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Abstract

The US Preventive Services Task Force (USPSTF) recently proposed to widen the current lung cancer screening guideline to 
include less-heavy smokers. We sought to incorporate both genetic and tobacco smoking data to evaluate the proposed new 
guideline in white smokers. We constructed a polygenic risk score (PRS) using lung cancer risk variants. Using data from 
308 490 participants of European descent in the UK Biobank, a population-based cohort study, we estimated hazard ratios of 
lung cancer associated with both tobacco smoking and PRS to identify individuals at a similar or higher risk than the group 
of heavy smokers who are recommended for screening under the USPSTF-2014 guideline (≥30 pack-years, either current 
or former smokers who quit within 15 years). During a median follow-up of 5.8 years, 1449 incident cases of lung cancer 
were identified. We found a similar lung cancer risk for current smokers with 20–29 pack-years [hazard ratio = 20.7, 95% 
confidence interval: 16.3–26.4] and the ‘heavy smoker group’ defined above (hazard ratio = 19.9, 95% confidence interval: 
16.8–23.6) compared with never smokers. Current smokers with 20–29 pack-years did not reach a 6-year absolute risk of 
0.0151, a suggested risk threshold for using low-dose computed tomography screening, until the age of 55 years. However, 
these smokers at high genetic risk (PRS ≥ 80%) reached this risk level at the age of 50. Our findings support the USPSTF 
proposal to lower the smoking pack-year eligibility to 20 pack-years for current smokers and suggest that PRS for lung 
cancer could be considered to identify high-risk smokers for screening.

Introduction
Globally, lung cancer is the most commonly diagnosed cancer 
and the leading cause of cancer-related deaths. In 2018, there 
were approximately 2.09 million new cases diagnosed and 
1.76 million individuals who died of lung cancer worldwide (1). 
Smoking, as the most important risk factor, accounts for >80% 
of the lung cancer cases and is used in the current screening 
guidelines to identify high-risk individuals (2,3). The current 
screening guideline for lung cancer was established in 2014 by 
the US Preventive Services Task Force (USPSTF), which recom-
mends that adults aged 55–80 years who have a smoking history 
of ≥30 pack-years and currently smoke, or have quit within the 
past 15 years, should receive an annual lung cancer screening 
using low-dose computed tomography (USPSTF-2014 guideline) 
(4). However, only about one-third of lung cancer patients meet 

this criterion and are, thus, eligible for screening (5,6). Recently, 
the USPSTF proposed to expand the eligible age range to 50 years 
and lower the smoking pack-year eligibility to 20 pack-years (7). 
However, this proposed change has not yet properly evaluated in 
population-based studies.

Since 2007, genome-wide association studies (GWASs) have 
identified common genetic variants in 45 loci associated with 
lung cancer risk (8). Although each of these risk variants is as-
sociated with only a small to moderate increased risk of lung 
cancer, the cumulative risk [as measured using a polygenic risk 
score (PRS)] conferred by these variants could be substantial. In 
a recent study, we created a PRS using GWAS-identified risk vari-
ants for lung cancer and showed that this PRS was strongly asso-
ciated with lung cancer risk following a dose–response pattern 
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(9). However, genetic risk factors have not been taken into con-
sideration in the screening guidelines for lung cancer. In this 
study, we sought to quantify the risk of lung cancer associated 
with both tobacco smoking and genetic risk variants in order 
to identify less-heavy smokers at a risk level that is compar-
able to heavy smokers, those who had a smoking history of ≥30 
pack-years and currently smoked or had quit within the past 
15 years and eligible for screening according to the USPSTF-2014 
guideline.

Methods

Study subjects, genotype and imputation
In this study, we used data from the UK Biobank, a population-based co-
hort study that has recruited >500,000 adults aged 40–69  years across 
England, Scotland, and Wales. Details of the design and methods of the 
study have been described previously (10). Baseline characteristics and 
demographic information were collected via a touch-screen question-
naire and a computer-assisted interview at enrollment. Data and diag-
noses of incident cancers were provided by the National Health Service 
Information Centre for participants from England and Wales (follow-up 
through 31 March 2016) and by the NHS Central Register Scotland for par-
ticipants from Scotland (follow-up through 31 October 2015). Cancers were 
coded by the International Classification of Diseases, Ninth Revision (ICD-9) 
or the International Classification of Diseases, Tenth Revision (ICD-10). Study 
participants diagnosed with primary lung cancer (ICD9 = 162.2–162.9 or 
ICD10 = C34) were defined as case patients.

We acquired genotype imputation data from 488 377 participants from 
the UK Biobank. Samples were genotyped by two arrays, the UK BiLEVE 
Axiom (UKBL) and the UK Biobank Axiom (UKBB), which shared 95% 
marker content. Genotyping data were imputed using reference panels 
of the Haplotype Reference Consortium combined with the UK10K haplo-
type resource. Individuals marked as outliers for heterozygosity, low call 
rates and sex chromosome aneuploidy were excluded (n = 628). We iden-
tified participants of European descent by projecting the genotype data 
of all samples on the first two major principal components of four 1000 
Genome populations (CEU, YRI, CHB and JPT) (11) and excluded individuals 
not falling in the neighborhood of the CEU cluster (n = 23 425). We also ex-
cluded participants who were younger than age 50 at baseline (n = 90 924), 
participants who were second-degree (or higher) relatives [determined by 
a KING-robust kinship estimator ≥ 0.0442 (n = 37 590)] (12), participants 
who had been diagnosed with cancer at baseline (n = 24 944), and those 
who were missing a value for smoking status (n = 1398). A total of 308 490 
individuals (144 173 men and 164 317 women) remained after these exclu-
sions (not mutually exclusive).

PRS building
Of the 45 lung cancer susceptibility loci identified to date for any types of 
lung cancer, 32 loci were associated with overall lung cancer at a P-value 
< 5.0  × 10−8 in previous studies (8). We excluded risk variants not repli-
cated previous studies of populations of European descent (which ex-
cluded 18 loci). We also excluded the variants in linkage disequilibrium 
(r2 > 0.2) and variants with a minor allele frequency < 0.01. After all exclu-
sions, 19 variants from 14 loci remained and were selected to construct 
the PRS for lung cancer. A list of the 19 single-nucleotide polymorphisms 
is shown in Supplementary Table 1, available at Carcinogenesis Online. We 
used regression coefficients reported by a previous GWAS (29 266 cases 
and 56 450 controls of European descent) as variant-specific weights (13). 
We calculated the PRS as the sum of the product of the weight and the 
number of risk alleles for each risk variant across all selected risk variants 

per individual (9). Since the PRS was pre-defined using external data, 
overfitting is not a concern in this study.

Assessment of tobacco smoking
Information on cigarette smoking, including smoking status (never, 
former, and current), pack-year of smoking and age at quitting for former 
smokers, was collected at the baseline survey. We defined heavy smokers 
as individuals who had a smoking history of ≥30 pack-years and cur-
rently smoked or had quit within the past 15 years and thus are eligible 
for lung cancer screening based on the USPSTF-2014 screening guideline. 
We also categorized current smokers by pack-year (20–29 pack-years and 
<20 pack-years) and former smokers by pack-year and quitting time (≥30 
pack-years and quit-time = 16–20 years ago, 20–29 pack-years and quit-
time ≤ 15 years ago, 20–29 pack-years and quit-time > 16 years and others).

Statistical analysis
Mann–Whitney–Wilcoxon tests and chi-square tests were used for 
univariate analyses of continuous and categorical baseline variables, re-
spectively. We used Cox proportional hazard models, with age as the time 
scale left truncated at age at enrollment, to estimate hazard ratios (HRs) 
and 95% confidence intervals (95% CIs) of lung cancer risk associated with 
tobacco smoking (by groups defined previously) and PRS (by quintiles). 
Individuals with missing pack-year information were listed as separate 
groups. We also conducted analyses by types of major lung cancer sub-
types including adenocarcinoma, squamous cell carcinoma and all non-
small cell lung cancer combined. Possible interactions of smoking status 
with PRS or each of the risk variants were evaluated using likelihood 
ratio tests. We then estimated the risk of lung cancer for groups defined 
jointly by smoking status and PRS levels, compared with never smokers 
or heavy smokers. Covariates included in the models were sex, education 
(college or university degree, some professional qualifications, secondary 
education and none of the above), genotype array (UKBL or UKBB) and 10 
principal components for ancestry. The assumption of proportional haz-
ards was checked with the Schoenfeld residuals. Using the Cox regression 
model, we calculated the 6-year absolute risk of lung cancer for individ-
uals in each group jointly defined by smoking status and PRS levels, which 
were adjusted to the mean of continuous covariates and the mode of cat-
egorical covariates in the model. We used a 6-year risk of 0.0151 as the 
threshold to assess eligibility for screening. This threshold was derived 
from a large study showing that compared with chest X-ray, low-dose 
computed tomography significantly reduced lung cancer mortality for 
those with a 6-year absolute risk of lung cancer at 0.0151 or higher (14). All 
tests were two sided at a significance level of P = 0.05.

Results
During a median follow-up of 5.8 years, 1449 incident lung cancer 
cases were identified in the cohort. Table 1 compares cases and 
non-cases by selected baseline characteristics. Cases were more 
likely to be smokers with higher pack-years of smoking, male, 
older, and have a lower education level than non-cases (Table 1).

Table 2 shows the association between lung cancer risk and 
smoking status. Compared with never smokers, an elevated risk 
of lung cancer was found in all smoking groups. Heavy smokers 
with 30 or more pack-years of smoking had an HR of 19.9 (95% 
CI: 16.8–23.6) compared with never smokers. A similar HR of 20.7 
(95% CI: 16.3–26.4) was observed among current smokers with 
20–29 pack-years of smoking. The risks of lung cancer estimated 
for other smoking groups were substantially lower than heavy 
smokers. Particularly, the former smokers who had 20–29 pack-
years of smoking and quit within the past 15 years had a lower 
risk (HR = 7.45, 95% CI: 5.37–10.3) than former heavy smokers 
(≥30 pack-years and quit-time ≤ 15 years, HR = 14.8, 95% CI: 12.2–
17.8). Similar trends were also found for all major lung cancer 
subtypes (Supplementary Table 2, available at Carcinogenesis 
Online).

The association of lung cancer risk with PRS percentile 
groups is shown in Table 3, stratified by smoking status. The risk 
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GWAS genome-wide association study
HR hazard ratio
PRS polygenic risk score
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of lung cancer was statistically significantly associated with the 
PRS, following a dose–response pattern within each smoking 
status. Similar patterns were also found for adenocarcinoma 
and all non-small cell lung cancers combined (Supplementary 
Table 3, available at Carcinogenesis Online). Interaction tests be-
tween smoking status and PRS based on the multiplicative scale 
were not statistically significant (P for interaction > 0.05). Two 
risk variants showed a significant interaction at P < 0.05, and the 
interaction was no longer significant after adjusting for multiple 
comparisons (Supplementary Table 4, available at Carcinogenesis 
Online).

In Table 4, we classified participants jointly by PRS levels and 
smoking status. Compared with never-smokers with a low gen-
etic risk of lung cancer (the lowest quintile of PRS), the highest 
risk of lung cancer was observed among current smokers 
with 20–29 pack-years at the highest genetic risk (the highest 
quintile of PRS, HR  =  45.5, 95% CI  =  27.6–75.0). Current heavy 
smokers at the highest genetic risk group had an HR of 36.1 (95% 
CI = 23.2–55.9).

We calculated the 6-year absolute risk of lung cancer ob-
served in the UK Biobank cohort. Figure 1 shows the absolute 
risk of lung cancer by smoking status. Heavy current smokers 
(≥30 pack-years) had the highest risk of developing lung cancer, 
followed by less-heavy current smokers (20–29 pack-years) 
and heavy former smokers. Smokers with <20 pack-years had 
low risks of lung cancer. The dashed horizontal line shows a 
6-year risk level of 0.0151, a suggested threshold for using low-
dose computed tomography screening (14). Current smokers 
with 20–29 pack-years reached this risk level around the age of 
55 years. Figure 2 shows the absolute risk of lung cancer for cur-
rent smokers with 20–29 pack-years stratified by their PRS levels. 
Those at high genetic risk (PRS ≥ 80%) exceeded the risk level of 
0.0151 starting at age 50 years.

Discussion
In this study, we evaluated the recently proposed change of lung 
cancer screening guideline by USPSTF in smokers of European 
descent. We found that current smokers with 20–29 pack-
years of smoking had a risk of developing lung cancer similar 
to all heavy smokers who had a smoking history of ≥30 pack-
years and currently smoked, or quit within the past 15  years 
and are thus eligible for lung cancer screening based on the 
USPSTF-2014 guideline. However, the 6-year absolute risk of 
lung cancer among current smokers with 20–29 pack-years did 
not reach 0.0151, a suggested threshold for screening with the 
use of low-dose computed tomography, until the age of 55. Using 
PRS derived from GWAS-identified risk variants for lung cancer, 
we showed that current smokers who had a 20–29 pack-year 
smoking history and a high genetic risk (a PRS at the highest 
quintile) reached the risk threshold at age 50. These results sup-
port, in general, the newly proposed USPSTF guideline to expand 
the eligibility to 20 pack-years for current smokers and suggest 
that lung cancer PRS could be considered in identifying high-risk 
smokers to start lung cancer screening at a younger age.

Our findings for a similar risk of current smokers who had 
a history of 20–29 pack-years with all heavy smokers com-
bined (a history of 30 pack-years of smoking, either current or 
former smokers who quit within 15 years) are supported by a 
previous smaller study, in which similar relative risks were 
found for current smokers who had 20–29 pack-years (HR = 17.8, 
95% CI: 12.2–26.0) and former heavy smokers (HR  =  16.6, 95% 
CI: 13.6–20.3), compared with never smokers (15). In the UK 
Biobank cohort, there were 654 lung cancer case patients who 
were eligible for screening under the USPSTF-2014 guideline 
and 106 case patients who were current smokers with 20–29 
pack-years. If the USPSTF-2014 screening guideline is expanded 

Table 1. Selected baseline characteristics for lung cancer cases and 
non-cases in the UK Biobank, 2006–2010

Characteristics
Cases 
(n = 1449)

Non-cases 
(n = 307 041) P-value

Age, mean (SD) 62.5 (4.8) 60.0 (5.4) <0.001
Sex, no. (%)   <0.001
 Female 662 (45.7) 163 665 (53.3)  
 Male 787 (54.3) 143 386 (46.7)  
Education, no. (%)   <0.001
 College or univer-

sity degree
232 (16.0) 97 266 (31.7)  

 Some professional 
qualifications

364 (25.1) 82 897 (27.0)  

 Secondary 
education

259 (17.9) 65 102 (21.2)  

 None of the above 594 (41.0) 61 776 (20.1)  
Smoking status, 

no. (%)
  <0.001

 Never smokers 179 (12.4) 160 908 (52.4)  
 Former smokers 668 (46.1) 117 416 (38.2)  
 Current smokers 602 (41.5) 28 717 (9.35)  
Pack-years for 

smokers, mean 
(SD)a

42.1 (25.2) 25.0 (19.6) <0.001

PRS for lung cancer, 
mean (SD)

1.97 (0.4) 1.90 (0.4) <0.001

aParticipants who never smoked (n = 161 087) or had a missing value of pack-

years (n = 50 093) were excluded.

Table 2. Hazard ratios (95% CI) for lung cancer risk associated with 
smoking status, UK Biobank, 2006–2016

Smoking status No. of cases HR (95% CI)a

Never smokers 179 1 (reference)
Heavy smokersb 654 19.9 (16.8–23.6)
 Current smokers 365 27.6 (23.0–33.1)
 Former smokers, 

quit-time ≤ 15 years
289 14.8 (12.2–17.8)

Other current smokers   
 20–29 pack-years 106 20.7 (16.3–26.4)
 <20 pack-years 58 9.83 (7.30–13.2)
 Missing pack-year 

information
73 8.88 (6.75–11.7)

Other former smokers   
 ≥30 pack-years, 

quit-time >15 years 
63 6.29 (4.70–8.42)

 20–29 pack-years, 
quit-time ≤ 15 years

45 7.45 (5.37–10.3)

 20–29 pack-years, 
quit-time > 15 years

50 4.23 (3.08–5.79)

 <20 pack-years, 
quit-time ≤ 15 years

18 3.40 (2.10–5.53)

 <20 pack-years, 
quit-time > 15 years

80 1.92 (1.47–2.50)

 Missing pack-years 
information

123 2.38 (1.89–3.00)

aHRs were adjusted for sex and education.
bIndividuals who had a smoking history of ≥30 pack-years and currently 

smoked or had quit within the past 15 years.
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to include current smokers with a history of 20–29 pack-years 
of smoking, an additional 16.2% (106/654) of lung cancer cases 
would be screened and potentially detected. The proposal by 

USPSTF also recommended screenings for former smokers who 
had a 20–29 pack-year smoking history and quit within the past 
15  years. However, we found that these former smokers had 

Table 4. Estimates of lung cancer risk for groups defined jointly by smoking status and quintiles of PRS, UK Biobank, 2006–2016

Smoking status

Q1 (lowest) Q2 Q3 Q4 Q5 (highest)

No.  
cases HRa

No.  
cases HRa

No.  
cases HRa

No.  
cases HRa

No.  
cases HRa

Never smokers 27 1 (reference) 30 1.11 (0.66–1.87) 33 1.23 (0.74–2.05) 37 1.36 (0.83–2.24) 52 1.90 (1.20–3.03)
Current heavy 

smokersb

51 25.4 (15.9–40.6) 75 36.1 (23.2–56.1) 73 32.7 (21.0–51.0) 84 36.9 (23.9–57.1) 82 36.1 (23.3–55.9)

Former heavy 
smokersc

45 15.1 (9.37–24.4) 49 15.5 (9.67–24.8) 55 17.6 (11.1–27.9) 63 19.1 (12.2–30.1) 77 22.4 (14.4–34.8)

Current less-heavy 
smokersd

17 19.4 (10.5–35.6) 17 19.8 (10.8–36.4) 15 18.0 (9.57–33.9) 21 27.0 (15.2–47.8) 36 45.5 (27.6–75.0)

Other current 
smokers

16 6.92 (3.73–12.9) 21 9.51 (5.37–16.8) 30 14.3 (8.48–24.0) 33 15.8 (9.50–26.3) 31 16.1 (9.62–27.0)

Other former 
smokers

56 2.88 (1.82–4.55) 67 3.47 (2.22–5.43) 87 4.51 (2.93–6.95) 82 4.33 (2.80–6.69) 87 4.63 (3.00–7.13)

aHRs were adjusted for sex, education, first 10 principal components and genotype array.
bCurrent heavy smokers: current smokers with a smoking history of ≥30 pack-years.
cFormer heavy smokers: former smokers with a smoking history of ≥30 pack-years and quit within 15 years.
dCurrent less-heavy smokers: current smokers with a smoking history of 20–29 pack-years.

Table 3. Hazard ratios (95% CI) for lung cancer risk associated with the PRS of lung cancer, stratified by smoking status, UK Biobank, 2006–2016a

PRS Never smokers Ever smokers Current smokers Former smokers

Q1 (lowest) 1 (reference) 1 (reference) 1 (reference) 1 (reference)
Q2 1.12 (0.67–1.89) 1.18 (0.95–1.45) 1.32 (0.98–1.77) 1.04 (0.77–1.41)
Q3 1.24 (0.74–2.06) 1.34 (1.01–1.52) 1.17 (0.87–1.58) 1.31 (0.98–1.74)
Q4 1.37 (0.83–2.24) 1.42 (1.16–1.73) 1.44 (1.08–1.92) 1.40 (1.06–1.85)
Q5 (highest) 1.93 (1.21–3.07) 1.57 (1.29–1.91) 1.55 (1.17–2.06) 1.58 (1.21–2.08)
P for trend 0.003 <0.001 0.002 <0.001

aHRs adjusted for sex, education, first 10 principal components, genotype array, pack-years (ever smokers only), and quit-time (former smokers only); P = 0.815 for 

interaction between never smokers and ever smokers; P = 0.778 for interaction across never, current and former smokers.
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a substantially lower risk of lung cancer compared with the 
former heavy smokers who met the USPSTF-2014 screening 
guideline. Since the number of cases was small (n = 45) for these 
former smokers, further studies are needed to estimate their 
risk of lung cancer.

In order to evaluate the proposed change of lowering the eli-
gible starting age from 55 to 50 years, we calculated the 6-year 
absolute lung cancer risks in the cohort by age. Tammemägi 
et al. reported that compared with chest X-ray, low-dose com-
puted tomography significantly reduced lung cancer mortality 
for individuals with a 6-year absolute risk of lung cancer at 
0.0151 or higher, and thus proposed to use this risk threshold 
to recommend lung cancer screening (14). This risk threshold 
has been validated in two more studies (16,17). In this study, we 
observed that current smokers with 20–29 pack-years did not 
reach this risk level until the age of 55  years, which does not 
support lowering the eligible starting age to 50 years for all of 
these less-heavy smokers.

While smoking is the leading risk factor for lung cancer, 
genetic factors also play an important role in the development 
of lung cancer (18,19). In this study, we constructed a PRS to 
measure genetic risk of lung cancer. To avoid overfitting in PRS 
construction, we selected risk variants that were identified by 
previous GWAS and used the regression coefficients reported 
in previous GWAS as weights to construct the PRS. Stratified by 
levels of PRS, the current smokers who had 20–29 pack-years 
and a high genetic risk (PRS ≥ 80%) reached the risk threshold 
of 0.0151 at the age of 50  years. These findings are supported 
by a recent study conducted in China, in which a lung cancer 
PRS was used to classify smokers into different risk groups, and 
smokers who smoked 20–29 pack-years and had a high gen-
etic risk (top 5% PRS) reached the same cumulative risk of lung 
cancer earlier than the heavy smokers (who smoked ≥30 pack-
years) at intermediate genetic risk (20).

There are some limitations in our study. First, the number of 
case patients in our study was relatively small for light smokers, 
such as current smokers with <20 pack-years of smoking history, 

especially in the analysis stratified by PRS, so we did not estimate 
their lung cancer risk by PRS level. However, it is unlikely for this 
group of smokers, even with a high PRS, to reach a risk compar-
able with the risk among heavy smokers who are eligible for 
screening, given the substantial difference in risk estimated from 
this study. Second, the number of lung cancer patients diagnosed 
from the ages of 50–55 years (n = 158) was relatively small, and 
the observed 6-year risk of lung cancer in this age group could 
be unstable. Future large studies are needed to provide more pre-
cise estimates of risk by smoking and PRS groups. In addition, 
the follow-up time of this study was relatively short and thus we 
could not calculate absolute risk for a longer-time period.

In summary, for smokers of European descent, our findings 
support lowering the smoking pack-year eligibility from 30 to 
20 pack-years for current smokers, but not for former smokers. 
Our study also suggests that PRS of lung cancer could be con-
sidered to further identify high-risk smokers to start lung cancer 
screening at an early age.

Supplementary material
Supplementary data are available at Carcinogenesis online.
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