6, 16476
(201).

Saber Cherif, L. et al. The nicotinic receptor polymorphism rs16969968 is associated
with airway remodeling and inflammatory dysregulation in COPD patients. Cells 11, 2937
(2022).

Sigel, K., Makinson, A. & Thaler, J. Lung cancer in persons with HIV. Curr. Opin. Hiv. AIDS
12, 31-38 (2017).

Shiels, M. S., Cole, S.R., Mehta, S. H. &Kirk, G. D. Lung cancer incidence and mortality
among HIV-infected and HIV-uninfected injection drug users. J. Acquir. Inmune Defic.
Syndr. 65, 510-515 (2010).

Sigel, K. et al. HIV as an independent risk factor for incident lung cancer. AIDS 26,
1017-1025 (2012).

Engels, E. A. et al. Elevated incidence of lung cancer among HIV-infected individuals.

J. Clin. Oncol. 24,1383-1388 (2006).

Chaturvedi, A. K. et al. Elevated risk of lung cancer among people with AIDS. AIDS 21,
207-213 (2007).

Kirk, G. D. et al. HIV infection is associated with an increased risk for lung cancer,
independent of smoking. Clin. Infect. Dis. 45,103-110 (2007).

Parker, M. S., Leveno, D. M., Campbell, T. J., Worrell, J. A. & Carozza, S. E. AIDS-related
bronchogenic carcinoma: fact or fiction? Chest 113, 154-161(1998).

Patel, P. et al. Incidence of types of cancer among HIV-infected persons compared with
the general population in the United States, 1992-2003. Ann. Intern. Med. 148, 728-736
(2008).

Winstone, T. A., Man, S. F., Hull, M., Montaner, J. S. & Sin, D. D. Epidemic of lung cancer in
patients with HIV infection. Chest 143, 305-314 (2013).

Hessol, N. A. et al. Lung cancer incidence and survival among HIV-infected and
uninfected women and men. AIDS 29, 1183-1193 (2015).

Bearz, A. et al. Lung cancer in HIV positive patients: the GICAT experience. Eur. Rev. Med.
Pharmacol. Sci. 18, 500-508 (2014).

O’Connor, E. A. et al. Vitamin and mineral supplements for the primary prevention of
cardiovascular disease and cancer: updated evidence report and systematic review for
the US Preventive Services Task Force. J. Am. Med. Assoc. 327, 2334-2347 (2022).

Wei, X. et al. Diet and risk of incident lung cancer: a large prospective cohort study in UK
Biobank. Am. J. Clin. Nutr. 114, 2043-2051(2021).

Xue, X. J. et al. Red and processed meat consumption and the risk of lung cancer:

a dose-response meta-analysis of 33 published studies. Int. J. Clin. Exp. Med. 7,
1542-1553 (2014).

Vieira, A. R. et al. Fruits, vegetables and lung cancer risk: a systematic review and
meta-analysis. Ann. Oncol. 27, 81-96 (2016).

Amararathna, M., Johnston, M. R. & Rupasinghe, H. P. V. Plant polyphenols as
chemopreventive agents for lung cancer. Int. J. Mol. Sci. 17,1352 (2016).

Alsharairi, N. A. The effects of dietary supplements on asthma and lung cancer risk in
smokers and non-smokers: a review of the literature. Nutrients 11, 725 (2016).

The Lung Cancer Cohort Consortium.Circulating folate, vitamin B6, and methionine in
relation to lung cancer risk in the Lung Cancer Cohort Consortium (LC3). J. Natl Cancer
Inst. 110, 57-67 (2018).

Slatore, C. G., Littman, A. J., Au, D. H., Satia, J. A. & White, E. Long-term use of
supplemental multivitamins, vitamin C, vitamin E, and folate does not reduce the risk
of lung cancer. Am. J. Respir. Crit. Care Med. 177, 524-530 (2008).

Verbeek, J. H. et al. An approach to quantifying the potential importance of residual
confounding in systematic reviews of observational studies: a GRADE concept paper.
Environ. Int. 157, 106868 (2021).

Cortés-Jofré, M., Rueda, J. R., Asenjo-Lobos, C., Madrid, E. & Bonfill Cosp, X. Drugs for
preventing lung cancer in healthy people. Cochrane Database Syst. Rev. 3, Cd002141
(2020).

The Alpha-Tocopherol Beta Carotene Cancer Prevention Study Group. The effect of
vitamin E and beta carotene on the incidence of lung cancer and other cancers in male
smokers. N. Engl. J. Med. 330, 1029-1035 (1994).

Omenn, G. S. et al. Effects of a combination of beta carotene and vitamin A on lung
cancer and cardiovascular disease. N. Engl. J. Med. 334, 1150-1155 (1996).
Pearson-Stuttard, J. et al. Worldwide burden of cancer attributable to diabetes and high
body-mass index: a comparative risk assessment. Lancet Diabetes Endocrinol. 6, e6-e15
(2018).

Lennon, H., Sperrin, M., Badrick, E. & Renehan, A. G. The obesity paradox in cancer:

a review. Curr. Oncol. Rep. 18, 56 (2016).

Duan, P. et al. Body mass index and risk of lung cancer: systematic review and
dose-response meta-analysis. Sci. Rep. 5, 16938 (2015).

Ardesch, F. H. et al. The obesity paradox in lung cancer: associations with body size
versus body shape. Front. Oncol. 10, 591110 (2020).

Yu, D. et al. Overall and central obesity and risk of lung cancer: a pooled analysis. J. Natl
Cancer Inst. 110, 831-842 (2018).

Leiter, A. et al. Assessing the association of diabetes with lung cancer risk. Transl. Lung
Cancer Res. 10, 4200-4208 (2021).

Nature Reviews Clinical Oncology


https://www.epa.gov/radon/national-radon-action-plan-strategy-saving-lives
https://www.epa.gov/radon/national-radon-action-plan-strategy-saving-lives

Review article

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Yi, Z. H. et al. Association between diabetes mellitus and lung cancer: meta-analysis.

Eur. J. Clin. Invest. 50, 13332 (2020).

Carreras-Torres, R. et al. Obesity, metabolic factors and risk of different histological types
of lung cancer: a Mendelian randomization study. PLoS ONE 12, e0177875 (2017).
Dziadziuszko, R., Camidge, D. R. & Hirsch, F. R. The insulin-like growth factor pathway in
lung cancer. J. Thorac. Oncol. 3, 815-818 (2008).

Li, S. et al. Coexistence of EGFR with KRAS, or BRAF, or PIK3CA somatic mutations in lung

cancer: a comprehensive mutation profiling from 5125 Chinese cohorts. Br. J. Cancer 110,

2812-2820 (2014).

Kris, M. G. et al. Using multiplexed assays of oncogenic drivers in lung cancers to select
targeted drugs. JAMA 311,1998-2006 (2014).

Zhang, Y. L. et al. The prevalence of EGFR mutation in patients with non-small cell lung
cancer: a systematic review and meta-analysis. Oncotarget 7, 78985-78993 (2016).
Swanton, C. & Govindan, R. Clinical implications of genomic discoveries in lung cancer.
N. Engl. J. Med. 374,1864-1873 (2016).

AACR Project GENIE Consortium et al. AACR Project Genie: Powering precision medicine
through an international consortium. Cancer Discov. 7, 818-831(2017).

Dogan, S. et al. Molecular epidemiology of EGFR and KRAS mutations in 3,026 lung
adenocarcinomas: higher susceptibility of women to smoking-related KRAS-mutant
cancers. Clin. Cancer Res. 18, 6169-6177 (2012).

Etzel, C. J., Amos, C. |. & Spitz, M. R. Risk for smoking-related cancer among relatives of
lung cancer patients. Cancer Res. 63, 8531-8535 (2003).

Matakidou, A., Eisen, T. & Houlston, R. S. Systematic review of the relationship between
family history and lung cancer risk. Br. J. Cancer 93, 825-833 (2005).

Coté, M. L. et al. Increased risk of lung cancer in individuals with a family history of the
disease: a pooled analysis from the International Lung Cancer Consortium. Eur. J. Cancer
48,1957-1968 (2012).

Mucci, L. A. et al. Familial risk and heritability of cancer among twins in Nordic countries.
J. Am. Med. Assoc. 315, 68-76 (2016).

Caron, O., Frebourg, T., Benusiglio, P. R., Foulon, S. & Brugiéres, L. Lung adenocarcinoma
as part of the Li-Fraumeni syndrome spectrum: preliminary data of the LIFSCREEN
randomized clinical trial. JAMA Oncol. 3,1736-1737 (2017).

Gazdar, A. et al. Hereditary lung cancer syndrome targets never smokers with germline
EGFR gene T790M mutations. J. Thorac. Oncol. 9, 456-463 (2014).

McKay, J. D. et al. Large-scale association analysis identifies new lung cancer
susceptibility loci and heterogeneity in genetic susceptibility across histological
subtypes. Nat. Genet. 49, 1126-1132 (2017).

Klein, R. J. & Gimus, Z. H. Are polygenic risk scores ready for the cancer clinic? - a
perspective. Transl. Lung Cancer Res. 11, 910-919 (2022).

Hung, R. J. et al. Assessing lung cancer absolute risk trajectory based on a polygenic risk
model. Cancer Res. 81, 1607-1615 (2021).

Dai, J. et al. Identification of risk loci and a polygenic risk score for lung cancer:

a large-scale prospective cohort study in Chinese populations. Lancet Respir. Med. 7,
881-891(2019).

Surveillance, Epidemiology, and End Results (SEER) Program. SEER*Stat Database:
Incidence - SEER Research Data, 8 Registries, Nov 2021 Sub (1975-2020) - Linked To
County Attributes - Time Dependent (1990-2020) Income/Rurality, 1969-2020 Counties.
https://seer.cancer.gov/statistics-network/explorer (National Cancer Institute, 2023).
Surveillance, Epidemiology, and End Results (SEER) Program. SEER*Stat Database:
Mortality - ALl COD, Aggregated With State, Total U.S. (1969-2020), Katrina/Rita
Population Adjustment. https://seer.cancer.gov/statistics-network/explorer (National
Cancer Institute, 2022).

Paci, E. et al. Mortality, survival and incidence rates in the ITALUNG randomised lung
cancer screening trial. Thorax 72, 825-831(2017).

Infante, M. et al. Long-term follow-up results of the DANTE trial, a randomized study of
lung cancer screening with spiral computed tomography. Am. J. Respir. Crit. Care Med.
191, 1166-1175 (2015).

Saghir, Z. et al. CT screening for lung cancer brings forward early disease. The
randomised Danish Lung Cancer Screening Trial: status after five annual screening
rounds with low-dose CT. Thorax 67, 296-301(2012).

Becker, N. et al. Lung cancer mortality reduction by LDCT screening - results from the
randomized German LUSI trial. Int. J. Cancer 146, 1503-1513 (2020).

de Koning, H. J. et al. Reduced lung-cancer mortality with volume CT screening in a
randomized trial. N. Engl. J. Med. 382, 503-513 (2020).

Aberle, D. R. et al. Reduced lung-cancer mortality with low-dose computed tomographic
screening. N. Engl. J. Med. 365, 395-409 (2011).

Krist, A. H. et al. Screening for lung cancer: US Preventive Services Task Force
recommendation statement. J. Am. Med. Assoc. 325, 962-970 (2021).

Canadian Task Force on Preventive Health Care. Recommendations on screening for
lung cancer. Can. Med. Assoc. J. 188, 425-432 (2016).

Oudkerk, M. et al. European position statement on lung cancer screening. Lancet Oncol.
18, €754-e766 (2017).

UK National Screening Committee. Adult screening programme: lung cancer. GOV.UK
https://view-health-screening-recommendations.service.gov.uk/lung-cancer/ (2022).
Bach, P. B. et al. Benefits and harms of CT screening for lung cancer: a systematic review.
JAMA 307, 2418-2429 (2012).

Japan Radiological Society The Japanese imaging guideline 2013. Japan Radiological
Society http://www.radiology.jp/content/files/diagnostic_imaging_guidelines_2013_e.pdf
(2013).

166.

167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

17e.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191

192.

193.

194.

195.

196.

197.

Zhou, Q. et al. China national lung cancer screening guideline with low-dose computed
tomography (2018 version) [Chinese]. Zhongguo Fei Ai Za Zhi 21, 67-75 (2018).

Jang, S. H. et al. The Korean guideline for lung cancer screening. J. Korean Med. Assoc.
58, 291-301(2015).

Triphuridet, N. & Henschke, C. Landscape on CT screening for lung cancer in Asia.
Lung Cancer 10, 107-124 (2019).

Sagawa, M., Nakayama, T., Tanaka, M., Sakuma, T. & Sobue, T. A randomized controlled
trial on the efficacy of thoracic CT screening for lung cancer in non-smokers and smokers
of <30 pack-years aged 50-64 years (JECS study): research design. Jpn. J. Clin. Oncol.
42,1219-1221(2012).

dos Santos, R. S. et al. Do current lung cancer screening guidelines apply for populations
with high prevalence of granulomatous disease? Results from the first Brazilian lung
cancer screening trial (BRELT1). Ann. Thorac. Surg. 101, 481-486 (2016).

Ministéro Satde. Protocolos clinicos e diretrizes terapéuticas em oncologia. Ministéro
Satde https://www.gov.br/saude/pt-br/assuntos/protocolos-clinicos-e-diretrizes-
terapeuticas-pcdt/arquivos/2014/livro-pcdt-oncologia-2014.pdf (2014).

Toumatzis, I. et al. Cost-effectiveness evaluation of the 2021 US Preventive Services Task
Force recommendation for lung cancer screening. JAMA Oncol. 7,1833-1842 (2021).
Criss, S. D., Sheehan, D. F., Palazzo, L. & Kong, C. Y. Population impact of lung cancer
screening in the United States: projections from a microsimulation model. PLoS Med. 15,
1002506 (2018).

Kee, D., Wisnivesky, J. & Kale, M. S. Lung cancer screening uptake: analysis of BRFSS
2018. J. Gen. Intern. Med. 36, 2897-2899 (2021).

Cao, W. et al. Uptake of lung cancer screening with low-dose computed tomography in
China: a multi-centre population-based study. EClinicalMedicine 52, 101594 (2022).
Quaife, S. L. et al. Lung screen uptake trial (LSUT): randomized controlled clinical

trial testing targeted invitation materials. Am. J. Respir. Crit. Care Med. 201, 965-975
(2020).

National Cancer Institute. Breast, cervical, and colorectal cancers - early detection
summary table. NIH https://progressreport.cancer.gov/tables/breast-cervical (2022).
Jonnalagadda, S. et al. Beliefs and attitudes about lung cancer screening among
smokers. Lung Cancer 77, 526-531(2012).

Carter-Harris, L., Ceppa, D. P.,, Hanna, N. & Rawl, S. M. Lung cancer screening: what do
long-term smokers know and believe? Health Expect. 20, 59-68 (2017).

Gesthalter, Y. B. et al. Evaluations of implementation at early-adopting lung cancer
screening programs: lessons learned. Chest 152, 70-80 (2017).

Medicare. Lung cancer screenings. Medicare.gov https://www.medicare.gov/coverage/
lung-cancer-screenings (2023).

Carter-Harris, L. & Gould, M. K. Multilevel barriers to the successful implementation

of lung cancer screening: Why does it have to be so hard? Ann. Am. Thorac. Soc. 14,
1261-1265 (2017).

Modin, H. E. et al. Pack-year cigarette smoking history for determination of lung cancer
screening eligibility. comparison of the electronic medical record versus a shared
decision-making conversation. Ann. Am. Thorac. Soc. 14, 1320-1325 (2017).

American Lung Association. State of lung cancer. American Lung Association
https://www.lung.org/research/state-of-lung-cancer (2022).

Jia, Q., Chen, H., Chen, X. & Tang, Q. Barriers to low-dose CT lung cancer screening
among middle-aged Chinese. Int. J. Environ. Res. Public Health 2020 17, 7107 (2020).
Novellis, P. et al. Lung cancer screening: who pays? Who receives? The European
perspectives. Transl. Lung Cancer Res. 10, 2395-2406 (2021).

Crosbie, P. A. et al. Implementing lung cancer screening: baseline results from a
community-based ‘Lung Health Check’ pilot in deprived areas of Manchester. Thorax 74,
405-409 (2019).

Verghese, C., Redko, C. & Fink, B. Screening for lung cancer has limited effectiveness
globally and distracts from much needed efforts to reduce the critical worldwide
prevalence of smoking and related morbidity and mortality. J. Glob. Oncol. 4, 1-7 (2018).
Shankar, A. et al. Feasibility of lung cancer screening in developing countries:
challenges, opportunities and way forward. Transl. Lung Cancer Res. 8, S106-5121(2019).
Fitzgerald, R. C., Antoniou, A. C., Fruk, L. & Rosenfeld, N. The future of early cancer
detection. Nat. Med. 28, 666-677 (2022).

Liu, M. C., Oxnard, G. R., Klein, E. A., Swanton, C. & Seiden, M. V. Sensitive and specific
multi-cancer detection and localization using methylation signatures in cell-free DNA.
Ann. Oncol. 31, 745-759 (2020).

Hubbell, E., Clarke, C. A., Aravanis, A. M. & Berg, C. D. Modeled reductions in late-stage
cancer with a multi-cancer early detection test. Cancer Epidemiol. Biomark. Prev. 30,
460-468 (2021).

Hackshaw, A. et al. Estimating the population health impact of a multi-cancer early
detection genomic blood test to complement existing screening in the US and UK.

Br. J. Cancer 125, 1432-1442 (2021).

Mouritzen, M. T. et al. Nationwide survival benefit after implementation of first-line
immunotherapy for patients with advanced NSCLC - real world efficacy. Cancers 13,
4846 (2021).

Smeltzer, M. P. et al. The International Association for the Study of Lung Cancer global
survey on molecular testing in lung cancer. J. Thorac. Oncol. 15, 1434-1448 (2020).
Febbraro, M. et al. Barriers to access: global variability in implementing treatment
advances in lung cancer. Am. Soc. Clin. Oncol. Educ. Book 42, 1-7 (2022).

US Environmental Protection Agency. Learn about impacts of diesel exhaust and the
Diesel Emissions Reduction Act (DERA). EPA https://www.epa.gov/dera/learn-about-
impacts-diesel-exhaust-and-diesel-emissions-reduction-act-dera (2023).

Nature Reviews Clinical Oncology


https://seer.cancer.gov/statistics-network/explorer
https://seer.cancer.gov/statistics-network/explorer
https://view-health-screening-recommendations.service.gov.uk/lung-cancer/
http://www.radiology.jp/content/files/diagnostic_imaging_guidelines_2013_e.pdf
https://www.gov.br/saude/pt-br/assuntos/protocolos-clinicos-e-diretrizes-terapeuticas-pcdt/arquivos/2014/livro-pcdt-oncologia-2014.pdf
https://www.gov.br/saude/pt-br/assuntos/protocolos-clinicos-e-diretrizes-terapeuticas-pcdt/arquivos/2014/livro-pcdt-oncologia-2014.pdf
https://progressreport.cancer.gov/tables/breast-cervical
https://www.medicare.gov/coverage/lung-cancer-screenings
https://www.medicare.gov/coverage/lung-cancer-screenings
https://www.lung.org/research/state-of-lung-cancer
https://www.epa.gov/dera/learn-about-impacts-diesel-exhaust-and-diesel-emissions-reduction-act-dera
https://www.epa.gov/dera/learn-about-impacts-diesel-exhaust-and-diesel-emissions-reduction-act-dera

Review article

198. Ervik, M. et al. Global Cancer Observatory: Cancer Over Time (International Agency for
Research on Cancer, accessed 1 May 2022); https://gco.iarc.fr/overtime.

199. Soda, M. et al. Identification of the transforming EML4-ALK fusion gene in non-small-cell
lung cancer. Nature 448, 561-566 (2007).

200. Shaw, A. T. et al. Clinical features and outcome of patients with non-small-cell lung
cancer who harbor EML4-ALK. J. Clin. Oncol. 27, 4247-4253 (2009).

201. Kim, H. R. et al. Distinct clinical features and outcomes in never-smokers with nonsmall
cell lung cancer who harbor EGFR or KRAS mutations or ALK rearrangement. Cancer 118,
729-739 (2012).

Author contributions
All authors made a substantial contribution to all aspects of the preparation of this
manuscript.

Competing interests

RV. has acted as an adviser and/or consultant to AstraZeneca, Beigene, BerGenBio,
Bristol-Myers Squibb, Merck, Novartis, Novocure and Regeneron, and has received research
grants from AstraZeneca, Boehringer Ingelheim, Bristol-Myers Squibb, and Onconova

Therapeutics. J.PW. has acted as an adviser and/or consultant to Atea, Banook, PPD and
Sanofi and has received research grants from Arnold Consultants, Regeneron and Sanofi. A.L.
declares no competing interests.

Additional information
Peer review information Nature Reviews Clinical Oncology thanks D. Christiani and the other,
anonymous reviewers for the peer-review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to

this article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2023

Nature Reviews Clinical Oncology


https://gco.iarc.fr/overtime

	The global burden of lung cancer: current status and future trends

	Introduction

	Epidemiology of lung cancer

	Economically developed countries

	Emerging economies

	LMICs


	Lung cancer risk factors across the globe

	Smoking

	Environmental exposures

	Chronic obstructive pulmonary disease

	HIV infection

	Diet and metabolic factors

	Genetic risk factors


	Screening and the global burden of lung cancer

	Development of evidence-based guidelines

	Implications for early diagnosis

	Challenges to widespread implementation

	Future directions in lung cancer screening


	Effects of advances in treatment on lung cancer mortality

	Conclusions

	Fig. 1 The global epidemiology of lung cancer.
	Fig. 2 Changes in lung cancer epidemiology for men and women over time.
	Fig. 3 Changes in overall lung cancer epidemiology over time.
	Fig. 4 Changes in number of individuals who smoke, by country (1990–2019).
	Fig. 5 Prevalence of common NSCLC driver mutations by continent and patient characteristics.
	Table 1 Common risk factors for lung cancer.
	Table 2 National lung cancer screening guidelines by country.




