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Abstract
Lung cancer is the leading cause of cancer-related deaths in China, with over 690 000 lung cancer deaths esti-
mated in 2018. The mortality has increased about five-fold from the mid-1970s to the 2000s. Lung cancer low-
dose computerized tomography (LDCT) screening in smokers was shown to improve survival in the US
National Lung Screening Trial, and more recently in the European NELSON trial. However, although the pre-
dominant risk factor, smoking contributes to a lower fraction of lung cancers in China than in the UK and
USA. Therefore, it is necessary to establish Chinese-specific screening strategies. There have been 23 asso-
ciated programmes completed or still ongoing in China since the 1980s, mainly after 2000; and one has
recently been planned. Generally, their entry criteria are not smoking-stringent. Most of the Chinese pro-
grammes have reported preliminary results only, which demonstrated a different high-risk subpopulation of
lung cancer in China. Evidence concerning LDCT screening implementation is based on results of randomized
controlled trials outside China. LDCT screening programmes combining tobacco control would produce more
benefits. Population recruitment (e.g. risk-based selection), screening protocol, nodule management and cost-
effectiveness are discussed in detail. In China, the high-risk subpopulation eligible for lung cancer screening
has not as yet been confirmed, as all the risk parameters have not as yet been determined. Although evidence
on best practice for implementation of lung cancer screening has been accumulating in other countries, fur-
ther research in China is urgently required, as China is now facing a lung cancer epidemic.
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Introduction
Lung cancer has an extremely high incidence and mor-
tality rate, and is recognized as a major public health
problem all over the world, increasingly so in developing
economies that have not heeded the dangers associated
with smoking uptake. China, the most populous country
in the world, has approximately 20% of the world popu-
lation but has over one-third of the newly diagnosed
lung cancer cases and lung cancer deaths worldwide,
which were projected at over 774 000 and 690 000 in 2018
by GLOBCAN1 (Table 1). Lung cancer is the most com-
monly diagnosed cancer in Chinese men and the second
most commonly diagnosed in Chinese women.2 During
2000–2010, there was a slight but insignificant decrease
in incidence rate in males of 0.2% per year, but an annu-
ally significant upward change of 0.9% in females.2 The
male-to-female incidence ratio decreased from 1.56 to
1.35 over the period of 1989–2008.3 However, mortality
has increased in recent years, from 5.47/100 000 in the
mid-1970s, to 17.27/100 000 in the early 1990s, and then
30.83/100 000 in the 2000s.2,4 Since then, lung cancer has
become the leading cause of cancer-related deaths for
both genders2 (Fig. 1A).

Attributable risk factors
Internationally, smoking is considered to be the predom-
inant risk factor for lung cancer. However, in China, the
proportion of lung cancer cases attributable to smoking
was 57.5% in males and 11.5% in females in 2013,
respectively,16 which is much lower than that reported
in the United Kingdom (UK, 85% in males and 80% in
females in 2010)17 and the United States (US, 84.4% in
males and 78.9% in females in 2014).18 Lung cancer inci-
dence among male and female non-smokers estimated
from the 2010 national data was over three times that of
1990 US never-smokers.19 The attributable fractions of
lung cancer cases and deaths to smoking were simi-
lar.16,18 Therefore, other risk factors, including outdoor as
well as indoor air pollution (i.e. second-hand smoking
exposure), prior lung diseases [i.e. tuberculosis infection,
chronic obstructive pulmonary disease (COPD)], and fam-
ily history of cancer are considered to have a more
important role in China, especially in never-smokers,
than in other regions or populations.17,18,20

Second-hand smoking exposure was estimated to
contribute to 3.0% of male and 22.0% of female lung
cancers in never-smokers aged ≥30 years in China
(2013).16 The attributable fraction of lung cancer cases
in Chinese never-smoking females is much higher than
their counterparts in the UK (15.4% in all ages in 2010)17

and the US (2.3% in ages ≥30 years in 2014),18 as is lung
cancer deaths.16,18

Use of coal for household heating and cooking—another
component of indoor air pollution—is also a significant
risk factor in China.20 The lung cancer mortality in
Xuanwei County, Yunnan Province, ranking among the
highest in China is the best example: two to three times
and four to seven times higher in local male and female
residents, respectively, than in other contemporary rural
areas (in the early 1990s, mid-2000s and early 2010s).21 Use
of smoky coal and unimproved domestic stoves is the
main reason for this.21 Outdoor air pollution [i.e. particu-
late matter (PM)] becomes increasingly significant in
China,22 with lung cancer risk ratios of 1.03, 1.04, and 1.03
per 10 μg/m3 in relation to PM2.5, SO2, and nitrogen oxides,
respectively.22,23 Occupational history (i.e. construction),24

radiation (i.e. residential radon radiation),20 and unhealthy
diet (i.e. low fruit/vegetable intake)16 also have a significant
influence on lung cancer risk or death in China.

Recent data have demonstrated that genetic factors
modulate cancer pathogenesis. Genome-wide associ-
ation analysis revealed susceptibility loci for lung cancer,
e.g. the 15q2525,26 or 5p1527,28 loci, yet with different pro-
files of genetic variants between Chinese and Caucasians.
Evidence also shows significant gene-smoking interac-
tions in lung cancer, e.g. rs1316298 and rs4589502 in the
Chinese population, which may shed light on the lung
cancer aetiology.29 Investigations into familial lung can-
cers have indicated a number of predisposing germline
mutations, e.g. EGFR T790M (mostly Caucasians), EGFR
V843I, and HER2 G660D (East Asians).30 Furthermore, som-
atic mutation profiles differ between lung cancer sub-
groups in terms of smoking status, ethnicity, and histological
subtypes31–33; e.g. EGFR mutations are more likely present
in non-smokers [compared with smokers: 67.2% vs. 27.0%
in Chinese non-small cell lung cancers (NSCLCs)],31 East
Asians (compared with other ethnicities: 30% vs. 8%),32,33

and lung adenocarcinomas (compared with squamous
cell cancer: 40.4% vs. 2.5% in smoking lung cancers in
China).31 These results demonstrate that lung cancer is
not a single disease.31,34 The nature of lung cancer in
China is therefore not solely attributable to environmental
factors, but is further complicated by genetic influences.

Tobacco use
Epidemiology

China is the largest tobacco producer and consumer in
the world. In 2016, it manufactured over 2.9 million
tons of tobacco.35,36 There were estimated to be over
300 million current smokers aged ≥15 in China

Table 1. Estimated incidence and mortality rate (world
population age-standardized per 100 000) of lung cancer in
China, the UK, and the US, all ages.

Incidence Mortality

Total Male Female Total Male Female

China 35.1 47.8 22.8 30.9 43.4 19.0
UK 32.5 35.5 30.2 22.2 25.2 19.7
US 35.1 40.1 30.8 22.1 25.9 19.0

Data extracted from GLOBCAN 2018.1
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including 288.1 million males and 12.6 million females
in the 2010 Global Adult Tobacco Survey (GATS).37

In the China Health and Nutrition Surveys 1991–2011,
the prevalence of current smoking in individuals aged
≥15 was reported to successively decline from 60.6% to
51.6% in males and 4.0% to 2.9% in females5 (Fig. 1A).
However, the ever-smoking prevalence in both genders
did not alter greatly during that time.5 Specifically,
females’ smoking uptake rate decreased in generations
who were born during the 1930s–1970s,38 but increased
in the younger generations born in the 1980s and there-
after.39 The prevalence of smoking in females aged
12–17 during 1981–2010 multiplied from 2.47% to 19.72%
for ever-smokers and from 0.29% to 3.26% for current
smokers.39 Collapse of ‘cultural prohibitions against
smoking among young women’ as a result of socio-
economic and political changes39 (i.e. probably reform
and opening up in China since 1978) might be respon-
sible for the uptake increase in Chinese young women,
which was similar to that witnessed in the US and UK
during and after World War II40 (Fig. S1). Overall, the

current smoking prevalence in both genders has slightly
declined over the last 20 years5; however, a slight
increase has been reported in the younger female sub-
group.39 Given that China is the most populated country
in the world, the number of smokers is strikingly high.

In contrast, very different trends in smoking preva-
lence were observed in the UK and the US (Fig. 1B and
C). In the UK, the tobacco-uptake rate peaked at 82% in
1948 among males and 45% in the mid-1960s among
females, respectively.41,42 This was followed by continu-
ous decline in both men and women in the following
decades42 (Fig. 1B). In 2017, overall current smoking
prevalence in the UK was 15.1%,43 which is among the
lowest prevalence rates in Europe44; although there are
still significant gaps in smoking uptakes in specific
regions within the UK (e.g. 22.0% in Manchester versus
6.4% in Chiltern located in South West England in
2017),43 which are closely related to deprivation sta-
tus.45 The trend in the US46,47 is very similar to that in
the UK (Fig. 1C). Caution is required when comparing
these data, as differing definitions for smoking rates

Figure 1. Trends in smoking prevalence, lung cancer incidence, and mortality, by sex. (A) China,4–13 (B) the UK,14 (C) the US,6,12,46 and (D)
Lopez’s model of the cigarette epidemic.15
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and statistical methods have been used in reporting
smoking cessation rates in different countries.

Smoking-related mortality

It is perceived that there is a long delay between the
peak of smoking prevalence and its full impact on mor-
tality. Cigarette epidemiology was first described by
Lopez et al. as a four-stage model in 199415 (Fig. 1D). The
model precisely described the relationship between
smoking and smoking-related deaths in males and
females in economically developed countries, such as
the UK and the US. It largely reflected the interaction
between smoking and lung cancer mortality, as smok-
ing was attributed to over 80% of lung cancer deaths in
these countries.18,48 Both countries may be currently
experiencing the fourth stage in which smoking preva-
lence in both genders has decreased in recent years yet
with mortality converging15 (Fig. 1B and C).

In China, the situation appears more complicated.
The earliest nationally representative prevalence survey
on smoking in China was in 1984, only a little over 30
years ago (Figs S1–S2),49 whereas there are over 60 years
of records in the UK41,42 and US.46,47 China has made
great efforts to move forward in cancer surveillance,
particularly following the launch of the National Central
Cancer Registration (NCCR) in 2002.50,51 There has been
a surge in the number of both cancer registration points
in total and those included in the reports of Cancer
Incidence in Five Continents (CI5), the latter taken as an
indicator of data quality.50 The latest version of CI5 (CI5
Vol. XI) released in 2017, included data from 35 points
collected during 2008–2012, almost three times that
included in the previous version, indicating a significant
improvement in data quality (Fig. S2).50,52 However,
there are concerns regarding the population coverage
by cancer registry, data quality control, and data repre-
sentativeness, etc.50,51 Cancer registries providing data
with good quality are more established in eastern,
developed, and urban areas,2,7 which compromises data
representativeness nationally.50,51 Most of the rural can-
cer registries are established in high-risk regions of can-
cer50,53 and have a lower level of population coverage.50

Furthermore, the overall cancer mortality estimated
from rural cancer registries was 13% higher than the
estimate of the third National Death Survey, indicating
overestimation; the difference was even more signifi-
cant in some specific cancer types.53

Substantial healthcare disparities exist across China,
as indirectly evidenced by geographical variations in all
cancer mortality and its 5-year survival in 2015: the esti-
mates for rural areas were considerably worse than for
urban areas [149.0 vs. 109.5 per 100 000 (age-standar-
dized by world population) and 30.3% vs. 42.8%, respect-
ively]; similarly Southwest China was worse than East
China (170.2 vs. 115.6 per 100 000, and 24.9% vs. 40.3%,
respectively).2 In contrast to the urban population, the
rural population are more likely to underuse healthcare

resources (e.g. less likely to choose self-care, outpatient,
and inpatient care versus no care) because of inferior
health insurance coverage and reimbursement proce-
dures associated with the two-class social insurance
system.54 Unbalanced health service supply54 and a lack
of qualified primary healthcare providers55 impede rural
individuals’ equitable access to healthcare,54 and induce
a high rate of misdiagnosis and/or inappropriate treat-
ment thus poor management of chronic diseases.55

Factors that potentially increase financial risks are also
non-negligible,54 e.g. travelling distance54 and low
annual household income (rural compared with urban:
US$2587 vs. US$4761 on average in 2011).56 Western and
central China have experienced similar healthcare
inequalities, where the economy is less developed than
eastern China.56 Encouragingly, the gaps between
regions are shrinking as continuous efforts are made in
healthcare reforms by the government.54,56,57

Thus, caution cannot be overemphasized in data
interpretation because of potentially poor representa-
tion of current experience in rural and underdeveloped
areas. From current data, China is most likely experien-
cing the ‘third stage’ of the four-stage model at this
time.58 In Stage III, males’ smoking prevalence starts to
decline; while females’ could rise first, because of a
resurgence of uptake in the younger generation39 and
peak at a later time. Both genders show a continuous
increase in mortality in Stage III.15 It’s worth noting that
smoking patterns are changing in younger generations,
in terms of an earlier age of initiation (e.g. before 20
years old) and consumption of more cigarettes daily.38

Moreover, the attributable fraction of smoking has prob-
ably not reached its full impact to date,40 considering
the lower smoking attributable fraction to lung cancer
in China.16 Hence, severe health consequences are likely
to occur in China in the upcoming years. However, these
are only assumptions based on limited data, and the
likely times at which smoking and mortality in both
genders will peak or decrease are as yet undefined (this
information requires data from national tobacco sur-
veys/cancer registries in future years).

Social changes and historical events are also respon-
sible for the different trends in smoking and mortality
between China and the UK and US (Fig. S1), and these dif-
ferences continue even today. Interventions have been
encouraged to reduce the growth in tobacco consumption
and risk of death from tobacco-related diseases.

Interventions for lung cancer
More than one-half of lung cancer cases were diagnosed
at a very late stage throughout these years, as evi-
denced by the retrospective data from West China
Hospital59 and the US national cancer registries’ statis-
tics.60 These late-stage lung cancer patients have a min-
imal chance of successful therapeutic intervention, thus
resulting in inferior prognosis. The 5-year survival rate
in this subgroup is only 5% in the US,60 and well below
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5% in the UK.14 It is now agreed that an integrated pro-
gramme of tobacco control with earlier detection
through low-dose computerized tomography (LDCT)
screening would facilitate an improvement in lung can-
cer survival.

Tobacco control

The protective effect of smoking cessation increases
with the quitting duration in ex-smokers who stopped
smoking either by choice (while still healthy) or because
of illness.38,61,62 However, the mortality risk is still
somewhat higher than in never-smokers.38,61,62 Quitting
before the age of 40 years would avoid over 90% of the
excess deaths caused by regular smoking61,62; and
adults who had quit smoking early enough would gain
10 extra years of life expectancy compared with those
who continued to smoke.62

In 2005, China ratified the World Health Organization
Framework Convention on Tobacco Control (WHO
FCTC).63 The framework aims to reduce tobacco use
among countries worldwide. It has six elemental com-
positions called MPOWER, including Monitoring, smoke-
free Policies, Offer help to cessation, health Warnings,
Enforcing advertising bans and Raising taxes.63 Enforcement
of these measures in China is still weak, compared to
the UK, which has adopted comprehensive MPOWER
measures at a best-practice level.63 The major obstacle
remains the state-owned tobacco industry.49,58 The state
tobacco monopoly in China is in charge of both tobacco
manufacturing and selling, and tobacco control in the
WHO FCTC.49 ‘The tipping point’ was a documentary by
the Party School in 2013, which discussed historical and
philosophical perspectives on tobacco and tobacco con-
trol in China, including the conflicting interests of the
Chinese tobacco monopoly.49 Since then, tobacco con-
trol initiatives have been conducted one after another,
including the tax readjustment in 201549 (Fig. S1). Although
the percentage of tax in the retail price (56%) is still lower
than the WHO’s recommendation of at least 70%,64 some
early positive impacts have been reported in 2018.65

Cigarette sales have dropped from 127 billion packs in
2014 to 117 billion in 2016, with a decline of 0.2–0.6% esti-
mated in adults’ smoking prevalence during this period,
i.e. 2.2–6.5 million fewer smokers, which could be related
to the increased cigarette prices.65 China is moving for-
ward in tobacco control, albeit slowly. It is crucial for
China to take further action in comprehensive legisla-
tion, taxation, education, and tackling the current dual
identity of the state tobacco monopoly.49

Lung cancer screening outside China

A number of lung cancer screening trials have been
undertaken since the 1980s, but use of chest X-rays
(CXR) with/without sputum cytology did not identify
any mortality reductions.66,67 LDCT has been found to
be more sensitive than CXR in detection of lung cancers
in observational studies,66,68 with the potential to improve

survival by detecting lung cancer at an early stage, i.e. in
Early Lung Cancer Action Program (ELCAP)68 and later in
International ELCAP (I-ELCAP)69. Accordingly, lung cancer
screening trials, mainly randomized controlled trials (RCTs),
have been undertaken in the US (National Lung Screening
Trial, NLST),70 Europe (eight RCTs),71–78 and lately in Japan
(Japanese randomized trial for evaluating the efficacy of
low-dose thoracic CT screening for lung cancer, JECS)79 to
investigate the benefits of screening by LDCT (Table S1).

Briefly, NLST was the first RCT to report mortality
reduction by LDCT screening. In 2011, this trial reported a
20% reduction in lung cancer mortality and 6.7% reduc-
tion in all-cause mortality in the LDCT arm when com-
pared with the CXR arm after a median follow-up of 6.5
years post randomization.70 Since then, multiple organi-
zations in the US have approved annual screening for
high-risk individuals based on the NLST results.80–84 Four
European trials - Danish Lung Cancer Screening Trial
(DLCST), Detection And screening of early lung cancer
with Novel imaging TEchnology (DANTE), Italian Lung
Cancer Screening Trial (ITALUNG), Multicentric Italian
Lung Detection project (MILD) - reported on mortality,
despite not having sufficient study power to test this, but
none of them demonstrated a protective role of LDCT
concerning mortality reduction.72–75 However, the
Nederlands Leuvens Longkanker Screenings Onderzoek
(NELSON) trial, the only fully powered trial in Europe,
reported at the 2018 World Conference on Lung Cancer
(WCLC 2018) a 26% decrease of lung cancer mortality in
males and an even higher reduction in its smaller-sized
population of females, which ranged from 39% to 61%
depending on the length of follow-up of 8-10 years.71

Lung cancer screening in China

We searched four Chinese databases [China National
Knowledge Infrastructure database (CNKI), Wanfang Data,
Chongqing VIP database, and Chinese Clinical Trial Registry
Centre Library] and four English databases (PubMed,
Embase, Web of Science Core Collection Library, and
Cochrane Library) as of 10 September 2018 from the
earliest dates available. Other sources (e.g. references in
reviews/articles, policies/news from government web-
sites and personal communication with principal inves-
tigators) were also used (Supplementary data). Generally,
most of the publications concerning LDCT and/or CXR
were retrospective cohorts (e.g. in a population undergo-
ing regular physical examinations), case-control studies
(e.g. comparison in the performance of LDCT versus CXR
in selected populations) or cross-sectional studies (e.g.
with one-time LDCT/CXR screening). Therefore, we con-
sidered only prospective cohorts and RCTs here. Twenty-
three associated programmes have been completed or
are ongoing in China since the 1980s, the majority after
2000; and one has recently been planned (Fig. 2, Table 2;
Supplementary data).

Generally, earlier studies targeted occupational popula-
tions and applied CXR and/or sputum examination for

Implementation planning for lung cancer screening in China | 17



lung cancer screening.93–97,100 They mainly investigated
the effectiveness of screening and lung cancer-associated
risk factors [e.g. The Yunnan Tin Corporation (YTC)
cohort97 and the Kailuan cohort100]. Municipal or city-level
screening programmes92,103–109,111 are increasing, particu-
larly after the central government-led programmes [Rural
China Screening Programme (RuraCSP)85,86 in 2009 and
Cancer Screening Program in Urban China (CanSPUC)87,88

in 2012]. Most of the programmes referred to above are
pilot or feasibility studies to investigate the effectiveness of
LDCT screening.

Some institutes have built collaborative relationships
with international organisations [i.e. Zhuhai I-ELCAP,98

Beijing I-ELCAP,99 Netherlands-China Big-3 screening
(NELCIN-B3)89], to help to clarify characteristics and to
accumulate evidence on lung cancer screening in China.
NELCIN-B3,89 a Netherlands-China collaborative, multi-
centre study, will focus on the three major diseases of
the thorax—lung cancer, cardiovascular disease, and chronic
obstructive pulmonary disease—using one-stop CT imaging
technology in the context of LDCT screening. NELCIN-B3 is
expected to provide more evidence on the management of
both nodules and other thoracic diseases.89

Notably, the majority of the programmes are funded by
central or local government, which is argued to be unsus-
tainable and unaffordable for a larger-scale programme in
the long run.92 The Guangzhou Financing demonstration
project in planning will investigate potential financing

models to cope with costs during the screening implemen-
tation.92 Charity foundations and supports of companies
could also play a role in the financing [i.e. Guangzhou
Medical University First Affiliated Hospital (Guangzhou
GMU-1stHosp) programme92,111 and Qinghai SH-Renji pro-
gramme112,113]. The reader should be aware of the limita-
tions of the references to many of the Chinese CT
screening programmes, which are based only on web
pages or conference abstracts, thus caution is required in
interpretation.

To date, the majority of the studies have reported only
their preliminary results, suggesting possible benefits of
LDCT in detecting early lung cancers. However, concern-
ing high-risk definition, nodule management, and mortal-
ity outcomes, evidence in China is quite limited at this
time. There is a different risk profile for lung cancer in
China, as indicated by the baseline/preliminary results
from Beijing I-ELCAP,99 Tianjin CancerHosp,103 Shanghai
CancerHosp cohort105 and Shanghai ChestHosp RCT106:
females and non-smokers could have a lung cancer detec-
tion rate comparable to or even higher than males and
smokers in China. Therefore, risk stratification based on
exotic guidelines or entry criteria could result in signifi-
cant misdiagnosis in the Chinese population.

Using microsimulation modelling, Sheehan et al.114

compared eligibility criteria of Centres for Medicare &
Medicaid Services in 2015 (CMS 2015: ages 55–77 and
smoking ≥30 pack-years, quitting ≤15 years if former

Figure 2. The landscape of lung cancer screening programmes in China since the 1990s, with the coloured areas being the regions covered by
the corresponding national programmes.85–88 *NELCIN-B389 has three study centres in China: two in Shanghai (Shanghai Changzheng
Hospital and Shanghai General Hospital) and one in Tianjin (Tianjin Medical University Cancer Institute and Hospital). § Including three sep-
arate programmes sponsored by central government90,91: one in 2017 and another two (including a multicentre RCT) in 2018. ¶ The
Guangzhou Financing project92 was proposed in 2017 and is still being discussed currently.
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Table 2. Lung cancer screening programmes in China.

Time Trial/study name used in
the manuscript (ref.)*

Initiation
year

Targeted region/
population

Study design Interventions Entry criteria Population
(recruiting
time)

Before the 1990s Mass photofluorography
in early detection of
peripheral lung
cancer93

1979 N/A Prospective
cohort

Annual CXR for 5 years Workers from 54
factories; no other
restrictions

211 811 person-
years
(1979–1983)

Mass screening in Hunan
orpiment miners94

1986 Hunan orpiment
miners

Prospective
cohort

Baseline: sputum
cytology + CXR; follow-
up according to sputum
atypia:
If moderate or severe
sputum atypia: sputum +
CXR at 3 months, 6
months, 1 year, and 3
years
If no or mild atypia:
sputum + CXR 3 years
later

Orpiment miners in
Hunan; aged >35 years

601 (baseline)

Screening lung cancer by
Sputum Occult Blood
Test (OBT) Study95,96

1988 Workers in
Changchun
automobile
industries,
Tangshan and
Yunnan tin mines,
Xuanwei and
Beijing steel
factories

Cross-sectional
study

Sputum OBT and
cytology with/without
CXR

High-risk workers from
various manufacturing
and mining factories,
including some
famers/cadres; aged
≥40 years

14 431
(1988–1990)

2007 Laibing County,
Xuanwei (Yunnan)

Prospective
cohort

Baseline CXR (CT for CXR
positive)
Sputum OBT 4 months
later (sputum cytology
and HRCT if OBT
positive)

Residents aged 35–70
years

About 30 000 at
baseline
(January
2007-July
2007)

1990s The Yunnan Tin
Corporation (YTC)
cohorta97

1992 Around Gejiu City,
Southern Yunan

Prospective
cohort

Annual sputum sampled+
annual CXR

Current/retired YTC
workers, aged ≥40
years, with a history of
underground mining/
smelting ≥10 years

9143
(1992–1999)

Continued
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Table 2. Continued

Time Trial/study name used in
the manuscript (ref.)*

Initiation
year

Targeted region/
population

Study design Interventions Entry criteria Population
(recruiting
time)

2000s Zhuhai I-ELCAP cohort98 2003 Zhuhai, Guangdong
province

Prospective
cohort

Annual LDCT Asymptomatic
participants aged ≥40
years

3582
(2003–2009)

Beijing I-ELCAP cohort99 2006 Beijing, China Prospective
cohort

Annual LDCT Asymptomatic
participants aged ≥40
years, no history of
malignancy (except
basal cell carcinoma
and cervical carcinoma
in situ) within 5 years

4690
(2007–2012)

Kailuan cohorta100 2006 Kuailuan Group
Company,
Tangshan City,
Heibei Province

Prospective
cohort

Biennial CXR; annual
follow-up in 11
hospitals affiliated to
the Kailuan Company

Current or retired
employees aged ≥18
years in the Kailuan
Group Company
(mining industry)

133 273
(2006–2011)

2010s Rural China Cancer
Screening Programme
(RuraCSP)b85,86

2009 Dagang Oilfield
(Tianjin), Xuanwei
(Yunnan), Gejiu
(Yunnan), Beijing,
Chengdu
(Sichuan), and
Shenyang
(Liaoning)

Prospective
cohort

Annual LDCT and
sputum cytological
examination (for 3
years)

Inclusion criteria are
region-dependent:
50–74 years (in
Tianjin), 45–69 years
(in Yunnan), staff aged
50–74 years and
smoking history of ≥20
pack-years (in the
Dagang Oilfield). The
Xuaiwei centre
included indoor air
pollution as a risk
factor

19 068
(2010–2017,
baseline
participants)

Cancer Screening
Program in Urban
China (CanSPUC)a87,88

2012 20 provincial/
municipal-level
regions in China
by 2018

Prospective
cohort

Annual LDCT for 5 years Urban residents (residing
>3 years) aged 40–69
(some areas defined
ages at 40–74) with
high risk of lung
cancer; high-risk
criteria are region-
dependent

210 000
(planned in
the first stage
during
2012–2016)

Continued
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Table 2. Continued

Time Trial/study name used in
the manuscript (ref.)*

Initiation
year

Targeted region/
population

Study design Interventions Entry criteria Population
(recruiting
time)

The China Cancer
Screening Trial
Feasibility Study
(China FeasiRCT)
b101,102

2014 Three cities
(Changsha
[Hunan]; Lanzhou
[Gansu]; Haining
[Zhejiang]

RCT Arm 1: Annual LDCT for
3 years (T0, T1, T2) and
baseline colonoscopy
(T0)
Arm 2: Two LDCT (T0,
T2) plus annual faecal
immunochemical test
(T0, T1, T2);
Arm 3: Annual InSure-
faecal immunochemical
tests combined with
Septin 9 test (T0, T1, T2)

Local permanent
residents; aged 50–74
years; smoking >30
pack-years, quit ≤15
years if former-
smokers (or second-
hand smoke exposure
in females: living with
a regular daily smoker
for >20 years); no
previous history of
lung cancer or
colorectal cancer

2700 (as of 31
March 2015)

Beijing CICAMS
programmesc,d90,91

2017, 2018 Beijing N/A N/A N/A N/A

Tianjin CancerHosp
cohort103

2012 Tianjin Prospective
cohort

LDCT at Baseline and 1
or 2 years later

Asymptomatic, aged ≥40
years-, tolerant of
possible invasive
procedures and not
screened by CT within
1 year

650 (2014–2016)

Tianjin 4-Cancer
programmeb104

2017 Selected districts in
Tianjin: Hexi and
Jinzhou in 2017;
will cover up to
seven districts
planned in 2018

Prospective
cohort

LDCT screening; and
then follow-up for
LDCT result-positive
participants

Healthy residents will
undergo risk
assessment first and
those at high risk will
undergo LDCT
screening

52 092 risk
assessed; 992
LDCT
screened
(2017)

Shanghai CancerHosp
cohort105

2013 Seven selected
communities in
Minhang District,
Shanghai

Prospective
cohort

Annual LDCT;
community-based,
LDCT + CAD for
screening

Asymptomatic
individuals aged 50–80,
with ≥1 risk factors:
1) smoking ≥20 pack-
years, and if former-
smokers, quit smoking
<5 years; 2) passive-
smokers; 3) never-
smokers with other risk
factors, including lung
cancer family history,
kitchen fume or dust
exposure

11 332
(2013–2014)
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Table 2. Continued

Time Trial/study name used in
the manuscript (ref.)*

Initiation
year

Targeted region/
population

Study design Interventions Entry criteria Population
(recruiting
time)

Shanghai ChestHosp
RCT106

2013 Six selected
communities in
Xuhui District,
Shanghai

RCT Biennial LDCT versus
usual care arm (for
three rounds)

Asymptomatic residents
aged 45–70 years, with
≥1 risk factor: 1) a
smoking history ≥20
pack-years, and if
former-smoker, quit
≤15 years; 2) family
history of cancer; 3)
personal cancer
history; 4) occupational
exposures; 5) long-
term exposure of
passive smoking (>2 h/
day at home/indoor
workplaces for ≥10
years); 6) long-term
exposure to cooking oil
fumes (>50 dish-years)

6717
(2013–2014):

Shanghai-
ChangzhengHosp
cohort107,108

2013 Physical
examination
centres in seven
tertiary hospitals
and their
surrounding
communities

Prospective
cohort

Baseline LDCT + CAD;
interval scans were not
specified

Asymptomatic; any age 14 506
(2013–2016)

Netherlands-China Big-3
screening
(NELCIN-B3) a,d89

2016 Shanghai
Changzheng
Hospital,
Shanghai General
Hospital and
Tianjin Medical
University Cancer
Institute &
Hospital

N/A LDCT screening N/A N/A

Continued
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Table 2. Continued

Time Trial/study name used in
the manuscript (ref.)*

Initiation
year

Targeted region/
population

Study design Interventions Entry criteria Population
(recruiting
time)

Shanghai Baoshan
Programmeb109,110

2018 Baoshan District,
Shanghai

Prospective
cohort

One-time CT; referral to
a hospital for further
assessment if positive
results; and follow-up

Ages ≥75 years, or ≥65
years yet with cough/
expectoration ≥2
weeks and abnormal
CXRs

14 005 (as of
September
2018)

Chengdu WCH cohortd 2013 Chengdu, Sichuan
Province

Retro-
prospective
cohort

Annual CXR or LDCT Workers of specific
industries/enterprises/
organizations
undergoing annual
physical examinations
(CXR or LDCT) (records
back to the year 2006)

Baseline: 46 317
(by CXR);
15 996 (by
LDCT)

Guangzhou GMU-
1stHosp
Programme92,111

2015 Guangzhou,
Guangdong
Province

Prospective
cohort

Annual LDCT Low-income residents
aged ≥50 years; or
residents in Yuexiu
district, aged 50–74,
with high risk; or
volunteered residents
aged ≥40 years in the
whole province (the
former two will get a
free screening; but the
latter a 1/5 discount on
screening costs)

808 (as of
December
2017)

Guangzhou Financing
project (in planning)b92

N/A Guangzhou,
Guangdong
Province

Prospective
cohort

N/A 40–80 years; residents
undergoing health
checks through their
employers’ health
insurance or out-of-
pocket payments, or
occupational workers
at higher risk of air
pollution in working
environment

10 000
(planned)
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Table 2. Continued

Time Trial/study name used in
the manuscript (ref.)*

Initiation
year

Targeted region/
population

Study design Interventions Entry criteria Population
(recruiting
time)

Qinghai SH-RenjiHosp
programme112,113

2016 Deprivation areas in
Qinghai (would be
expanded to
Henan, Xinjiang
and Shandong
Province)

N/A N/A Aged 50–74; or aged ≥35
but with ≥1 risk factor
including long-term
smokers, long-term
exposure to severe air
pollution, radiation,
coal smoke and
kitchen fumes, with a
family history of lung
cancer, a personal
history of cancer or
pulmonary diseases

N/A

*Most of the CT trial/programme (since 2010) names have been provided in the above table to identify the targeted region and the hospital in which they are undertaken otherwise stated for the purpose
of this review. CAD, computer-aided diagnosis system; CICAMS, Cancer Institute & Hospital Chinese Academy of Medical Sciences; GMU-1stHosp, Guangzhou Medical University First Affiliated Hospital;
LDCT, low-dose computerized tomography; N/A, not applicable or not available; RCT, randomized controlled trial; Shanghai CancerHosp, Fudan University Shanghai Cancer Centre; Shanghai
ChangzhengHosp, Shanghai Changzheng Hospital; Shanghai ChestHosp, Shanghai Jiaotong University affiliated Shanghai Chest Hospital; SH-RenjiHosp, Shanghai Jiaotong University Affiliated Renji
Hospital; Tianjin CancerHosp, Tianjin Medical University Cancer Institute and Hospital; WCH, West China Hospital.
aYunan Tin Corporation cohort, Kailuan cohort, CanSPUC, and NELCIN-B3 are formal names of the programmes, respectively.
bNamed after the studies’ characteristics by the author: RuraCSP, Rural China Screening Programme; China FeasiRCT, China Lung Cancer Screening Feasibility RCT; Tianjin 4-cancer programme, screen-
ing of the four common cancers (lung cancer, breast cancer, liver cancer, and stomach cancer) in Tianjin; Shanghai Baoshan programme, lung cancer screening programme in old people in Baoshan
District, Shanghai; Guangzhou Financing project, a demonstration project targeting Guangzhou to expand lung cancer screening and test innovative financing models.
cIncluding three separate programmes funded by central government: one in 2017 and another two (including a multicentre RCT) in 2018.
dPersonal communication with the corresponding principal investigators Professor Wu Ning, Professor Ye Zhaoxiang, Professor Li Weimin, respectively. Please see the Supplementary data for details.
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smokers)84 and the 2015 China National lung cancer
screening (CNS 2015: ages 50–74 and smoking ≥20 pack-
years, quitting ≤5 years if former smokers)115 in the
Chinese population if annual LDCT screening was
applied from 2016 to 2050. Applying CNS 2015 criteria
would have a lower mortality reduction in males (6.30%
vs. 6.58%), but a higher mortality reduction in females
(2.79% vs. 1.97%), namely 2.9% more lung cancers pre-
vented when compared to CMS 2015 criteria. However,
more screens would be needed when using CNS 2015
criteria (1.43 billion vs. 998 billion if CMS 2015 criteria
applied).114 In decision analysis, Wang et al.116 simu-
lated a cohort of 100 000 Chinese urban smokers aged
45–80 who would receive a one-off screening. They
found there would be a lung cancer mortality reduction
of 17.2% and 24.2% by LDCT screening when compared
to CXR screening and no screening, respectively. In the
LDCT screening scenario, there would be 9387 false
diagnosis and seven deaths attributed to false diagno-
sis; in CXR screening, the numbers would be 2497 and
two, respectively. Lung cancer prevalence, LDCT sensi-
tivity, and proportion of early stage in lung cancers
detected by LDCT would influence mortality reduction
the most in the LDCT screening arm when compared to
no screening.116 These results demonstrate the possible
benefit of mortality reduction in China and also the
urgent necessity for better definition in high-risk eligible
individuals.

Many hospitals have established independent pro-
grammes, but now need to collaborate to work to con-
sensus protocols and data collection methods, to
provide data which can be used throughout the whole
of China. A good example of international collaboration
is the European Position Statement on lung cancer
screening,117 where a consensus approach throughout
Europe has been agreed. Evidence specific to China is
awaited as the majority of the programmes are still
ongoing. It is essential to consider what other countries
have done in terms of Chinese conditions; thus, we can
better aim to curb lung cancer suffering in this specific
population.

Integrating tobacco control into screening
programmes

It is considered that ongoing lung cancer screening pro-
grammes provide a ‘teachable moment’ for the partici-
pating smokers, thereby motivating smoking cessation
and maximizing overall cancer prevention benefit, as
was introduced first and assessed in ELCAP in 2001.118

Subsequently, positive effects of screening programmes
on quitting,119–121 and CT abnormality-dependent smok-
ing cessation120,122,123 have been illustrated in other
trials. Researchers also found that consistently negative
scans were not necessarily related to a lower rate of
smoking abstinence or a higher percentage of relapse.124

Quitting smoking has also been reported to benefit parti-
cipants’ outcomes within the frame of lung cancer

screening programmes, where the mortality reduction
could be comparable to or even exceed that achieved by
LDCT screening alone,125 even in late quitters who
stopped smoking during follow-up after baseline scan.126

In 2018, a group of researchers formed the Smoking
Cessation within the Context of Lung Cancer Screening
(SCALE) collaboration to determine the optimal imple-
mentation strategy from this specific integration.127

Planning for lung cancer screening
programmes
High-quality medical research is necessary for prioritiz-
ing health needs. Regarding real-world evidence, Sun
et al.128 concluded that there is a desperate lack of prag-
matic clinical trials in China; in total, these amount to
only 16, of which nine involve traditional Chinese medi-
cine and most featured moderate sample sizes and
short follow-ups. More effort is required in terms of
population-specified and highly reliable medical research
in China. We reviewed current evidence on lung cancer
LDCT screening both in and out of China and this is dis-
cussed below in the hope of facilitating its implementa-
tion in the Chinese population.

Population recruitment

Most of the lung screening trials (Table S2) applied com-
bined recruitment strategies to enrol participants. Detailed
information on recruitment yields was reported in a lim-
ited number of the screening trials [i.e. NELSON, ITALUNG,
German Lung Cancer Screening Intervention Trial (LUSI),
and United Kingdom Lung Cancer Screening Trial (UKLS)].
The overall yield of participation in those approached ranged
from 1.4% to 4.5%, with all four trials approaching the
population by mailing. The recruitment rate was mainly
dependent on the recruitment methods (closely related
to the response rate) as well as the stringency of the
selection process (i.e. risk-based selection).

Recruitment methods
Current smoking stigma and deprivation are the com-
mon factors compromising uptake in a lung cancer
screening trial.129,130 Younger individuals are less likely
to respond to the first invitation approach.129 Conversely,
after assessing lung cancer risk and when approaching
the eligible high-risk cohort, older people are more likely
refuse.130 Differences in risk perception can also impact
participation.130,131 Practical barriers including travel and
comorbidities, along with emotional barriers, were the
most reported reasons for non-uptake.130

The minorities or underserved, who may be more vul-
nerable to morbidity and mortality,132,133 were underre-
presented in the screening trials,132 which impacts the
generalisability of such lung cancer screening pro-
grammes. These people are more likely to be less-
educated, economically disadvantaged, uninsured,134 and
also smokers.133 The barriers to their participation include
lack of awareness, lack of opportunity/access, individual
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beliefs,134 economic obstacles, and weakness in study
designs.135 Targeted strategies have been suggested for
this subgroup,134,136 e.g. a more intensive face-to-face
recruiting method.134,135 A second or third contact,137 or
use of mobile CT scanners and one-stop lung health checks
near local shopping centres138 have been demonstrated to
be beneficial for uptake in deprived areas. Some tactics are
probably helpful, including cooperation with community-
based clinics or organisations who have built trust in local
people, employment of coordinators who are proactive and
knowledgeable in programmes, complimentary transporta-
tion assistance, and personalized post-screening naviga-
tion.136 Current evidence on the efficacy and effectiveness
of recruitment strategies is limited, mostly because
recruitment targeting the underserved was issued mid-
way through studies134,139 and data collection on recruit-
ment methods was incomplete.134,139,140 Considerate
preparation of trial design, population approach, and cost
estimation is needed. Additionally, reporting the nature
and effectiveness of recruitment strategies in screen-
ing trials is an essential requirement, as it is useful
for later evaluation and comparisons in different
settings.

Risk-based selection
The question of how best to define the high-risk popula-
tion remains unanswered. Most of the screening trials
defined their entry criteria on a solo combination of age
and smoking exposure (Table S2). Specifically, NELSON
selected its participants based on lung cancer mortality
risk estimated from two large-scale cohorts, US Cancer
Prevention Study I and II (CPS I/II).141 UKLS and Pan-
Canadian Early Detection of Lung Cancer Study (PanCan)
were the only RCT and cohort, respectively, to apply a
risk model for such a selection. However, as for Chinese
screening studies, other risk factors (e.g. passive smok-
ing, occupation, family history of cancer, kitchen fumes),
parallel to smoking exposure, were also considered in
entry criteria (Table 2).

Age
The age eligibility in the screening trials varies greatly,
with the lower limit between 40 and 60, and the upper
ranging from 69 to no limit (Table S2). The median age of
the enrolled participants in all studies was normally
around 60 years, ranging from 56 to 67 years old
(Table S3). A lower age limit is not necessarily associated
with an accordingly lower median age in enrolees of the
trials. Younger individuals are less likely to participate
because of a lower affective risk perception,129 or to be
eligible because of a generally lower predicted risk if any
prediction models were applied that included age.142,143

A lower cut-off point for age eligibility of at least 58 was
suggested by the UKLS researchers because the positive
response rate in the high-risk population ≥58 was much
higher than in those below this age (≥4.3% vs. 1.0%).129

There is discordance in recommendations for the
upper age limit80,144: 74 in American College of Chest

Physicians (ACCP), American Society of Clinical
Oncology, American Thoracic Society,81 American
Cancer Society,83 and National Comprehensive Cancer
Network (NCCN)145 (all based on the NLST results), 74 in
the CNS 2015/2018,146 79 in the American Association for
Thoracic Surgery guidelines82 (based on the NLST results,
age-specific incidence and life expectancy in the specific
nations), and 80 in the U.S. Preventive Services Task
Force (USPSTF) statement80 (based on data modelling).
The USPSTF modelled data from NLST, Prostate, Lung,
Colorectal, and Ovarian Cancer Screening Trial (PLCO),
the Surveillance, Epidemiology, and End Results pro-
gram, and the U.S. Smoking History Generator. They
selected the most advantageous screening scenario by
maximizing lung cancer mortality reduction and redu-
cing overdiagnosis as much as possible.80,147

However, it is widely presumed that older individuals
would be not eligible for inclusion because of existing
comorbidities. In this subpopulation, harm from screen-
ing might outweigh the benefits, but this can be difficult
to measure because of competing causes of death. In
another study using microsimulation modelling, Han
et al.144 incorporated overdiagnosis into the outcome
measures (including lung cancer deaths prevented and
life-years gained as a result of screening). They found
that stopping screening at a younger age of 75 would
have higher efficiency in maximizing the benefits
(mainly life-years gained per overdiagnosed case) than
at 80, and there was no gender difference.

In a trend analysis of national cancer registries of lung
cancers in China during 1989–2008, the average ages in
male and female patients significantly increased from
65.32 to 67.87, and from 65.14 to 68.05, respectively.3 The
change could be explained by the increase in the ageing
population with time.3 However, in the West China
Hospital, the average age at diagnosis in hospital-based
lung cancer cases was 59.22 during 2008–2014.59 This dif-
ference could be attributed to data sources and geograph-
ical factors. Therefore, it is advisable to comprehensively
consider age- and geographical-specific lung cancer inci-
dence, participation rate, and also benefit-to-harm ratios
before determining the age at entry.

Smoking status
Smoking is the other basic entry criteria after age. Heavy
current and former smokers are the targets in most of the
trials, except the Asian studies (Table 2 and S2). JECS in
Japan targets only non- or light smokers. The Chinese
studies [e.g. Shanghai CancerHosp cohort,105 Shanghai
ChestHosp RCT,106 and China Lung Cancer Screening
Feasibility RCT (China FeasiRCT)101,102] also recruited indi-
viduals exposed to other risk factors, not restricted to
heavy current/former smokers only. Although PanCan
and UKLS used a risk model for high-risk assessment and
recruitment, the final studies included participants who
were practically all ex- or current smokers (Table S3).

There are two types of smoking exposure criteria in
the trials: cumulative pack-years, or smoking duration
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and intensity (average number of cigarettes per day),
separately (Table S2). In the Liverpool Lung Project (LLP)
model used by UKLS as a selection tool, smoking dur-
ation was demonstrated as the strongest predictor over
other smoking-related factors, e.g. smoking status,
intensity, and time since quitting.148,149 ten Haaf et al.150

concluded that there was little difference between the
two criteria in the aspect of cost-effectiveness in their
microsimulation modelling; the scenario with stringent
smoking criteria, annual screening for persons aged
55–75 who smoked >40 pack-years and who currently or
quit ≤10 years ago, was optimal.150

Most trials in the Western world, and almost all screen-
ing guidelines concentrate on the smoking subpopulation.
Both Ten Haaf et al.151 and Tammemagi et al.152 demon-
strated that most never-smokers would not benefit from
lung cancer screening; notably, the two studies were based
on a US dataset. As there are different smoking profiles in
lung cancer patients in the US and China as discussed
above, whether or not Chinese never-smokers could gain
more significant benefits than harm, from early screening,
is unknown. Given other predisposing factors, this may
indicate totally distinct entry criteria for lung cancer
screening in China. This is somewhat evidenced by the
baseline results from the Shanghai Chest Hosp RCT106 and
Shanghai Cancer Hosp cohort,105 which had less stringent
smoking eligibility criteria.105,106 The former had a similar
prevalence rate of lung cancer between the NLST-ineligible
males (1.1%) and females (1.4%) in the LDCT arm,106 which
was comparable to NLST (1.0%).153 In the latter, the inci-
dence in never-smokers was two-fold that of smokers at
baseline screening105(Table 2, Table S3). Some lessons
could be learned by comparison with other Asian studies,
in which never-smoker lung cancer incidence is more
comparable to China. However, this is difficult because of
limited data.

Thus, pre-evaluation of lung cancer risk in the local
population, and pre-estimation of cost-effectiveness for
different scenarios of screening criteria in the setting of
the corresponding economic structure would assist in
selection of optimal eligibility criteria. Establishment of a
specifically optimized Chinese risk model could simplify
recruitment in China and could lead to a more effective
screening program on the basis of an individual’s risk.

Modelling for risk prediction in the population outside China
Many publications have implied the outperformance of
risk models in improving screening effectiveness and
efficiency over current eligibility criteria, used in the
trials or recommended in guidelines.152,154–158 UKLS and
PanCan applied risk models (the LLP model and PanCan
model, respectively) in selecting high-risk individuals
for eligibility entry. The high-risk cut-off threshold was
defined as the risk estimation of LLPv2 risk model ≥5%
in 5 years in UKLS,133,143 and PanCan model (a prototype
of PLCOm2012) >2% in 6 years in PanCan.142 Generally,
studies using models had a higher lung cancer detection

rate133,142 and cost-effectiveness133 than their counter-
parts (Table S2–S3).

There are a large number of established risk models
for predicting lung cancer risk.159,160 The predictors in
the models vary a great deal, from the simplest combin-
ation of age and smoking to more complicated models
(integrated medical conditions, medical history, ethni-
city, and socioeconomic factors).159,160 Despite good dis-
crimination (and calibration) in development datasets,
the performance of most models in external validation
was generally limited.159,160

A few studies155,156,161,162 assessed and compared differ-
ent risk models in respect to discrimination, calibration,
and clinical utility. However, there is wide variation in
their performances. In a UK case-control dataset: Spitz
and LLP were comparable in discrimination and posi-
tive/negative predictive values, both of which were bet-
ter than Bach; LLP showed a better sensitivity but lower
specificity than Spitz and Bach.161 ten Haaf, et al.155

demonstrated that PLCOm2012, Bach, and the Two-Stage
Clonal Expansion (TSCE) incidence model had the best
overall performance with an AUC of 0.68–0.71 in NLST
and 0.74–0.79 in PLCO for 6-year lung cancer incidence,
superior to the other models (including LLP, Knoke, and
two versions of the TSCE model for lung cancer death).
Katki et al.162 arrived at the conclusion that PLCOm2012,
Bach, the Lung Cancer Risk Assessment Tool (LCRAT), and
the Lung Cancer Death Risk Assessment Tool (LCDRAT)
outperformed the five other models, including Spitz, LLP,
the LLP incidence (LLPi) Risk model, Hoggart, and the
Pittsburgh Predictor, in three US population-based data-
sets. However, in a German cohort, Li et al.156 demon-
strated only a modest superiority of PLCOm2012 over Bach
and LLP in selecting a high-risk population for screening.

On reflection, there may be a number of reasons for
the varied performance. Firstly, some models, e.g. LLP
and Spitz, were derived from case-control datasets,
whereas others, e.g. PLCOm2012, Bach, and TSCE, were
from cohorts.159,162 Risk models developed from case-
control datasets may lack generalizability in the popula-
tion because of selection bias in cases and controls;
they may also have bias in risk estimations because
recall bias exists in data collection.162 Secondly, all the
models were derived from a specific ethnicity or region.
This population-dependent feature could impair their
performance in populations from other ethnicities and
regions, e.g. PLCOm2012 under-rated lung cancer risk in
Hispanic patients.162 Thirdly, some risk factors may be
unavailable in another independent dataset, which may
weaken the prediction. However, the impact may be
limited. ten Haaf and colleagues155 found that the full
versions and simplified versions (only including age,
gender, and smoking) of risk models performed simi-
larly, i.e. full PLCOm2012 and simplified PLCOm2012, full
LLP and simplified LLP. Their study indicated that the
three variables in simplified models contributed to lung
cancer risk the most.
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Evidence of long-term benefits and harms, such as
trade-offs between life-years gained, mortality reduc-
tion, and overdiagnosis are limited. The optimal thresh-
old for risk models, at which lung cancer screening
programs or clinical practice should gain maximum
benefits over harm, is still undetermined.155,159 Thus, no
preferential risk model and risk threshold have been
recommended in risk prediction for screening eligibility
across different populations. The European position
statement117 suggested that ‘either the PLCOm2012 or the
LLPv2 would suffice if screening were to be implemented
immediately’ given their high level of prediction.

There are emerging models integrating clinical fac-
tors, e.g. molecular biomarkers from blood, pulmonary
function, and genetic biomarkers (e.g. single-nucleotide
polymorphisms), which potentially are alternative ways
to improve risk models’ overall performance. Some of
them are extensions of existing models which have
only epidemiological factors, but their improvement
over the existing models was found to be generally
moderate.159,160 Specifically, the extended LLP model
has been successively integrated with different SNPs
twice, with performance in discrimination increased
from 0.72 to 0.75163 and from 0.73 to 0.79,164 respect-
ively, when compared with the original epidemiological
model. However, a modest enhancement in the per-
formance of the risk models would still be significant
and meaningful, as the ‘improvement space’ is limited.
It is also important to note that genetic risk is already
captured to some extent in the LLP risk model through
inclusion of personal and family cancer history.

Risk models for participant selection in China
In mainland China, four studies explored this topic165–168

(Table S4). Among them, three models had good discrim-
ination (AUC: 0.7037–0.885).166–168 Lin et al.166 constructed
a model using the first-degree pedigrees of patients and
their spouses as cases and controls (633 proband pedi-
grees versus 565 spouse pedigrees). The higher the risk
threshold, the more accurate the prediction in clinical
use (cut-off value <5, an accuracy of 68.3%; 5–10, 84.0%;
≥10, 91.9%), but no external validation was performed.
Yang et al.168 developed a model from a retrospective
cohort. When the risk probability was calculated at ≥0.65,
that model’s sensitivity and specificity were 14.9% and
94.5% in the development dataset, and 13.0% and 98.3%
in the external validation dataset, respectively. The mod-
el built by Wang et al.167 performed well in the aspects of
discrimination and clinical use, but it had no external val-
idation. All the four models were derived from hospital-
based data,165–168 which potentially could introduce bias in
data analysis. Further optimization is desperately needed
to produce new models. A prospective cohort to observe
lung cancer incidence within a specific timeframe and val-
idate the models is also worth considering, but may cause
significant delay unless performed alongside CT screening,
using the best current model.

In the future, a comprehensive, systematic reporting
standard in the development and validation of screening
would be helpful for comparisons between models from
similar or different backgrounds, enabling extensive val-
idation of various models in a unified cross-border data-
set. Undoubtedly, further research is important and
should be an integral part of any screening programme.

Screen protocols and related issues

Screening interval
There were only six screening trials that applied biennial
LDCT screening in their intervention arms, including
PanCan, NELSON (only once), MILD, and the three Chinese
trials (the China FeasiRCT,101,102 the Shanghai ChestHosp
RCT106 and Tianjin CancerHosp programme103). Others,
except JECS with a 5-year screening interval, used annual
screens for their enrolees (Table 2, Table S1).

In NELSON,169 there were an increasing number of
interval cancers (5 vs. 19 vs. 28, respectively) and higher
proportions of stage IIIB/IV in screen-detected lung can-
cers (6.8% vs. 5.2% vs. 17.3%, respectively) after corre-
sponding 1, 2, and 2.5-year intervals.169 These results
indicated that an interval of 2.5 years is most likely too
long for a population screening programme.

No significant difference between annual and bien-
nial screening in MILD has been found in respect to
interval lung cancers, specificity, sensitivity, and posi-
tive/negative predictive value.170 Note that the popula-
tion in MILD was much smaller than in NELSON. In the
UKLS modelling, annual screening would prevent more
lung cancer deaths (956 vs. 802), but induced more over-
diagnosis (457 vs. 383) and screening episodes (330 000
vs. 180 000).171 By microsimulating NLST, the biennial
screening gained similar quality-adjusted life-years
(QALYs) to the annual screening over 20 years (24 000
vs. 23 000), but the former was more cost-effective
regarding both incremental cost-effectiveness ratios
and CT scans saved.172 Therefore, a 2-year interval
might be a cost-effective alternative for screening.

The risk of screen-detected lung cancer depended
strongly on the results of the first scan: 1.0% with a
baseline-negative scan, 5.7% with an indeterminate
result, and 48.3% with a positive result over a 5.5-year
follow-up.173 When compared to individuals with a nod-
ule at the baseline scan, those without have a much low-
er risk in 2 years (0.2% vs. 4.6%).142 Thus, a tailored
screen interval is needed. For such a low-risk probability,
the subpopulation with a negative baseline result might
be safely screened every 2 years or at even longer inter-
vals; other subpopulations with distinct baseline nodule
results might be managed according to their specific risk
probabilities. The risk probabilities of the individuals
with nodules could be implied by the cut-off value of
nodule risk prediction models (discussed below).
Evidence from the Chinese studies is limited because the
results of interval screening rounds are not yet available.
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Overdiagnosis
Overdiagnosis is often disputed in the context of
screening. It is defined as the detection of a cancer that
would not have been clinically apparent if there were
no screening.174 Overdiagnosis can result in unneces-
sary treatment, psychological problems, and economic
burdens.174 An upper bound of about 18%–25% of all the
cancers detected in the LDCT screening were estimated
to be indolent, thus probably overdiagnosed.174,175 The
overdiagnosed lung cancers are more likely to be adeno-
carcinoma because it had a higher proportion in the
LDCT arm than in the control arm,73,174 and also a long-
er volume doubling time (VDT) than other lung cancer
subtypes.175

A contradictory indicator to overdiagnosis is stage
shift. The primary aim of screening is to detect lung
cancer at an earlier stage; thus we aim for a correspond-
ing reduction in advanced lung cancers. It is therefore
not expected that detected tumours are indolent.
Overdiagnosis will be caused if there is no reduction in
advanced lung cancers, but only an accumulation of
indolent cancers categorized into early stages.72 Only
NLST70 (Stage IV: 0.9% vs. 1.3%) and DLCST72 (T4N3M1:
0.4% vs. 1.0%) showed a significantly lower proportion
of advanced lung cancers in the intervention arm than
in the control arm. There were no evident stage shifts
in DANTE73 (stage IV: 2.1% vs. 2.8%) and ITALUNG74

(stage IV: 1.7% vs. 2.2%). Reasons for this could be the
larger study sizes, differing approach methods used for
NLST and DLCST, or that some degree of overdiagnosis
existed in these trials.

Additionally, the effects of overdiagnosis could be
mixed with lead time. The latter is defined as ‘the differ-
ence between the time when diagnosis would have been
made without screening and the time that the diagnosis
was actually made as a result of early detection by screen-
ing’.174 A longer follow-up may be helpful to distinguish
between overdiagnosis and lead time. Mean lead time
were estimated of 3.6 years for non-bronchioloalveolar car-
cinoma (BAC) NSCLCs and 32.1 years for BACs, to when
they naturally become clinically significant without screen-
ing interventions. Specifically, over 25% of the non-BAC
NSCLC cases would have a lead time of >5 years, and a
very low proportion of 6.3% would exceed more than one
decade. However, for BACs, 73.2% would have a lead time
of ≥10 years, and approximately 50% would be overdiag-
nosed throughout the whole life.174

In ITALUNG, the cumulative number of lung cancers
in the usual care group caught up with the LDCT group
after a follow-up of 6–7 years from randomization.74

However, in DANTE, after a median follow-up of 8.35
years from randomization, there was still a lung cancer
excess rate of 30.76% in the LDCT arm compared with
the usual care arm.73 Besides overdiagnosis, the differ-
ence could also be explained by an additional screening
round in DANTE and possible different subtype distribu-
tion in the diagnosed lung cancers.

The results above indicate that certain screening
rounds accompanying a specific and sufficient follow-
up timeframe might minimize overdiagnosis. Moreover,
overdiagnosis would be affected by the possibly differ-
ent distribution of lung cancer subtypes in screening
participants.

Length of screening
As discussed above, screening length is closely asso-
ciated with overdiagnosis; compared with the usual
care group, the LDCT group managed with three annual
screens would have an overdiagnosis rate of 31% within
a complete 7-year follow-up after baseline.174 Given the
evidence from ITALUNG74 and DANTE73 extended
follow-ups (as above), it is advisable to estimate screen-
ing length, follow-up duration, and corresponding over-
diagnosis rate before a trial is started.

When compared with the unscreened Beta-Carotene
and Retinol Efficacy Trial (CARET) cohort, the mortality
reduction from two annual screening rounds in the
New York ELCAP cohort became apparent in the fourth
year and reached a maximum in the sixth to eighth
year after enrolment. The overall mortality reduction
would be 36% when standardized by the CARET entry
criteria176; the mortality would be reduced further if the
screenings continued.176 In the Continuous Observation
of Smoking Subject (COSMOS) pilot cohort of 1035 indi-
viduals, a lung cancer mortality reduction of 31–61%
would be expected after 7 years of annual screening
when compared with the extrapolation from age- and
sex-matched unscreened CPS II smokers.177 Despite a
lack of statistical significance in mortality reduction
after a 9-year follow-up in ITALUNG, the researchers
found a significant mortality reduction in the post-
screening period.74 Therefore, extensions of screening
and follow-ups could enhance mortality reduction.

In summary, when planning the screening length of
a trial or national programme, some factors to consider
are: 1) the mortality reduction expected in screening
population; 2) cost-effectiveness; 3) limiting overdiagno-
sis; and 4) minimizing other potential harms, e.g. radio-
logical exposure, psychological impact.

Nodule management

The nodule management protocols of most screening
trials largely follow or are modified from the ELCAP/I-
ELCAP (Table S5). Henschke and colleagues published
the protocols consecutively in 1999,68 2004,178 2011,179

and 2016180 when new evidence accumulated. When
comparing the modified versions with the 1999 protocol,
the significant changes are: 1) nodule cut-off value
increased; 2) volumetric analysis and VDT introduced to
define growth; 3) management differed among solid,
part-solid, and non-solid nodules; 4) non-solid nodules
managed less aggressively; 5) management differed in
baseline nodules and new nodules detected at intervals
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(the latter managed more aggressively); and 6) endo-
bronchial solid nodules also specified.

The NELSON protocol was derived from the 2004 I-
ELCAP protocol.181 It was the first lung cancer screening
trial to use volumetry as a nodule assessment method. It
developed two classification systems for nodules detected
at either baseline or interval scans: NODCAT (nodule cat-
egories) and GROWCAT (growth categories). Generally, the
solid component, either in solid or part-solid nodules, is
measured in volume (mm3), whereas the overall size of
the part-solid, non-solid, and pleural-based solid nodules
are measured in diameter (mm). NODCAT is applied to all
nodules detected on CT scans, assisting decision-making
on follow-up; GROWCAT is applied when there are
follow-up scans for assessing VDT or a new solid compo-
nent growth in a non-solid lesion.181

The UKLS trial nodule management largely followed
that of the NELSON. The main difference between UKLS
and NELSON categories is that UKLS picked 15–49mm3

nodules as a separate category to ensure the inclusion
of cancers in nodules <50mm3 to the largest degree in a
single screen design.182

A variety of guidelines on pulmonary nodule manage-
ment have also emerged in different countries tailored to
their own circumstances.115,146,183–186 Several risk models
for nodule malignancy prediction have been recom-
mended in these guidelines: the Mayo Clinic model by
ACCP185 and the Fleischner Society,187 or the Herder mod-
el and Brock model by the British Thoracic Society
(BTS).184 As its guidelines are applicable to clinical prac-
tice, the Fleischner Society recommended adherence to
the existing American College of Radiology Lung CT
Screening Reporting and Data System (Lung-RADS)
guidelines for lung cancer screening.187

Associated guidelines have also been developed in Asia
or China in the clinical183 or screening settings.115,146

Evidence supporting these recommendations comes pre-
dominantly from the Western countries, so it is possible
that they are inappropriate to the East with its distinct
demographic, geographic, and genetic aspects. It is unclear
if variation in the aetiology of lung cancer in the East is lim-
ited to the initiation of lung cancer, or extends to the bio-
logical features that influence nodule behaviour. In the
absence of any large-scale LDCT trials in China and other
Asian countries, slight modifications made in the Asian
guidelines were taken from experts’ opinions.115,146,183

Herein, we discuss some crucial issues related to nodule
management.

Measurement: diameter or volumetry?
The screening trials use several ways of evaluating nodule
size: maximum axial diameter, the average of length and
width, and three-dimensional (3D) volumetric computer-
aid assessment.188 Specifically, NELSON, MILD, and UKLS
used volumetric-based measurement for nodule assess-
ment, with others mostly following a diameter-based
protocol (e.g. NLST), with some applying a computer-

aided system at follow-up scans for nodule growth and
VDT assessment (e.g. DLCST, LUSI) (Table S5).

Mean axial diameter (using the average of the long-
axis diameter and that taken at right angles to it) for
nodule risk assessment was first adopted in ELCAP.68 In
2017, the Fleischner Society commented that, because
of substantial inter- and intra-observer variability, use
of the maximum dimension would lead to misclassification
of nodules, especially in small nodules, thus resulting in a
high false-positive rate.188 Large variance of intra-nodular
diameters also exists in indeterminate nodules; this can
reach up to a median value of 2.8 mm, higher than the
growth threshold of 1.5 mm recommended by LUNG-
RADS.189 Hence, nodule size represented by diameter is
concluded to be poor. Calculation of volumes based on
the diameter was also used. However, compared with
volume measured semi-automatically using 3D software,
a mean overestimation of volume by 85.1% and 47.2%
can occur in volume calculation by the maximum and
mean axial diameter, respectively.189 Therefore, the European
position statement117 and BTS 2015184 recommend volu-
metry as the preferred assessment method.

Cut-off values
NLST defined ≥4mm as its threshold of positive results,
whereas most of the others applied a cut-off value of
≥5mm (Table S5). With rising thresholds, the frequency of
positive results and further work-ups decreases succes-
sively, thus saving medical resources. When increasing
the threshold from 6mm to 9mm in I-ELCAP,190 the
screening-positive rate dropped from 10.2% to 4.0% and
the work-up would be reduced from 63% to 25%. The dis-
advantage was the corresponding increased rate of lung
cancer diagnostics delayed up to 9 months from 0% to
6.7%. Similar results were attained in the NLST LDCT-arm
dataset.191,192 The ≥6mm threshold performed well in
other aspects, including avoidance of false positivity192,193

and more positive predictive findings,194 but it impaired
the sensitivity194 when compared with the cut-off of
≥4mm. There was no statistically significant effect on sur-
vival or mortality in different nodule sizes.192 Currently,
the nodule-positive threshold of 6mm is recommended
by I-ELCAP (2016),180 the Fleischner Society (2017),187 and
LUNG-RADS.195 The First Brazilian Lung Cancer Screening
Trial (BRELT1) also increased its threshold from the ori-
ginal 4mm to 6mm during the implementation.196

The lung cancer probabilities in different nodule
sizes at baseline are also an essential factor when deter-
mining the appropriate threshold. In NELSON, the risk
increased with the volumes (or diameters) of baseline
non-calcified nodules: a low risk of 0.6% (or 0.4%) in
nodules of <100mm3 (or <5mm, respectively), compar-
able to those without nodules (0.4%); intermediate risk
of 2.4% (1.3%) in 100–300mm3 (5–10mm); and high risk
of 16.9% (15.2%) in ≥300mm3 (≥10mm).197 No additional
CT scans or work-up are needed for low-risk nodules,
whereas the high-risk should undergo diagnostic
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examination immediately. Intermediate-risk nodules
should be risk-stratified by VDTs and managed differ-
ently. The authors concluded that lung cancer risk
increased with reduced VDTs: 0.7% for VDTs ≥600 days,
4.0% for VDTs of 400–600 days, and 9.9% for those ≤400
days.197 Therefore, the management strategies should be
tailored to risk-stratification accordingly, to detect the
most lung cancers while limiting the required resources.

The I-ELCAP researchers found non-solid nodules fea-
turing slow growth and a 100% curative rate by surgery.198

In MILD, only 16.7% of the non-solid nodules progressed
after a mean follow-up of over 55 months.199 Annual
follow-up for non-solid nodules of all sizes (except those
with a new solid component at following CT scans) is
recommended in the I-ELCAP protocols.179,180 Perifissural
nodules have also been reported to be of low malig-
nancy.200,201 In PanCan, perifissural nodules have been
excluded from the nodule positive definition.142

Another issue concerns de novo nodules, which are first
detected at interval scans. Lung cancers derived from de
novo nodules have more aggressive features and a poorer
prognosis than those diagnosed from baseline-positive
nodules.202 Lung cancer probabilities increased with the
volumes (and diameters) of de novo nodules; in NELSON,
the risk is 0.5% in nodules of <27mm3 (3.7mm), 3.1% in
27–206mm3 (3.7–8.2mm), and 16.9% in ≥206mm3 (8.2
mm).203 A cut-off value of ≥27mm3 would achieve a sensi-
tivity of 95.8% and specificity of 38.3% for lung cancer.203

Therefore, new nodules at incidence rounds and those
from the prevalence round should be managed separately.
The 2011179 and 2016180 I-ELCAP protocols suggested a
diameter threshold of 3mm for these de novo nodules.
Meanwhile, the European position statement recom-
mended a cut-off value of >30mm3.117

Number of nodules
The radiological features of the largest nodule detected on
CT have been assessed in trials. In I-ELCAP and Mayo
LDCT study, the number of nodules required for recording
was up to 6; in UKLS, the number reached 20; and in
NELSON, all non-calcified nodules are measured (Table S6).

It is very common to find two or more nodules in lung
cancer screening participants, this was the case in about
48.5% of all NELSON baseline participants.204 Of the malig-
nancies, 97.0% were diagnosed in the largest nodule at
baseline.204 However, lung cancer probability in an indi-
vidual is not necessarily associated with the nodule count
at baseline: 3.6%, 4.1%, 4.8%, 6.3%, and 3.3% in those with
1, 2, 3, 4 and >4 nodules, respectively. For this reason,
separate assessment of each nodule is suggested.204

In short, nodule count does not necessarily indicate a
benign or malignant lesion, but the specific features of
each nodule are important.

Modelling for risk prediction of nodule malignancy outside
China
The aim of modelling is to reduce biopsy rate and
increase malignant-to-benign ratio. BRELT1 is the only

screening trial that used a risk model, namely The
Mayo Clinic model, for malignancy prediction of pul-
monary nodules (Table S5). The Mayo Clinic model was
also the first model to be introduced for pre-test predic-
tion by ACCP since 2007.205 It was initially developed
and internally validated in a retrospective unscreened
cohort of 629 patients with indeterminate solitary pul-
monary nodules on CXR (malignant rate: 23%).206

However, the model did not show superior performance
in the baseline biopsy rate and malignant-to-benign
ratio in BRELT1 when compared to other trials196

(Table S3), indicating future efforts in optimizing.
The Brock model207 was derived from the PanCan pro-

spective cohort (malignant rate: 5.5%) and externally valid-
ated in the British Columbia Cancer Agency chemopre-
vention trials. Both datasets were in the CT screening con-
text and included ever- and never-smokers. The model dis-
played great discrimination of over 0.89 in all settings and
calibrated very well. It also performed well in individuals
with nodules ≤10mm. The Herder model208 was modified
from the Mayo Clinic model by integrating positron emis-
sion tomography (PET) results. It was developed from a
hospital-based unscreened cohort of 106 patients from the
Netherlands with indeterminate solitary nodules (malig-
nant rate: 57.5%), the same dataset that the Mayo Clinic
model used for external validation. It improved the AUC by
13.6% when compared with the Mayo Clinic model. When
validated in a hospital-based unscreened cohort from the
UK, the Brock model (AUC 0.902) and the Mayo model (AUC
0.895) were similar in predicting nodule malignancy, but
the Herder model had higher accuracy (AUC 0.916) than the
other two models in patients undergoing PET-CT.209

Therefore the 2015 BTS guideline, stated that the Brock
model would be used for risk assessment in nodules
≥8mm or ≥300mm3, and the Herder model used following
PET-CT if malignancy risk was ≥10% in the Brock model.184

Additionally, the Brock model has shown excellent
performance in heterogeneous populations, including
LDCT screening trials, e.g. NLST (AUC 0.963),210 DLCST
(AUC 0.826–0.870),211 a LDCT screen-detected sub-solid
nodule cohort from Australia (AUC 0.89),212 and a multi-
centre unscreened cohort from the Netherlands (AUC
≥0.90).213 Nonetheless, it may be suboptimal in other
aspects, such as differentiating invasive lesions from sub-
solid lesions (AUC: 0.671 in non-solid, 0.746 in part-solid
nodules in a Korean unscreened cohort).214 The Herder
model also had good discriminatory power of 0.757 in an
Italian retrospective cohort,215 albeit inferior to the value
previously reported in its development and external val-
idation datasets.208 However, the Brock and the Herder
models were derived from and confirmed only in post
hoc analysis (i.e. applied retrospectively in pulmonary
nodule data). Whether or not they would perform well in
an ongoing LDCT screening trial is unknown.

Modelling for risk prediction of nodule malignancy in China
A great many risk models for predicting malignancy in
nodules have been developed in China (Table S4), with

Implementation planning for lung cancer screening in China | 31



all of them constructed from hospital-based retrospect-
ive cohorts. Most do not specify calibration. The two
models developed by Li et al., 2012216 and Yang et al.,
2018,168 respectively, have spatially external validation.
The model built by Li et al.,216 also called the Peking
University People’s Hospital (PKUPH) model, discrimi-
nated quite well (AUC 0.810) when evaluated externally.
At a risk threshold of 0.471, the sensitivity and specifi-
city of the PKUPH model were 83.3% and 75.9%, respect-
ively.217 For the model established by Yang et al., the
discriminatory power was very limited in the external
validation dataset (AUC 0.584).168 Additionally, three
other risk models focused on sub-solid nodules218,219 or
ground glass opacities.220

Notably, almost all the development datasets had a
very high malignancy prevalence (except the Brock
model),160 especially those in China (malignancy preva-
lence >50%) (Table S4). This could be because only parti-
cipants undergoing surgical procedures or biopsies were
eligible for the analysis. The accuracy of a model is
likely to depend on the lung cancer prevalence in a tar-
get population. Hence, these derived models may not be
well calibrated in other datasets with a different preva-
lence.160 However, because the decisions for invasive
management in these datasets were often combined
with the clinical experiences of doctors, models from
these datasets may be more useful in real-world clinical
practice. Still, it is unclear how these Chinese models
would perform when applied in LDCT screen-detected
nodules and ongoing screening trials.

Other screening-related issues

Significant other findings
It is believed that significant other findings on CT scans
would maximize the benefits of screening programmes.
Of the NLST population who were screened in LSS cen-
tres, 19.6% had potentially significant extra-pulmonary
abnormalities after three screening rounds.221 Some
would bear significant clinical implications and require
further clinical assessment; this accounted for 1% of the
NELSON baseline population.222 Extra-thoracic cancers
were diagnosed in 0.39% of the screened participants
during the screening period in NLST, including kidney
(0.26%), thyroid (0.08%), and liver (0.05%) cancers.221

Once found, these clinically significant abnormalities
could be managed immediately and systematically. In
this case, the specific individual may benefit from the
screening in a ‘byproduct’ way, although dangers of
overdiagnosis are relevant to incidental findings.

Moreover, some conditions, e.g. idiopathic pulmonary
fibrosis, are rare in the general population, but highly
lethal. It is impossible to implement an independent
screening trial for this kind of disease, so detection
within a cancer trial is valuable. In 884 smokers from
the NLST, the prevalence of interstitial lung abnormal-
ities (ILA) was 9.7%, with fibrotic abnormalities account-
ing for 2.1% and non-fibrotic for 5.9%. Among them, 37%

of fibrotic and 11% of non-fibrotic ILA progressed in a 2-
year follow-up.223 Such epidemiological and clinical
information provided through screening would facilitate
optimization of current ILA management strategies.

The benefits of incidental findings are not limited to
rare diseases, detection of common diseases such as
cardiovascular diseases and emphysema can also be
provided to assist clinical management, e.g. significant
role of coronary artery calcium score in predicting all-
cause mortality and cardiovascular events,224 quantifi-
cation of emphysema extent225 and its potential impli-
cation on lower bone density.226

However, regarding the cost-effectiveness of man-
agement for these extra findings in screening, the evi-
dence is very limited. Given that some abnormalities in
the context of screening might be clinically non-
significant or indolent in nature, such as mediastinal
masses,227 it is better for us to manage these findings
distinctively according to their characteristics.

Cost-effectiveness
Cost-effectiveness analysis could be used to evaluate
whether one trial design is superior to another concern-
ing value for money and also to investigate impact fac-
tors attributable to cost-effectiveness improvement.
Related measures in health-economic analysis include
costs, quality-adjusted life-years (QALYs), and incre-
mental cost-effectiveness ratios (ICERs).

Compared with no screening, LDCT screenings in
NLST provided an additional 0.02 QALYs per person and a
corresponding ICER of $81 000 per QALY gained.228

Although, with similar QALYs gained per person, UKLS
had a mean ICER of $12 106, much lower than NLST.133 By
comparing UKLS with NLST, researchers identified some
possible measures for improved cost-effectiveness: 1)
higher lung cancer prevalence in a target population; 2)
lower unit costs for management; 3) more effective selec-
tion of the high-risk population recruited; 4) fewer screens
arranged in protocols; and 5) more true-positive results
throughout the protocol of nodule management.133

Cressman et al.229 analysed the factors driving pro-
gramme efficiency by comparing different scenarios
applied to the NLST datasets. They found that mortality
reductions had the greatest impact on cost-effectiveness,
followed by long-term improvements to the quality of life
in lung cancer-free participants. Consideration of non-
lung cancer outcomes in screening participants may be
necessary in the cost-effectiveness analysis.229 Using the
same NLST dataset, Kumar et al.230 stratified the partici-
pants into different deciles according to their pre-
screening risk of lung cancer mortality. Although lung can-
cer deaths prevented per 10 000 person-years increased
from the lowest to the highest risk deciles (extreme decile
ratio: 7.9), the gradients across deciles were attenuated in
the aspects of life-years, and QALYs gained (extreme
decile ratios: 3.6 and 2.4, respectively). ICERs across risk
strata were similar.230 The conflicting results may be
explained by comparable roles between lung cancer and
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other diseases in the high-risk groups as they are more
likely to be older and have more comorbidities.229,230

Therefore, some scholars argued that all-cause mortality
reduction should be the benchmark for cancer screen-
ing.231 However, to date, none of the CT screening trials
have sufficient power to provide all-cause mortality data.

In a post hoc analysis of NLST screening participants,
Young et al.232 demonstrated that smokers with higher
lung cancer risk predicted by the PLCOm2012 model
would have a COPD prevalence and likelihood of non-
lung cancer deaths in a linearly increasing fashion.
Limiting those of intermediate risk (predicted by
PLCOm2012) to screening eligibility would achieve a
greater reduction in lung cancer mortality compared
with those of risks just over the cut-off value (28% vs.
17%). Similar conclusions could be drawn from those
with normal lung function or only mild-to-moderate
COPD when comparing to those with severe or very
severe COPD. Regarding lung cancer mortality reduc-
tion, it is better to exclude those with high risk and
severe or very severe COPD who it is presumed will not
benefit from screening because of other competing
causes of death and inoperability.232

Smoking cessation may be a good alternative for
cost-effectiveness improvement at the population level,
as indicated in a previous US health-economic ana-
lysis,233 but this did not address earlier detection of
lung cancers in those currently at high risk.

In summary, cost-effectiveness varies widely in dif-
ferent settings. Short-term or long-term outcomes, and
lung cancer per se or other health conditions, should be
considered in the analysis. Overall mortality reduction
may be more critical than lung cancer-specific mortality
reduction in assessing the effectiveness of screening.
Considerations should be taken when recruiting people
who would potentially die from other causes, e.g. the
effect of COPD in lung cancer screening.232 Some inter-
ventions, such as smoking cessation, managing cardio-
vascular risk in advance, and screening/clinical strategy
optimization, may be anticipated to improve cost-
effectiveness in those screened.

Psychological impact
Four trials, NELSON, NLST, DLCST, and UKLS, reported
results on psychological impacts. There was temporar-
ily increased lung cancer-specific distress in partici-
pants with a high affective risk perception234 or those
with positive results133,235; but, this dropped with long-
term follow-up, e.g. 6 months,234 2 years,235 or when
individuals were reassured by a negative result.236

The psychological impact is presumed to be screen-
ing result-dependent. Those with false-positive scans,
significant incidental findings, or negative scans in
NLST had no significant increase in anxiety.237

Participants with true-positive scans who developed
lung cancer within 1 year had higher anxiety and lower
health-related quality of life at 1 and 6 months after
screening in NLST,237 but this is to be expected (and

anxiety is likely to be less than if the subjects were diag-
nosed later with a higher stage disease).

There was no difference in psychological impact
across the LDCT and CXR screening arms in NLST.237

However in DLCST,238 compared to the LDCT arm, the
usual care arm experienced more negative psycho-
logical consequences.238 This may be explained by the
reassurance in those with normal screening results in
the LDCT arm.236,238

In short, lung cancer screening can exert certain
short-term, yet generally minimal long-term, psycho-
logical harm on participants. The impacts are usually
not severe,234 or not to clinical levels.235 However, spe-
cial attention should be paid to those with positive
scans and help should be provided if necessary after
regular psychological assessment. Those who do not
receive the reassurance of an early diagnosis or a nega-
tive LDCT scan (e.g. those randomized to usual care in a
trial, or unable to have a screening scan) may also need
help.

Radiation exposure
New CT scanners have a much lower level of radiation
than previously, e.g. in NLST, the effective dose was
estimated at about 2mSv for LDCT but 8mSv for full-
dose chest CT.239 However, extra radiation exposure
associated with screening is still a concern.239 It is esti-
mated that if a person aged 55 was followed up accord-
ing to the Fleischner guidelines over 20–30 years (three
full-dose CT follow-ups over 2 years if nodules >4mm),
that person would experience a cumulative radiation
dose of 280–420mSv, a dose exceeding that of nuclear
workers and atomic bomb survivors.239 As a result, lung
cancer risk would increase.239 A male smoker and a
female smoker would observe increases in lung cancer
risk induced by radiation of about 0.23% and 0.85%,
respectively, if he or she underwent annual LDCT
screening from age 50 until 75 years.240

In ITALUNG, when assuming a lung cancer-specific
mortality reduction of 20–30% in current smokers, the
potential fatal cancers associated with radiation expos-
ure were 10–100 times lower than the expected lives
saved by screening in number, indicating a favourable
benefit over the risk.241 However, never-smokers or
former-smokers would benefit less in the same scen-
arios than current-smokers.241 In a secondary analysis
of the COSMOS data, lung cancers and major cancers
induced by 10 years of LDCT screening were 1.5 and 2.4
in number, respectively. The additional risk of induced
cancer was extremely low, namely one induced major
cancer for every 108 screen-detected lung cancers.242

Therefore, we could expect a very low and acceptable
risk of cancers induced by LDCT screening per se,241,242

but cancers would occur if screening was conducted for
long enough.239 Protocols for screening should be opti-
mized to attenuate the possible increased cancer risk by
modifying the screening frequency and age range in
line with individualized lung cancer risks and emerging
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evidence on screening-induced cancers. A mortality
reduction considerably >5%240 is required to outweigh
the radiation-induced cancer risk, and this should be
estimated before screening is conducted, especially for
individuals aged <50 years.243

Recommendations on Chinese lung cancer
screening programmes
Herein, we reproduce a figure from Field’s review244 to
illustrate the current status of evidence in China (Fig. 3).
The evidence for the 12 aspects given in the figure is
mostly based on results of trials performed outside
China, thus, moving forward with population CT
screening, further research is required to put these
aspects into the Chinese context. We note several
issues that require caution or further investigation and
give our recommendations (Panel 1).

Participation: recruitment of hard-to-reach
participants

There are substantial health and healthcare disparities
across different regions of China. The underserved are
more likely to suffer from morbidities and mortalities,
yet are less likely to participate in screening pro-
grammes. Some targeted recruitment methods can be
efficient; however, in China, most programmes have
targeted urban areas, which may have higher socioeco-
nomics. The Guangzhou GMU-1stHosp programme
focused on underprivileged individuals, but had low
uptakes because of low awareness of preventive health
care among the targeted population.111

In China, people have free access to any hospital,
which leads to ‘medical migration’.245 Selection bias
and higher dropout might be anticipated when recruit-
ing participants based on hospital catchment areas as
these are not fixed and people ‘migrate’. Community-
based enrolment could be a favourable alternative for
lung cancer screening, by which people could be orga-
nized as a whole more effectively.

A significant number of the lung cancer screening
programmes in China only have references, which are
based on web pages or conference abstracts, thus the
detailed protocols and results are unavailable. To har-
monize CT screening programmes in China, it would be
beneficial to facilitate cooperation between the lung
cancer screening groups, which would increase aware-
ness and also provide consistency, governance control,
and transparency of all the programmes.

Risk-based selection

Risk-based selection is presumed to focus on individuals
who are most likely to be at higher risk of developing lung
cancer, and to minimize unnecessary scans in the low-
risk population, thus is more likely to be cost-effective.
However, such high-risk populations are also more likely
to be older and suffer from non-lung cancer deaths, thus

bringing the net benefits into question.246 The high-risk
profile for lung cancer screening is still undetermined in
China. The proportion of lung cancers attributed to smok-
ing is much lower in China than in the UK and the US.
Other risk factors may play more critical roles in lung can-
cer incidence in China. The preliminary results of various
programmes in China indicate a different risk profile from
that in the US and European countries.

Risk models play a crucial role in lung cancer predic-
tion in either general population screening or manage-
ment of detected nodules, yet much work is needed on
optimization. Most of the risk models developed in
China have relatively poor discrimination, no calibra-
tion or no external validation.

As there are different risk profiles for lung cancer in
China, we must consider to what extent these differ-
ences will influence the optimal Chinese lung cancer risk
model. Whether or not risk models should be developed
separately in males and females, or different thresholds
should be set in different genders or those with different
smoking status, are questions that remain to be answered
(and might not be fully addressed until implementation
based on the best model at the time and further data
gathered as part of the screening effort).

It must be considered that in the Chinese context,
science is advancing on an exponential scale. Current
lung cancer prevalence may reflect exposure levels of
risk factors many years ago, similar to the delayed
impact of smoking on mortality; or the real status quo
in China may be mis-represented because of potential
bias in data collection, i.e. from current incomplete can-
cer registries. A recent publication reported a higher
lung cancer incidence in young women compared to
young men, noting that those in both genders were
born after the mid-1960s in the US.247 Different smoking
behaviours between the genders cannot fully explain
this phenomenon.247 Given the changing situations, the
entry criteria into lung cancer screening programmes
should be reconsidered.

Screening age range

In China, lung cancer incidence is quite low in indivi-
duals aged ≤45, but it increases with ages in those over
50.115,146 Individuals in younger generations (i.e. <50
years) would suffer more harm from screening, e.g.
excess cancer risk induced by radiation exposure,243

whereas an older individual might not benefit from
screening because of existing comorbidities and other
competing causes of deaths. After combining the evi-
dence above and life expectancy in China, the CNS
2015/2018 recommended ages 50–74 for screening feasi-
bility;115,146 however, the optimal screening age range is
not yet specified in China.

Nodule measurement

Accumulating evidence has demonstrated that volu-
metrics and VDT are less variable and more sensitive in
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detecting nodule sizes and growth. The NELCIN-B3
study will help to further define this. It is also preferable
to apply volumetry software to optimize nodule man-
agement strategies during implementation.

Identify ‘indeterminate’ nodules

Different cut-off values are associated with different
lung cancer risks. Risk-stratification allows for nodules
to be managed accordingly; however, it is unclear
whether variations in the aetiology of lung cancer in the
East extend to the biological features that influence
nodule behaviour. Risk models for malignancy predic-
tion of nodules were derived from post hoc analysis,
and it is not known whether these models would per-
form well in an ongoing LDCT screening trial.

Mortality data

The two largest studies—NLST and NELSON—reported a
benefit of mortality reduction by LDCT screening. In
China, a microsimulation modelling study indicated a
favourable role of LDCT screening over CXR and no
screening in mortality reduction among urban smokers
aged 45–80 years.116 It is uncertain to what extent LDCT
screening in China would help to reduce mortality,
either lung cancer-specific or all-cause, in the real
world. Whether or not non-smokers in China would
benefit from screening is also undetermined.

Cost-effectiveness

When it comes to real-life practice, cost-effectiveness is
always a serious consideration. We should consider not
just the health benefit provided by screening, but the
associated financial benefits of reduced costs for cancer
treatment and the improved economic output of those
living longer and healthier lives.

The ageing population in China is likely to be more
vulnerable to both lung cancer and other causes of
death. The latest papers suggest that long-term out-
comes and non-lung cancer outcomes of participants
should be taken into account during assessment.229,230

There will always be compromises during the process,
e.g. more screening rounds can lead to lung cancer mor-
tality reduction but result in more overdiagnosis and
radiation exposure. Management should be individua-
lized in screened participants according to their base-
line scan results and nodule risk-stratification, to
reduce unnecessary scans in the low-risk and maximize
the benefits. Currently, using a mathematical method to
simulate different scenarios is a favourable alternative,
and this may provide us with additional information
that could not be obtained in real life because of limited
research resources.

Screening intervals

Lung cancer risk is baseline result-dependent, but nod-
ule size and nodule attenuation (solid, part-solid, non-

Figure 3. Levels of evidence for implementation of lung cancer CT screening in China in 2018, where green indicates sufficient evidence,
orange is borderline evidence, and red requires further evidence (Chinese-specific).244 MDT, multidisciplinary team; CSCO, Chinese Society of
Clinical Oncology.
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solid) also affect the risk of malignancy. Similarly, cost-
effectiveness analysis leads the way. Data from real
practice is needed in China.

Smoking cessation

Tobacco control can provide additional benefits to those
we have discussed. Apart from lung cancer, smoking is
closely related to morbidities such as COPD, cardiovas-
cular diseases, and ischemic stroke. Smoking exposure
is positively associated with mortality risks of these
morbidities, and cessation would help to decrease these
risks.38 Thus, tobacco control could save lives not only
from lung cancers but also from other highly life-
disabling conditions, thus improving quality of life. By
combination with tobacco control, lung cancer screen-
ing could achieve more cost-effectiveness. However,
evidence on efficient and effective strategies for such a
combination is still limited.

In conclusion, lung cancer and smoking prevalence
in China are very different from that seen in other
countries. Increasing trends for lung cancer mortality
are expected following a lag from smoking exposure.
Other risk factors may play a significant role alongside
smoking for lung cancer risk in China; broader entry cri-
teria to screening programmes might be more expedient
in China to accommodate non-smokers. Evidence from
Chinese lung cancer screening is limited, but the suc-
cess of screening programmes and evidence from other

countries could pave the way. Risk models should be
optimized, and a prespecified analysis would be helpful
for initial trials, adopting a re-iterative, adaptive approach
as screening programmes develop.
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Panel 1. Recommendations for implementation of lung cancer screening in China.

• Screening programme coverage to be expanded to underserved areas. Recruitment criteria suggested by other countries
should be considered. The involvement of international investigators in lung cancer screening trials in China should be
considered.

• Community-based recruitment may be a more favourable approach in China: using face-to-face clinical appointments
and trustworthy collaborations with local clinics/organizations.

• It is suggested that cohort profiles or study protocols are made public. Collaboration between lung cancer screening trial
groups should be considered. Developing consensus protocols and also the agreement to use common databases and
minimum datasets would enable pooling of data from different trials in China.

• Consideration should be given to adapting entry criteria, i.e. a lower threshold of smoking exposure; consider including
other risk factors: second-hand smoke, family history of cancer, occupation, and indoor/outdoor air pollution (the latter
requires a harmonized approach).

• Risk-based selection of eligible participants for study entry into lung cancer CT screening programmes (e.g. risk prediction
modelling) is advisable.

• The current Chinese risk models (for either individual risk or nodule malignancy prediction) should be validated
externally, especially in an ongoing lung cancer LDCT screening programme, which could help to confirm the efficacy and
effectiveness in the real world. Further optimization may be integrated over time, i.e. integration with liquid biomarkers
and genetic factors.

• Development of new risk prediction models, specifically for the Chinese population, should be a priority, using optimal
data sources.

• Cost-effectiveness analysis of all current CT screening programmes should be undertaken, taking into consideration the
selection criteria/risk threshold used, which would achieve the maximum net benefits over harms.

• Evaluation of related parameters involved in the screening programmes requires further research in China, e.g. screening
interval, screening length, nodule management.

• Lung cancer screening programmes should be integrated with tobacco control strategies. An a priori design and a detailed
record of participants’ behaviours/perspectives and study costs including personnel cost, is required for cost-effectiveness
evaluation.
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