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Results: A total of 13 and 9 routinely available predictors were identified for ever
and never smokers, respectively. Of these predictors, cigarettes per day and quit
years showed nonlinear associations with lung cancer risk (Ppon-jincar < 0-001).
The curve of lung cancer incidence increased rapidly above 20 cigarettes per day
and then was relatively flat until approximately 30 cigarettes per day. We also
observed that lung cancer risk declined sharply within the first 5 years of quitting,
and then continued to decrease but at a slower rate in the subsequent years. The
6-year area under the receiver operating curve for the ever and never smokers’
models were respectively 0.778 and 0.733 in the derivation cohort, and 0.774 and
0.759 in the validation cohort. In the validation cohort, the 10-year cumulative
incidence of lung cancer was 0.39% and 2.57% for ever smokers with low (< 166.2)
and intermediate-high LCRS (> 166.2), respectively. Never smokers with a high
LCRS (> 21.2) had a higher 10-year cumulative incidence rate than those with
a low LCRS (< 21.2; 1.05% vs. 0.22%). An online risk evaluation tool (LCKEY;
http://ccra.njmu.edu.cn/Ickey/web) was developed to facilitate the use of LCRS.
Conclusions: The LCRS can be an effective risk assessment tool designed for

ever and never smokers aged 30 to 80 years.

KEYWORDS

1 | BACKGROUND

Lung cancer is the leading cause of cancer-related death.
In 2020, almost one-third of the world’s lung cancer cases
and cancer-related deaths occurred in China [1, 2]. Two
large lung cancer screening trials showed that high-risk
populations screened by low-dose computed tomogra-
phy could reduce lung cancer mortality [3, 4]. Current
screening programs use simplified inclusion criteria to
select high-risk individuals. The US Preventive Services
Task Force (USPSTF) criteria used age (50-80 years),
smoking (> 20 pack-years), and quit years (< 15 years) to
screen high-risk individuals [5]. In China, the criterion
for lung cancer screening was defined as age 50-74 years,
smoked > 30 pack-years, and quit smoking < 15 years
ago; or one who passively smoked > 20 years; or one
with chronic obstructive pulmonary disease; or one with
occupational exposure; or one with a family history of lung
cancer [6].

Recent studies have showed that the existing lung can-
cer risk prediction models, which include well-known risk
factors, are more sensitive for early detection than the sim-
plified criteria [7-9]. Furthermore, risk prediction models
could provide a risk estimate tool to inform individu-
als about their specific risk [10]. Most of existing models
were developed and validated in the West [9, 11-14], while
few lung cancer risk prediction models were derived from

early-onset cancer, lung cancer screening, lung cancer, never smokers, prediction model

Asian populations, and they have rarely been externally
validated [15, 16]. Moreover, lung cancer incidence and risk
associated with tobacco consumption in Asian populations
differ from those in Western populations [17, 18]. Thus,
there is still a need to develop a Chinese lung cancer risk
prediction model to provide information on risk assess-
ment, in order to promote the personalized prevention of
lung cancer in China.

To make wider populations benefit from smoking
cessation or early intervention on other modifiable risk
factors for lung cancer, the existing risk prediction models
and lung cancer screening criteria still require further
improvement. First, early-onset cases (< 50 years at
diagnosis) represented 6.7% to 13.4% of diagnosed lung
cancers [19, 20], but most lung cancer risk models were
designed for smokers aged 55-74 years [14, 21, 22], and indi-
viduals aged less than 50 were precluded from benefiting
from personalized risk assessment or screening. Previous
randomized controlled trials and meta-analysis studies
showed that communication of personalized disease risk
can motivate smoking cessation [23, 24]. Second, there
is an increasing proportion of lung cancer among never
smokers [25], especially in Asia with over 40% of lung
cancers occurring among never smokers [26]. Thus, a tool
for accurately selecting individuals at high risk of lung
cancer was also warranted, regardless of their smoking
status.
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Therefore, we used a large nationwide prospective
cohort of China to develop a lung cancer risk prediction
model, separately for ever smokers and never smokers
across a wide age range. Furthermore, each model was
validated in another prospective Chinese cohort. This
study aimed to facilitate risk assessment for lung cancer
screening, ultimately, leading to reductions in lung cancer
morbidity and mortality.

2 | MATERIALS AND METHODS

2.1 | Study population

2.1.1 | Data for model development

For model development, we used data from the China
Kadoorie Biobank (CKB) cohort. Briefly, the CKB is a
prospective cohort study with 512,714 adults (aged 30-
80 years) recruited during 2004-2008 from ten areas (5
urban and 5 rural) across China; these areas were selected
from China’s nationally representative Disease Surveil-
lance Points to maximize geographical and social diversity
[27]. Incident lung cancer events (ICD-10 code C33-34)
were ascertained through linkage with the mortality and
disease registries and national health insurance claim
database, supplemented with local residential records and
annual active confirmation. Details on the CKB cohort are
described in the Supplementary Materials.

In this study, we excluded lung cancer cases at base-
line (n = 130) and individuals with missing predictors
(n =16,344), leaving 496,241 individuals eligible for analy-
sis. The workflow chart for the study design is illustrated
in Figure 1A.

2.1.2 | Data for external validation

For external validation, we tested the performance of
the model in an independent prospective cohort from
Changzhou, Jiangsu province, China. There were 20,803
participants over the age of 35 enrolled between April,
2004, and August, 2005. After excluding 9 baseline lung
cancer cases and 751 individuals with missing predictors,
a total of 20,043 participants were included for model val-
idation (Figure 1B). Details on the Changzhou cohort are
provided in the Supplementary Materials.

Lung cancer incidence (ICD-10: C33-34) was identified
via the disease and mortality registries, as well as follow-
up questionnaires in 2008-2009, 2012-2013, and 2018-2019.
Furthermore, the suspected cases of nonfatal cancer were
identified by local medical records or doctor consultation.

2.2 | Candidate predictors

Candidate predictors were selected based on previous lung
cancer prediction models [14, 28] and availability within
the data. Besides, the predictors should be easily ascer-
tained by community health service staff during a standard
consultation. Overall, there were 4 categories of predictors,
including demographics, lifestyles, health conditions, and
family history. For demographics, age was divided into 8
groups: 1 group aged 30-39 years and 7 groups aged 40-
80 years with a 5-year interval. Considering the difference
in lung cancer prevalence between urban and rural areas
of China, residential location (urban or rural) was also
investigated in this study. Education was categorized into
college or above, high, and middle school or below based
on the highest degree obtained. Body mass index (BMI)
was calculated by dividing the weight (kg) by the square of
height (m) and classified into underweight (< 18.5 kg/m?),
normal weight (18.5-23.9 kg/m?), and overweight/obesity
(> 24 kg/m?) groups.

In terms of lifestyles, smoking status was classified as
never and ever smokers (which included former and cur-
rent smokers). Never smokers refer to individuals who
smoked fewer than 100 cigarettes during their lifetime.
Data on the smoking years for former and current smok-
ers were also calculated. Cigarettes per day = cigarettes
+ 2 x cigar + 5/3 X (hand-rolled cigarettes + pipes or
water pipe). In addition, people smoking similar num-
bers of cigarettes may have different nicotine intake levels,
depending on depth and volume of inhalation [29]. A pre-
vious study showed that inhalation of cigarette smoke is
a risk factor for lung cancer independent of pack-years
[30]. Therefore, smoking inhalation to the lung was con-
sidered one of the candidate predictors. A high level of
physical activity referred to the sex-specific upper quar-
ter of total physical activity level (metabolic equivalent of
task [MET]-hours/day) in the CKB cohort. Since informa-
tion on calculating MET hours was not available in the
Changzhou cohort, frequent exercise was used as a surro-
gate for a high level of physical activity. Frequent exercise
referred to exercising for a minimum of 30 minutes at least
3 times a week.

For health conditions, history of emphysema and/or
bronchitis, history of asthma, and frequent cough were
considered candidate predictors. Since these lung diseases
have low awareness and diagnosis rates but similar clin-
ical manifestations (such as cough) [31], frequent cough
might provide additional risk-discriminative information
for lung cancer risk. In this study, individuals who reported
frequent coughing during the day or at night (lasting 3
months or more) in the past 12 months were classified as
having a frequent cough.
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(A)
CKB participants
(n=512,715)
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Baseline lung cancer cases (n = 130)
Missing covariates (n = 16,344)
Model development
flexible parametric survival models
vs. score-based model
(n=496,241)
J ll
Ever smokers Never smokers
(n=159,715) (n=336,526)
(B) Changzhou participants
(n=20,803)
Exclusion
Baseline lung cancer cases (n = 9)
Missing covariates (n=751)
Model validation
score-based model
(n=20,043)
v v
Ever smokers Never smokers
(n=5,890) (n=141,53)

FIGURE 1

Abbreviation: CKB, China Kadoorie Biobank.

Because the family history of lung cancer was not sur-
veyed in the CKB cohort, a family history of cancer was
used as a surrogate. First-degree relatives include parents
and siblings. Based on a previous study [12], we consid-
ered the variable of people with two or more first-degree
relatives with cancer as a potential predictor.

Most predictors were assessed in both the CKB and
Changzhou cohorts, except for frequent cough, history of
emphysema and/or chronic bronchitis, and smoke inhala-
tion to the lungs. Therefore, these missing predictors in the
Changzhou cohort were imputed using the corresponding
average point in the CKB cohort.

Study design and eligible participants’ selection procedure. (A) Eligible participants’ selection procedure in the CKB cohort.
(B) Eligible participants’ selection procedure in the Changzhou cohort.

2.3 | Statistical analysis

Considering the significant difference in lung cancer inci-
dences between ever smokers and never smokers, we fitted
models for ever and never smokers respectively. We used
a Cox regression model to assess the association of candi-
date predictors with lung cancer risk, giving hazard radio
(HR) and 95% confidence interval (CI). Variables with P <
0.05 in the univariable Cox regression were kept for further
model development. The remaining variables were further
selected by stepwise backward regression (P < 0.05). To
ensure that no omitted predictor statistically significantly
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improved the fit of the model, variables excluded in the
first step were re-entered in the multivariable model [32,
33].

Subsequently, we used restricted cubic spline analysis to
assess the nonlinear associations between the predictors
and lung cancer risk. According to the results of restricted
cubic spline analysis, we used flexible parametric survival
models on the cumulative hazard scale to estimate HR,
while considering the nonlinear associations [28]. Addi-
tionally, the lung cancer risk score (LCRS) was calculated
based on the Cox regression coefficient. The risk scores of
each predictor were calculated by dividing the minimum
B-coefficient from the Cox regression model. The total risk
score of each participant was calculated by summing the
scores of each risk factor [33].

The discriminative ability of the model was assessed
by the area under the receiver operating curve (AUC)
and the model calibration was demonstrated by plotting
observed probability (the Kaplan-Meier estimates) against
the mean predicted probability by a tenth of the 6-year pre-
dicted absolute risk. Similar methods were used to assess
the 3-, 5-, and 10-year lung cancer risk of discrimina-
tion and calibration. In addition, we conducted sensitivity
analyses by reincluding participants with missing covari-
ates on the basis of multiple imputed data, conducting
a simple model based on the most important predictors
(Supplementary Materials), and rebuilding a competing
risk model by considering death as a competing event.
Considering the sex differences in lung cancer risk, gender-
stratified models were also examined. Furthermore, the
models were verified through 10-fold cross-validation and
external validation.

To calculate absolute risk of an individual developing
lung cancer over 3, 5, 6, and 10 years, the baseline haz-
ard function [Sy(t)] of each time was derived from the Cox
regression model [11]. LCRS was used to calculated the
probability (P) of lung cancer during the next 3, 5, 6, and
10 years based on the following formula (the probability
estimated by this score-based prediction model was almost
the same as the risk calculated by the coefficient-based full
model, as described in Supplementary Materials):

p=1-— So(t)exp[ﬁ*<LCRS—m)]

Where Sy(t) is the baseline survival, Sy (t = 3) =
0.997,500,5, Sy(t = 5) = 0.995,303,7, Sy(t = 6) = 0.993,968,4,
So(t =10) = 0.987,733,3 for ever smokers; and S, (t = 3) =
0.998,940,7, Sp(t = 5) = 0.998,059,5, Sy(t = 6) = 0.997,527,0,
So(t =10) = 0.994,892,9 for never smokers.

Where f is the estimated regression coefficient of LCRS
from a Cox regression model, 8 = 0.022 for ever smokers;
and 8 = 0.122 for never smokers.

Where LCRS is the corresponding mean for LCRS,
LCRS = 157.3 for ever smokers; and LCRS = 14.7 for never
smokers.

Furthermore, we used X-tile software to determine the
optimal cutoff points for separating low-risk from high-risk
groups. This method provides a comprehensive approach
to determine the optimal threshold based on the time-
dependence of the outcomes to distinguish the effects at
various time points [34]. We compared the effectiveness
of the cutoff points with USPSTF and Chinese screen-
ing criteria using sensitivity, specificity, Youden’s index
(which measures the accuracy of the prediction model),
and the number needed to undergo low-dose computed
tomography (NNS) to confirm one case in the next 6 years.

To compare the LCRS’s performance with that of the
PLCO,4 model, we presented the model’s performance
and the absolute risk of lung cancer for the 6-year period
in the primary results, and reported these for the 3-, 5-, and
10-year in the supplementary materials. All two-sided P
values were < 0.05. All statistical analyses were conducted
using R version 3.6.3 (R Core Team, Vienna, Austria)
and X-tile 3.6.1 (Yale University School of Medicine, New
Haven, Connecticut, USA).

3 | RESULTS

3.1 | Demographic characteristics

In the CKB cohort with a median follow-up of 10.1 years
(interquartile range: 9.2-11.1 years), 3,133 lung cancer cases
were identified among 159,715 ever smokers, and 2,428
cases were identified among 336,526 never smokers. In
the Changzhou cohort, during a median follow-up of 13.6
years (interquartile range: 13.5-14.4 years), 104 and 99 new
lung cancer cases were identified in 5,890 ever smokers
and 14,153 never smokers, respectively. Table 1 demon-
strates the demographic characteristics of participants in
the development and validation cohorts.

3.2 | Predictor selection

In the CKB cohort, Table 2 shows that in univariate Cox
regression, most candidate predictors were significantly
associated with the risk of lung cancer. After predictor
selection, there were 13 and 9 predictors (P < 0.001) in
the ever smokers’ and never smokers’ models, respectively
(Table 3). Of these predictors, age, cigarettes per day, smok-
ing years, and quit years were nonlinearly associated with
lung cancer risk, whereas height and BMI were linearly
associated with lung cancer risk (Figure 2). The curve
of the lung cancer incidence increased rapidly above 20
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TABLE 1 Distribution of participants by select variables in the CKB and Changzhou cohorts.

Variable
Total
Lung cancer cases
Age at baseline (years, mean + SD)
Age group (years, n [%])
30-39
40-44
45-49
50-54
55-59
60-64
65-69
70-80
Residential area (n [%])
Rural
Urban
Education (n [%])
College or above
High school
Middle school or below
Height (cm, mean + SD)
BMI (kg/m?, mean +SD)
BMI group (n [%])
> 24 (overweight/obesity)
18.5-23.9 (normal weight)
< 18.5 (underweight)
Physical activity® (n [%])
High level/frequent
Low level/occasional
Frequent cough (n [%])
No
Yes
History of emphysema and/or bronchitis (n [%])
No
Yes
Two or more first degree relatives with cancer
(n [%])
No
Yes
Previous cancer diagnosis (n [%])
No
Yes
Cigarettes per day (cigarettes/day, mean + SD)

CKB development cohort

Changzhou validation cohort

Ever smoker
159,715

3,133
53.0+10.7

20,289 (12.7)
24,076 (15.1)
21,541 (13.5)
28,107 (17.6)
22,371 (14.0)
16,818 (10.5)
14,743 (9.2)

11,770 (7.4)

93,985 (58.8)
65,730 (41.2)

8,711 (5.5)
25,080 (15.7)
125,924 (78.8)
164.5+7.2
233+33

63,788 (39.9)
87,998 (55.1)
7,929 (5.0)

40,537 (25.4)
119,178 (74.6)

139,492 (87.3)
20,223 (12.7)

154,568 (96.8)
5,147 (3.2)

155,989 (97.7)
3,726 (2.3)

159,033 (99.6)
682 (0.4)
17.8 £10.8

Never smoker
336,526

2,428

51.2 £10.5

56,331 (16.7)
59,017 (17.5)
45,842 (13.6)
57,305 (17.0)
45,064 (13.4)
30,288 (9.0)
24,009 (7.1)
18,670 (5.5)

182,939 (54.4)
153,587 (45.6)

20,380 (6.1)
50,498 (15.0)
265,648 (78.9)
156.0 + 7.2
23.8 +3.4

154,085 (45.8)
169,114 (50.3)
13,327 (4.0)

83,488 (24.8)
253,038 (75.2)

316,132 (93.9)
20,394 (6.1)

328,996 (97.8)
7,530 (2.2)

329,127 (97.8)
7,399 (2.2)

334,843 (99.5)
1,683 (0.5)
N/A

Ever smoker
5,890

104

50.2 £12.7

1,335 (22.7)
762 (12.9)
842 (14.3)
937 (15.9)
789 (13.4)
464 (7.9)
355 (6.0)
406 (6.9)

5,890 (100.0)
0(0)

55 (0.9)
647 (11.0)
5,188 (88.1)
167.0 + 6.3
23.0 +3.1

2,108 (35.8)
3,425 (58.1)
357(6.1)

767 (13.0)
5,123 (87.0)

N/A
N/A

N/A
N/A

5,705 (96.9)
185 (3.1)

5,846 (99.3)
44(0.7)
18.7+9.9

Never
smoker

14,153
99
49.9 +14.6

3,925 (27.7)
1,700 (12.0)
1,587 (11.2)
1,842 (13.0)
1,679 (11.9)
1,130 (8.0)
847 (6.0)
1,443 (10.2)

14,153 (100.0)
0(0)

186 (1.3)
1,375 (9.7)
12,592 (89.0)
157.3 + 7.4
233+35

5,576 (39.4)
7,639 (54.0)
938 (6.6)

1,451 (10.3)
12,702 (89.7)

N/A
N/A

N/A
N/A

13,773 (97.3)
380 (2.7)

14,021 (99.1)
132 (0.9)
N/A

(Continues)
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TABLE 1 (Continued)

CKB development cohort Changzhou validation cohort
Never

Variable Ever smoker Never smoker Ever smoker smoker
Cigarettes per day group (n [%])

<10 32,217 (20.2) N/A 670 (11.4) N/A

10-14 27,354 (17.1) N/A 1,078 (18.3) N/A

15-19 14,945 (9.4) N/A 432(7.3) N/A

20-24 56,618 (35.4) N/A 2,729 (46.3) N/A

25-29 4,626 (2.9) N/A 139 (2.4) N/A

30-34 11,243 (7.0) N/A 356 (6.0) N/A

>35 12,712 (8.0) N/A 486 (8.3) N/A
Smoking years (years, mean + SD) 28.5+11.5 N/A 254 +11.7 N/A
Smoking years group (n [%])

<10 7,667 (4.8) N/A 462 (7.8) N/A

10-19 29,655 (18.6) N/A 1,296 (22.0) N/A

20-29 52,729 (33.0) N/A 1,981 (33.6) N/A

30-39 43,407 (27.2) N/A 1,428 (24.2) N/A

40-49 19,951 (12.5) N/A 509 (8.6) N/A

>50 6,306 (3.9) N/A 214 (3.6) N/A
Smoke inhalation to the lungs (n [%])

No 83,502 (52.3) N/A N/A N/A

Yes 76,213 (47.7) N/A N/A N/A
Quit smoking (n [%])

No 130,544 (81.7) N/A 5,211 (88.5) N/A

Yes 29,171 (18.3) N/A 679 (11.5) N/A
Quit years (years, mean + SD) 1.8+5.2 N/A 0.9 +3.6 N/A
Quit years group (n [%])

>5 17,465 (10.9) N/A 319 (5.4) N/A

<5 142,250 (89.1) N/A 5,571 (94.6) N/A

2Since information on calculating MET hours was not available in the Changzhou cohort, frequent exercise was used as a surrogate for a high level of physical

activity.

Data are presented as the mean =+ SD for continuous variables and n (%) for categorical variables.
Abbreviations: BMI, body-mass index; CKB, China Kadoorie Biobank; CI, confidence interval; HR, hazard ratio; MET, metabolic equivalent of task; N/A, not

applicable; SD, standard deviation.

cigarettes per day and then was relatively flat above approx-
imately 30 cigarettes per day (P,onlinear < 0-001; Figure 2G).
Above 30 smoking years, lung cancer risk increased with
smoking years and then increased slightly above approx-
imately 40 smoking years (Pyonlinear = 0.004; Figure 2H).
As shown in Figure 21, lung cancer risk decreased rapidly
within the first 5 quit years and then started to decrease at
a slower rate (P onlinear = 0-001).

3.3 | Development of the LCRS in the
CKB cohort

Compared with a low LCRS, a higher LCRS was associated
with an increased risk of lung cancer (Figure 3A-B). The

incidence of lung cancer increased with LCRS (Pyyeran
< 0.001; Figure 4A-B, Supplementary Table S1). The
LCRS showed good discrimination for the 6-year risk of
lung cancer, with an AUC of 0.778 for ever smokers and
an AUC of 0.733 for never smokers (Figure 3C-D). The
LCRS-predicted incidence of lung cancer at 6 years was
highly consistent with the observed predicted probability
in the calibration curves of never and ever smokers
(Figure 3E-F). Compared to the flexible parametric sur-
vival models considering the nonlinearity, our LCRS
showed similarly excellent discrimination (AUC: 0.778
vs. 0.779, P = 0.919 for ever smokers; AUC: 0.733 vs.
0.733, P = 0.828 for never smokers; Supplementary Table
S2, Supplementary Figure SI1). Considering that LCRS
was easily applied to lung cancer screening, further

35US017 SUOWIWOYD) BAIIERID) a|eat|dde auy Aq pausenob ale sajonte YO ‘esn Jo Sa|ni oy Areiqi]auluQ A3[IAA UO (SUONIPUOD-PUR-SWIBILI0D A3 1M Afeiq 1 U1 |UO//SANY) SUORIPUOD pUe SWB | 81 39S *[€202/.0//2] Uo ArligiauluQ A311M BUIyDRURIY0D A £9%2T 2989/200T OT/I0p/W0d A3 Im Afeiq1pul|uo//sdny wolj papeojumo( ‘0 ‘8SEEZSE



CANCER
8 | COMMUNICATIONS

MA ET AL.
TABLE 2 Univariate Cox regression analysis in the CKB cohort.
Ever smoker Never smoker

Variable HR (95% CI) P value HR (95% CI) P value
Age group (years)

30-39 Reference N/A Reference N/A

40-44 1.94 (1.40-2.68) < 0.001 2.22(1.70-2.89) < 0.001

45-49 3.43 (2.53-4.65) < 0.001 3.27 (2.52-4.24) < 0.001

50-54 6.54 (4.92-8.69) < 0.001 4.96 (3.90-6.32) < 0.001

55-59 9.69 (7.30-12.85) <0.001 6.72 (5.28-8.55) <0.001

60-64 13.72 (10.34-18.19) < 0.001 10.92 (8.59-13.88) < 0.001

65-69 20.84 (15.75-27.56) < 0.001 13.80 (10.85-17.56) < 0.001

70-80 25.36 (19.14-33.6) < 0.001 14.69 (11.48-18.80) < 0.001
Sex

Female Reference N/A Reference N/A

Male 0.65 (0.57-0.74) < 0.001 1.26 (1.14-1.40) < 0.001
Residential area

Rural Reference N/A Reference N/A

Urban 1.37(1.28-1.47) <0.001 1.42 (1.31-1.54) <0.001
Education

College or above Reference N/A Reference N/A

High school 1.10 (0.89-1.36) 0.395 0.92 (0.75-1.13) 0.403

Middle school or below 1.71 (1.41-2.07) < 0.001 1.17 (0.98-1.39) 0.089
Height (cm)?

<160 (< 150) Reference N/A Reference N/A

160-164 (150-154) 0.82 (0.74-0.90) <0.001 0.92 (0.82-1.03) 0.129

165-169 (155-159) 0.76 (0.69-0.84) <0.001 0.81 (0.72-0.91) <0.001

> 170 (> 160) 0.60 (0.54-0.67) < 0.001 0.85 (0.76-0.96) 0.008
BMI (kg/m?)

> 24 (overweight/obesity) Reference N/A Reference N/A

18.5-23.9 (normal weight) 1.27 (1.18-1.38) < 0.001 1.02 (0.94-1.11) 0.562

< 18.5 (underweight) 2.51 (2.20-2.86) <0.001 1.57 (1.32-1.88) <0.001
Drinking

No Reference N/A Reference N/A

Yes 0.90 (0.84-0.97) 0.004 1.01 (0.87-1.18) 0.860
Intake of fresh vegetables and fruits

Frequent Reference N/A Reference N/A

Occasional 0.94 (0.86-1.02) 0.138 0.89 (0.82-0.97) 0.005
Physical activity

High level/frequent Reference N/A Reference- N/A

Low level/occasional 1.88 (1.71-2.07) < 0.001 1.96 (1.75-2.19) < 0.001
Often cooking

No Reference N/A Reference N/A

Yes 1.31 (1.21-1.41) <0.001 1.05 (0.95-1.15) 0.352
Frequent cough

No Reference N/A Reference N/A

Yes 1.53 (1.40-1.68) < 0.001 1.48 (1.29-1.71) < 0.001

(Continues)
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TABLE 2 (Continued)

Variable

History of emphysema and/or bronchitis

No
Yes
History of asthma
No
Yes
Previous cancer diagnosis
No
Yes

Two or more first-degree relatives with
cancer

No
Yes
Passive smoking for more than 20 years
No
Yes
Cigarettes per day
<10
10-14
15-19
20-24
25-29
30-34
>35
Smoking years
<10
10-19
20-29
30-39
40-49
>50
Smoke inhalation to lungs
No
Yes
Quit years
>5
<5

ANCER
COMMUNICATIONS J_g

Ever smoker Never smoker

HR (95% CI) Pvalue HR (95% CI) Pvalue
Reference N/A Reference N/A
2.64 (2.31-3.02) < 0.001 2.23 (1.84-2.69) < 0.001
Reference N/A Reference N/A
1.77 (1.22-2.57) 0.003 1.39 (0.88-2.21) 0.161
Reference N/A Reference N/A
3.01(2.11-4.29) < 0.001 3.18 (2.27-4.47) < 0.001
Reference N/A Reference N/A
1.65 (1.38-1.99) < 0.001 1.69 (1.37-2.09) < 0.001
N/A N/A Reference N/A
N/A N/A 0.81 (0.75-0.88) < 0.001
Reference N/A N/A N/A
1.02 (0.90-1.16) 0.762 N/A N/A
1.18 (1.02-1.36) 0.028 N/A N/A
1.21 (1.09-1.34) < 0.001 N/A N/A
1.65 (1.36-2.01) < 0.001 N/A N/A
1.48 (1.28-1.72) < 0.001 N/A N/A
1.51 (1.31-1.74) < 0.001 N/A N/A
Reference N/A N/A N/A
1.13 (0.81-1.59) 0.474 N/A N/A
1.98 (1.45-2.73) < 0.001 N/A N/A
4.77 (3.49-6.52) < 0.001 N/A N/A
9.81(7.18-13.42) < 0.001 N/A N/A
14.62 (10.60-20.18) < 0.001 N/A N/A
Reference N/A N/A N/A
1.21 (1.13-1.29) < 0.001 N/A N/A
Reference N/A N/A N/A
0.94 (0.84-1.05) 0.295 N/A N/A

2For ever smokers, height was classified into < 160, 160-164, 165-169, and > 170 cm groups; for never smokers, height was divided into < 150, 150-154, 155-159, and

> 160 cm groups.

Abbreviations: BMI, body-mass index; CI, confidence interval; CKB, China Kadoorie Biobank; HR, hazard ratio; N/A, not applicable.

analysis was performed based on this method in this

study.

To verify the stability of the models, internal 10-fold
cross validation was used and exhibited good discrimi-
nating ability with average AUCs of 0.779 and 0.732 for

the ever smokers’ and never smokers’ models, respectively

(Supplementary Table S3). In addition, similar discrim-
ination was also observed in the 3-, 5-, and 10-year
receiver operating characteristic (ROC) curves (Supple-

mentary Figures S2-S4), as well as in a series of sensitivity
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TABLE 3 Predictors for the lung cancer risk model in the CKB cohort and corresponding risk points.
Ever smoker Never smoker
Regression Points Regression Points

Variable coefficient HR (95% CI) Pvalue assigned coefficient HR (95% CI) Pvalue assigned
Age group (years)

30-39 N/A Reference N/A 0 N/A Reference N/A 0

40-44 0.559 1.75 (1.25-2.44)  0.001 25.4 0.802 2.23 (1.71-2.91) <0.001 6.6

45-49 1.023 2.78 (2.02-3.83) < 0.001 46.5 1.184 3.27 (2.52-4.24) <0.001 9.7

50-54 1.565 4.78 (3.53-6.49) < 0.001 711 1.596 4.93 (3.87-6.29) <0.001 131

55-59 1.906 6.72(4.95-9.14) <0.001 86.6 1.890 6.62 (5.19-8.44) <0.001 15.5

60-64 2.182 8.86 (6.49-12.10) < 0.001 99.2 2.364 10.63 (8.34-13.55) < 0.001 19.4

65-69 2.525 12.49 (9.13-17.11) < 0.001 114.8 2.570 13.06 (10.23-16.69) < 0.001 21.1

70-80 2.659 14.2810.34-19.72) < 0.001  120.9 2.615 13.67 (10.63-17.58) < 0.001 21.4
Residential area

Rural N/A Reference N/A 0 N/A Reference N/A 0

Urban 0.417 1.52 (1.41-1.64) <0.001 19.0 0.174 1.19 (1.09-1.29) <0.001 14
Education

College or above N/A Reference N/A 0 N/A N/A N/A N/A

High school 0.393 1.48 (1.19-1.84) <0.001 179 N/A N/A N/A N/A

Middle school or 0.455 1.58 (1.30-1.92) <0.001 20.7 N/A N/A N/A N/A

below
Height (cm)2

<160 (< 150) N/A Reference N/A 0 N/A Reference N/A 0

160-164 (150-154) 0.022 1.02 (0.93-1.12)  0.646 1.0 0.128 1.14 (1.01-1.27) 0.028 1.0

165-169 (155-159) 0.128 1.14 (1.03-1.25) <0.001 5.8 0.142 1.15 (1.02-1.30) 0.020 1.2

>170 (> 160) 0.135 1.14 (1.02-1.28) 0.019 6.1 0.229 1.26 (1.12-1.42) <0.001 19
BMI (kg/m?)

>24 N/A Reference N/A 0 N/A Reference N/A 0

(overweight/obesity)

18.5-23.9 (normal 0.201 1.22 (1.13-1.32) <0.001 9.1 0.159 1.17 (1.08-1.27) <0.001 13

weight)

<18.5 (underweight) 0.552 1.74 (1.52-1.99) <0.001 251 0.371 1.45 (1.21-1.73) <0.001 3.0
Physical activity

High level/frequent N/A N/A N/A N/A N/A Reference N/A 0

Low level/occasional N/A N/A N/A N/A 0.122 1.13 (1.00-1.27) 0.044 1.0
Frequent cough

No N/A Reference N/A 0 N/A Reference N/A 0

Yes 0.282 1.33 (1.21-1.46) <0.001 12.8 0.186 1.20 (1.04-1.39) 0.012 1.5
History of emphysema and/or chronic bronchitis

No N/A Reference N/A 0 N/A Reference N/A 0

Yes 0.332 1.39 (1.21-1.60) <0.001 151 0.395 1.48 (1.22-1.81) <0.001 3.2
Previous cancer diagnosis

No N/A Reference N/A 0 N/A Reference N/A 0

Yes 0.589 1.80 (1.26-2.57) <0.001 26.8 0.792 2.21 (1.57-3.10) <0.001 6.5
Two or more first degree relatives with cancer

No N/A Reference N/A 0 N/A Reference N/A 0

Yes 0.300 1.35 (1.12-1.62) <0.001 13.6 0.277 1.32 (1.07-1.63) 0.011 23

(Continues)
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TABLE 3 (Continued)

Ever smoker Never smoker
Regression Points Regression Points

Variable coefficient HR (95% CI) Pvalue assigned coefficient HR (95% CI) Pvalue assigned
Cigarettes per day

<10 N/A Reference N/A 0 N/A N/A N/A N/A

10-14 0.122 1.13 (1.00-1.28) 0.057 5.5 N/A N/A N/A N/A

15-19 0.232 1.26 (1.09-1.46)  0.002 10.5 N/A N/A N/A N/A

20-24 0.402 1.49 (1.34-1.66) < 0.001 18.3 N/A N/A N/A N/A

25-29 0.546 1.73 (1.42-2.10) <0.001 2438 N/A N/A N/A N/A

30-34 0.582 1.79 (1.54-2.07) <0.001 26.5 N/A N/A N/A N/A

>35 0.636 1.89 (1.64-2.18) <0.001 289 N/A N/A N/A N/A
Smoking years (years)

<10 N/A Reference N/A 0 N/A N/A N/A N/A

10-19 0.345 1.41(1.00-1.99)  0.048 15.7 N/A N/A N/A N/A

20-29 0.495 1.64 (1.19-2.26)  0.003 22.5 N/A N/A N/A N/A

30-39 0.773 2.17 (1.57-2.98) <0.001 351 N/A N/A N/A N/A

40-49 1.046 2.85(2.05-3.95) <0.001 47.5 N/A N/A N/A N/A

>50 1.199 3.32(2.35-4.68) <0.001 54.5 N/A N/A N/A N/A
Smoke inhalation to the lungs

No N/A Reference N/A 0 N/A N/A N/A N/A

Yes 0.220 1.25 (1.16-1.34) <0.001 10.0 N/A N/A N/A N/A
Quit years (years)

>5 N/A Reference N/A 0 N/A N/A N/A N/A

<5 0.188 1.21 (1.06-1.37) 0.004 8.5 N/A N/A N/A N/A

2For ever smokers, height was classified into < 160, 160-164, 165-169, and > 170 cm groups; for never smokers, height was divided into < 150, 150-154, 155-159, and

> 160 cm groups.

Abbreviations: BMI, body-mass index; CI: confidence interval; CKB, China Kadoorie Biobank; HR, hazard ratio; N/A, not applicable.

analyses, including multiple imputation-based analysis
(Supplementary Table S4, Supplementary Figure S5), sim-
ple model (Supplementary Tables S5-S6, Supplementary
Figure S6), competing risk model (Supplementary Table
S7, Supplementary Figure S7), and gender stratification
(Supplementary Figure S8).

3.4 | Validation of the LCRS

In the Changzhou cohort, the LCRS of lung cancer inci-
dence was significantly higher than that in patients with-
out lung cancer (Figure 3G-H). There was a significant
gradient increase in lung cancer risk from deciles 1 to
10 of the LCRS (Figure 4C-D, Supplementary Table S8).
The AUCs of LCRS were 0.774 and 0.759 for ever smokers
and never smokers, respectively (Figure 31-J). In addition,
the LCRS was largely consistent with the observed risk of
lung cancer (Figure 3K-L). Our prediction models had a
higher net benefit compared to the situations without the
prediction model (Supplementary Figure S9).

3.5 | LCRS categories and absolute risk of
incident lung cancer

Among ever smokers, cutoffs (166.2 and 222.4) sepa-
rated the individuals into low, intermediate, and high-risk
groups based on the CKB cohort (Supplementary Figure
S10A). Supplementary Figure S11A shows that the abso-
lute risk of lung cancer started to increase when the
LCRS was 166.2. Therefore, we used the cutoff value of
166.2 (intermediate-high risk) to identify individuals with
high lung cancer risk. The 10-year cumulative incidence
of lung cancer was 3.73% and 0.63% in the low and
intermediate-high risk groups in the CKB cohort, respec-
tively (Figure 5A). By using the same cutoff, individuals in
the Changzhou cohort also showed a differentiated 10-year
incidence of lung cancer across the two risk levels (2.57% vs.
0.39%) (Figure 5B).

In never smokers, individuals were divided into low
and high-risk groups based on the cutoff value of 21.2
(Supplementary Figure S10B). Among individuals with
an LCRS above 21.2, we observed an increased absolute
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FIGURE 2
predictors and lung cancer risk. The linear association between age

Linear and non-linear association between

and lung cancer risk using restricted cubic splines in ever smokers
(A) and never smokers (B). The linear association between height
and lung cancer risk using restricted cubic splines in ever smokers
(C) and never smokers (D). The linear association between BMI and
lung cancer risk using restricted cubic splines in ever smokers (E)
and never smokers (F). The non-linear association between
cigarettes per day and lung cancer risk using restricted cubic splines
in ever smokers (G). The non-linear association between smoking
years and lung cancer risk using restricted cubic splines in ever
smokers (H). The non-linear association between quit years and
lung cancer risk using restricted cubic splines in ever smokers (I).
Abbreviations: BMI, body-mass index; HR, hazard ratio.

risk of lung cancer (Supplementary Figure SI1B). In
addition, compared with the low-risk group, the high-risk
group had a higher 10-year cumulative incidences of lung
cancer (1.69% vs. 0.45%; Figure 5C). Similar results were
also observed in the Changzhou cohort (1.05% vs. 0.22%;
Figure 5D).

Compared with the USPSTF criteria, the LCRS had
higher sensitivity (73.95% vs. 64.12%) and Youden’s index
(37.24% vs. 29.51%) with the same number of ever smok-
ers screened in the CKB cohort (Supplementary Table S9).
Moreover, the risk-based fixed Chinese screening criteria
sample-size strategy was modeled to have higher sensi-
tivity (69.42% vs. 58.25%) and Youden’s index (37.18% vs
28.00%) compared with Chinese screening criteria (Sup-
plementary Table S10). Consistent results were observed in
the Changzhou validation cohort.

The comparisons of LCRS at cutoff points with USPSTF
and Chinese screening criteria are shown in Supplemen-
tary Table S11. Our LCRS had the highest Youden’s index
and the lowest NNS, which favored the effectiveness of the
cutoff points.

When further compared with the PLCO,q;4, model in
the Changzhou cohort, the LCRS showed higher dis-
crimination (LCRS AUC vs. PLCO,,4 AUC = 0.774 vs.
0.748 for ever smokers; LCRS AUC vs. PLCO,q4 AUC =
0.759 vs. 0.651; Figure 31-J, Supplementary Figure S12A-B),
along with better calibration (Figure 3K-L, Supplementary
Figure S12C-D). Besides, our LCRS showed a higher sensi-
tivity (73.08% vs. 53.85%) and higher specificity (66.33% vs.
56.76%) than PLCO,q4 in ever smokers.

3.6 | Web-based tool for lung risk
assessment: LCKEY

To facilitate risk evaluation, a website, namely Lung Can-
cer Risk Evaluation by Yourself (LCKEY), was conducted
based on the LCRS. Individuals could easily use LCKEY to
calculate the risk of developing lung cancer over the next
3-,5-,6-,and 10-year. LCKEY also provided the correspond-
ing recommendations for risk reduction and screening
based on their responses. The LCKEY tool is available at
http://ccra.njmu.edu.cn/Ickey/web.

4 | DISCUSSION

In this study, we systematically selected the predictors and
explored the linear and nonlinear association between the
final inclusive predictors and lung cancer risk. Further, we
constructed the LCRS to calculate the absolute risk of lung
cancer over 3-, 5-, 6-, and 10-year for never and ever smok-
ers aged 30 to 80 years. Our LCRS was comparable to the
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FIGURE 3 Distribution, discrimination, and calibration of the LCRS in the CKB and Changzhou cohorts. Distribution of the LCRS

across incident lung cancer cases and lung cancer-free participants during follow-up in the CKB (A and B) and Changzhou cohorts (G and H).

Receiver operating characteristic curve at six years in the CKB cohort (C and D) and Changzhou cohort (I and J). The observed 6-year
probability of lung cancer with 95% CIs was estimated by the Kaplan-Meier method within deciles of LCRS predicted probability in the CKB
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Abbreviations: AUC, area under the receiver operating curve; CI, confidence interval; CKB, China Kadoorie Biobank; LCRS, lung cancer risk

score.

state-of-the-art method (flexible parametric survival mod-
els). The LCRS had good discrimination and calibration
in both the development and validation cohorts. Further-
more, we also provided the justified cutoff points for ever
(LCRS > 166.2) and never smokers (LCRS > 21.2) to select
screening candidates. Finally, a web-based tool was con-
ducted based on our models to facilitate risk assessment as

well as guide referral to screening and motivate behavior
change.

Our LCRS was constructed using variables that could
be easily obtained by questionnaire. Most of these vari-
ables have been reported in the established models [14,
28]. Our model for ever smokers included cigarettes per
day, smoking years, quit years, and smoke inhalation
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to the lungs. The relative risks between cigarettes per
day, smoking years, and lung cancer risk were weaker
in our model than in the previous European or North
American risk models [22, 32, 35], but were consistent
with those in other Chinese models [36, 37]. For cigarettes
per day, smoking years, and quit years, the associations
with lung cancer risk were nonlinear in our study, which
was also observed in European populations [28, 38-40].
We observed a flat lung cancer risk at 30 cigarettes per
day, which was consistent with the previous hypothesis
proposed by Doll and Peto that cigarettes per day and
the risk of lung cancer should be upward curving [41]. A
meta-analysis including 12 Chinese studies explored the 10
dose-response relationship models of pack-years with the
risk of lung cancer development or death, and found that
the best fit model exhibits a “ceiling effect”, with a steep
curve at low exposures that smooths out at high exposures
[42]. The possible reasons for these flat associations might
be that less smoke is inhaled from each cigarette by men
with high daily cigarette consumption than by men with
lower consumption [43]. Furthermore, when plotted
against smoking pack-years, mutations followed the linear
increase in cancer risk until approximately 23 pack-years,

after which no further increase in mutation frequency was
observed [40]. Moreover, the flat associations may partly
be because of exaggeration by smokers who report heavy
consumption.

A previous Chinese study, including 1,208 lung cancer
cases vs. 1,069 controls, found that a rapidly decreasing
odds ratio of lung cancer within the first 5 years of quit-
ting; the odds ratio continued to decrease but at a slower
rate in the subsequent years [39]. Similarly, a recent study
based on CKB has reported that people who had stopped
smoking had only small excess risks for overall mortality
including lung cancer (HR = 1.06, 95% CI: 1.01-1.11) and
morbidity (HR = 1.05, 95% CI: 1.03-1.08), with the risks
approaching those among never-smokers about 5-10 years
after quitting [44]. Besides, the aforementioned meta-
analysis also showed the risk of lung cancer decreases
significantly with quit-years, with the relative risk close to
1 after 7 years of abstinence [42]. Our result was in line
with these findings, lung cancer risk reduced rapidly until
approximately 5 quit years and then started to decrease at
a slower rate. Although the association between quit years
and lung cancer risk remains controversial, these find-
ings could be persuasive to promote smoking cessation.
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FIGURE 5 Inverted Kaplan-Meier plot of incident lung cancer in the CKB and Changzhou cohorts. Ever smokers were classified into

low (LCRS < 166.2) and intermediate-high risk groups (LCRS > 166.2); and never smokers were divided into low (LCRS < 21.2) and high
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Abbreviations: CKB, China Kadoorie Biobank; LCRS, lung cancer risk score.

To our knowledge, we first included smoke inhalation to
the lungs in the risk prediction model. Researchers found
that inhalation of cigarette smoke is a risk factor for lung
cancer independent from pack-years [30]. Therefore, the

inclusion of smoke inhalation to the lungs could imp
the discrimination of the model among ever smokers.

In addition, height and frequent cough were also con-
sidered important predictors in our models. A Mendelian
randomization analysis showed that height is indepen-
dently associated with lung cancer risk [45]. As reported in
recent studies, subjects with lung diseases were at excess
risk of lung cancer [46, 47]. Because these diseases have

rove
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low awareness and diagnosis rates but similar clinical man-
ifestations (such as cough) [31], frequent cough during the
last 12 months might provide additional information for
lung cancer risk estimation.

Due to the difference in the prevalence of risk factors
and the effect on lung cancer between Western populations
and the Chinese population [17, 18], our study showed that
the PLCO,4 could not be directly adapted to the Chinese
population. To our knowledge, there were 10 lung cancer
risk prediction models derived for the Chinese populations
[36, 37, 48-55]. And only two of these was externally val-
idated. Moreover, these two models performed not well
in validation cohorts due to the limited number of pre-
dictors and short follow-up time [36, 52]. Therefore, our
study first conducted a LCRS for a broader range of the
Chinese population using 2 prospective cohorts with more
than 10 years of follow-up. Our models also showed good
performance in the validation cohort with all AUCs > 0.750
for ever smokers and never smokers. According to 2018
national smoking surveys, more than half of men aged >
30 are smokers, and the total number of smokers exceeds
350 million. This might help a broader population, espe-
cially those aged 30-50 years, enhance their awareness of
smoking cessation since the models inform them of the
hazards of smoking, rather than a fuzzy sense of “smoking
is harmful to health”.

Our study has several strengths. The predictors were
derived from easily available predictors, implying that
they could be straightforwardly applied in clinical prac-
tice. Furthermore, an easy-to-use online tool, LCKEY,
allowed calculation of risks, along with the corresponding
suggestions for lifestyle changes and tailored screening.
Besides, the morbidity and mortality rates of cancer in
the CKB cohort are consistent with those from the Can-
cer Registration System of China, which indicates good
representativeness of the participants in this study [56].
Moreover, the number of lung cancer cases in this study
was the largest (n = 4,395) compared to previous studies
[7,9,21, 32, 36, 38].

However, some limitations require consideration. First,
risk factors, in particular smoking behavior, might have
changed during study follow-up, but such information on
variable changes was unavailable for analysis. Second, fre-
quent cough, history of emphysema and/or bronchitis, and
smoke inhalation to the lungs were not assessed in the
Changzhou cohort. We imputed these missing predictors
in the Changzhou cohort with the corresponding average
point in the CKB cohort, which possibly reduced the actual
discrimination of our LCRS. Our models require further
validation by studies with cohorts including all predic-
tion indicators. Third, missing information on the stages
of lung cancer may preclude us from assessing the per-
formance of our models in different lung cancer staging.

Fourth, LCRS > 166.2 for ever smokers caused a nearly
50% false positive rate, and LCRS < 21.2 for never smokers
led to approximately 50% false negative rate. However, our
model had higher accuracy (Youden’s index) and needed to
screen fewer individuals with higher screening efficiency
(NNS) compared with the selection criteria. The predictive
model needs to be improved in lung cancer screening tri-
als to determine the optimal threshold for better guidance
on lung cancer risk stratification. Fifth, we only externally
validated our models in a relatively small-scale cohort.
Further validations in a large cohort are warranted.

5 | CONCLUSIONS

Using data from 2 prospective Chinese cohorts, we devel-
oped and validated the LCRS for ever smokers and never
smokers with a wide age range. Moreover, an online risk
assessment tool, LCKEY, was constructed and would be
easily accessible to the general population without fees.
This tool could help reduce lung cancer risk by encour-
aging current smokers to quit and by identifying high-risk
individuals who might benefit from screening.
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