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Objective: To compare the cost-e�ectiveness of undertaking low-dose

computed tomography (LDCT) screening for early detection of lung cancer

(LC) with di�erent frequencies within the healthcare system of China, and

estimate the additional national healthcare expenditure and five-year LC

mortality associated with di�erent screening frequencies.

Material and methods: A Markov model was established using national

LC epidemiological data from the Chinese Center for Disease Control and

Prevention, demographic data from the Chinese Statistical Yearbook, and

cost and e�ectiveness data mainly from the Cancer Screening Program in

China. Themodel included thirty sex-specific screening strategies, which were

classified by initial screening age (30, 35, 40, 45, and 50), and screening intervals

(intervals at single time point, 1, 2, 5, 10, and 20 years). The main model

outputs were incremental cost-e�ectiveness ratios (ICERs), additional national

healthcare expenditure and five-year LC mortality.

Results: The ICERs for LDCT screening strategies vs. non-screening strategy

ranged from $16,086 per quality-adjusted life-year (QALY) to $3,675,491 per

QALY in the male cohort, and from $36,624 per QALY to $5,943,556 per QALY

in the female cohort. The annual increment national healthcare expenditures

related to LDCT screening were varied from $0.25 to $13.39 billion, with

the lower cost in the cohort with older screening ages and lower screening

frequencies. More frequent screening with LDCT was associated with a greater

reduction in LC death: an annual LDCT screening was linked to an estimated

reduction in five-year LC death by 27.27–29.07%, while a one-o� screening

was linked to a reduction by 5.56–5.83%.

Conclusion: Under a willingness-to-pay (WTP) threshold of three times

the Chinese gross domestic product (GDP) per capita (US $37,654), annual

screening with an initiating age at 50 was most cost-e�ective in both male

and female cohorts. By taking into account both the national healthcare

expenditures and the e�ect of LDCT screening, our study results support

undertaking LDCT screening annually from 50 years old in general populations.
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Introduction

According to the GLOBOCAN statistics, there were

approximately 2.2 million new lung cancer (LC) cases and 1.8

million LC-related deaths occurring worldwide in 2020 (1).

China remains the hardest-hit country, responsible for more

than one-third of the LC cases globally (2). The five-year survival

rate of LC patients depends mainly on the clinical stage at

the initial diagnosis, with less than 5% of patients at the late-

stage and more than 70% at the early-stage (3–5). Although

tremendous efforts have been made in LC management over

the last decade, the overall five-year survival rate is still

unsatisfactory due to delayed diagnosis (5). The improvement

of early detection of LC remains a public health priority.

Low-dose computed tomography (LDCT) is known to be

effective for the early detection of LC, therefore is beneficial in

improving patients prognosis, and reducing their risk of death

(6–9). To alleviate the cancer burden at a population-level, the

Chinese government has launched two large-scale, population-

based nationwide LC screening programs: the Cancer Screening

Program in Urban China (canSPUC) and the Rural Cancer

Screening Program (RuraCSP). Both canSPUC and ruraCSP

use LDCT screening as the main technical means for early

detection of LC (10). Based on the positive results from these

two programs (11–16), LDCT is recommended as the gold

standard for the early detection of LC by the latest Chinese

society of clinical oncology (CSCO) (17, 18). However, because

of the Chinas large population base (∼1.4 billion), there is

an exceptionally large population who are eligible for LDCT

screening (19). This has imposed a great financial burden to

implement a population-based national LC screening program,

especially when the eligible individuals are recommended

undertaking the screening at an annual basis by Chinese

guidelines (20, 21). To find the most reasonable way to

implement LC screening, the National LC Screening programme

(NLCCP) group has advocated a one-off LDCT screening for the

early detection of LC based on their prospective cohort study

in 12 cities of eight provinces across China (22). Moreover,

although the current Chinese guidelines recommend the age for

an initial LDCT screening is 50 years old (20, 23), some Chinese

experts proposed to screen individuals from a younger age to

maximize the benefit of LDCT screening (13, 24).

The benefit of a population-based screening approach

must be weighed against its costs, so as to figure out

an evidence-based strategy to best allocate medical resource

with maximized cost-effectiveness. To answer this important

question, we established Markov model to compare the cost-

effectiveness of 30 sex-specific screening strategies classified by

five initial screening ages and six screening intervals and their

corresponding non-screening strategies within the healthcare

system of China. The additional national healthcare expenditure

and 5-year LC mortality associated with each screening strategy

was estimated.

Materials and methods

Study design

A Markov model was designed using TreeAge software

(version 2022 R1, https://www.treeage.com/). The Markov

model contained six mutually exclusive health states: health,

localized LC, regional LC, distant LC, death from LC, and death

from other causes (Figure 1). In the model, the TNM stages of

LC were reclassified as follows: stages I and II as “localized,” stage

III as “regional,” and stage IV as “distant” (25). The arrows in

Figure 1 represented the clinical trajectory of LC development.

This study was exempted from the ethical review of the Chinese

ethics review committee as only published data were used.

Model participants were assumed to be asymptomatic

subjects aged 30–79 years with LC who did not have a LC

history. The upper age limit was set at 79 years old according

to the average life expectancy reported in the Chinese statistical

yearbook (CSY) 2021 (26). The estimated population data

by sex and age from the CSY 2021, along with the LC

incidence, prevalence and mortality data from the Chinese

Center for Disease Control and Prevention (CDCP), were

used to estimate the number of persons participating in the

LDCT screening (Supplementary Tables S1, S2) (26, 27). The

number of sex-specific model participants was calculated as

the total number of subjects aged 30–79 years without a LC

(Supplementary Table S3).

Thirty sex-specific screening strategies classified by five

initial screening ages and six screening frequencies, and a non-

screening strategies were included in the model. Given the

most rapid increase in LC incidence among younger Chinese

adults in recent decades (28), this study lowered the initial

LDCT screening ages to 30. Five cohorts of subjects who

undertook their initial LDCT screening at the age of 30, 35,

40, 45, and 50 years old were compared to determine the

optimal initial screening age. Moreover, we constructed six

screening frequencies: one-off screening at the initial screening

age, annually, every 2 years, every 5 years, every 10 years, and

every 20 year, to explore the optimal frequency of undertaking a

LDCT screening.

Transition probabilities

A 1-year transition probability was applied to determine the

number of persons in each Markov health state during each

Markov cycle. The sex- and age-specific transition probabilities

from health to death were identified from the Chinese life

table (Supplementary Table S4) (29) and from health to LC were

identified from the CDCP reports (Supplementary Table S2)

(27). The superiority of LDCT screening over non-screening has

been known to be reflected in the relatively high distribution

of patients with early-stage LC (6–9). In this study, data of the
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FIGURE 1

Diagram of Markov model. LC, lung cancer.

distribution of patients with localized-, regional- and distant-

LC in the screening and non-screening cohorts were derived

from a latest comprehensive meta-analysis, which pooled and

analyzed all published results of the canSPUC programme and

the ruraCSP programme as of February 2021 (30).

The transition probabilities from localized-, regional and

distant-LC to death were estimated based on the survival

analysis results provided by the Chinese multi-institutional

registry (CMIR) (4). The following formula was applied to

convert a 5-year mortality rate into a 1-year probability of

death: P1−year = 1− exp[
ln(1−R5−year)

5 ], where R5−year denotes

the 5-year mortality rate, P1−yeardenotes the 1-year probability

of death (31). The transition probabilities between the three

LC health states were derived from an economic evaluation of

LDCT screening in 19,770 LC cases collected in the canSPUC

programme (32). We set the values of sensitivity and specificity

of LDCT screening using data from previous literature (33).

Individuals who participated in the LDCT screening for LC

may suffer harm from overdiagnosis (6). Overdiagnosis refers

to the diagnosis of a condition that otherwise would not have

caused symptoms or death. Based on the long-term follow-up

results from the National Lung Screening Trial (NLST), we set

the baseline rate of overdiagnosis at 0%, with a range of 0–

3% (34). Table 1 summarizes the model parameters regarding

transition probabilities.

Cost and e�ectiveness

We considered the costs for LDCT screening, the

confirmation test for positive cases and the treatment for

each LC health state (Table 1). According to guidelines, the

confirmation test for positive cases consisted of contrast-

enhanced CT, positron emission tomography (PET)-CT and

biopsy (20, 23). These costs were estimated using data from

local hospitals. Costs for the LDCT screening and treatment

for each LC health state were collected from the CanSPUC

programme (32). All Costs were adjusted in 2020U.S. dollars

based on China’s health care consumer price index and the

exchange rate of the RMB against the US dollar in 2021 (1 USD

= 6.4515 RMB, in 2021) (36).

Effectiveness was measured by quality-adjusted life-years

(QALYs), which is calculated as health state utilities weighted

life years in the model. The utility value is measured by a score

of 0 to 1, where 0 corresponds to death and 1 corresponds to

perfect health; specific utility values of distant LC, regional LC

and localized LC were obtained from a meta-analysis, which

were 0.573, 0.772, and 0.823, respectively (35) (Table 1). Both

costs and effectiveness were discounted at 5% annually (37).

Statistical analysis

Cost-effectiveness between competing strategies was

compared by using the incremental cost-effectiveness ratio

(ICER), which is defined as the additional costs consumed

for each additional QALY. A strategy with an ICER less than

$37,654 per QALY (the three times of China’s per capita GDP in

2021) was considered cost-effective (36, 37).

The accuracy of the analysis was assessed by deterministic

sensitivity analyses (DSA) and probabilistic sensitivity analysis

(PSA). DSA was performed separately for individual key
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TABLE 1 Model parameters and assumptions.

Parameters Values (range) Distribution Reference

1-year transition probabilities

Health to death Sex- and age-specific all-cause mortality / Chinese life table

Health to LC Sex- and age-specific LC incidence / CDCP

Localized LC to localized LC 0.094000 Beta CanSPUC

Localized LC to regional LC 0.198000 Beta CanSPUC

Localized LC to distant LC 0.631836 Beta CanSPUC

Localized LC to death 0.076164 Beta CMIR

Regional LC to regional LC 0.389000 Beta CanSPUC

Regional LC to distant LC 0.418618 Beta CanSPUC

Regional LC to death 0.192382 Beta CMIR

Distant LC to distant LC 0.553606 Beta CanSPUC

Distant LC to death 0.446394 Beta CMIR

Distribution of LC patients (%)

Localized LC in screening cohort 91.6 Beta CanSPUC+RuraCSP

Regional LC in screening cohort 7.6 Beta CanSPUC+RuraCSP

Distant LC in screening cohort 1.1 Beta CanSPUC+RuraCSP

Localized LC in the non-screening cohort 21.4 Beta CanSPUC+RuraCSP

Regional LC in the non-screening cohort 26.3 Beta CanSPUC+RuraCSP

Distant LC in the non-screening cohort 52.3 Beta CanSPUC+RuraCSP

Costs (US$)

Screening 55.03 (44.02–66.03) Gamma CanSPUC

Confirmation test for positive cases 180.40 (144.32–216.48) Gamma Local hospitals

LC treatments

Localized LC 10264.91 (8211.93–12317.90) Gamma CanSPUC

Regional LC 10795.86 (8636.69–12955.03) Gamma CanSPUC

Distant LC 11857.74 (9486.20–14339.29) Gamma CanSPUC

Utilities

Localized LC 0.823 (0.670–0.972) Beta (35)

Regional LC 0.772 (0.619–0.921) Beta (35)

Distant LC 0.573 (0.420–0.773) Beta (35)

Other

Discount rate (%) 5 (0–8) Beta Chinese Guidelines

Overdiagnosis rate (%) 0 (0–3) Beta NLST

Sensitivity of LDCT screening (%) 87.70 (71.80–100) Beta (33)

Specificity of LDCT screening (%) 90.60 (86.30–91.10) Beta (33)

LC, lung cancer; LDCT, Low-dose computed tomography; CDCP, Chinese Center for Disease Control and Prevention; canSPUC, Cancer Screening Program in Urban China; ruraCSP,

Rural Cancer Screening Program; CMIR, Chinese multi-institutional registry; NLST, National Lung Screening Trial.

parameters to determine their impact on the cost-effectiveness

results. During DSA, the test ranges of costs were set from−20%

to +20% of the baseline values. The test ranges of utilities

(35), over diagnosis rate (34), sensitivity and specificity of

LDCT screening (33), were sourced from published literature,

and the test range of discounted rate was obtained from

Chinese Guidelines (37). PSA was performed for all parameters

to evaluate the extent to which the uncertainties of model

parameters influenced model results. In PSA, Monte Carlo

simulation was carried out through multiple iterations, and

the number of iterations was equal to the number of subjects

participating in LDCT screening. The uncertainty of model

parameters was reflected by the corresponding variation ranges

and distributions that are outlined in Table 1.

Results

Incremental cost-e�ectiveness ratio

The results of this cost-effectiveness analysis are summarized

in Table 2. Compared with non-screening, the implementation

Frontiers in PublicHealth 04 frontiersin.org

https://doi.org/10.3389/fpubh.2022.977550
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Z
e
n
g
e
t
a
l.

1
0
.3
3
8
9
/fp

u
b
h
.2
0
2
2
.9
7
7
5
5
0

TABLE 2 Cost-e�ectiveness analysis summary.

Initial

screening age

Screening

frequency

Male Female

Costs QALY Incremental

personal costa
Incremental

personal

QALYb

Personal ICER

($/QALY)c
Costs QALY Incremental

personal costa
Incremental

personal

QALYb

Personal

ICER

($/QALY)c

/ Non-screening 270 43.05266 / / / 129 46.17236 / / /

30 One-off 342 43.05268 72 0.00002 3,675,491 201 46.17238 72 0.00001 5,943,556

Every 20 years 377 43.05451 107 0.00185 57,834 237 46.17322 108 0.00085 126,419

Every 10 years 437 43.05549 166 0.00283 58,864 298 46.17366 168 0.00129 130,062

Every 5 years 559 43.05746 289 0.00480 60,192 422 46.17455 292 0.00218 133,908

Every 2 years 939 43.06433 669 0.01167 57,354 810 46.17779 681 0.00543 125,453

Every year 1,571 43.07713 1,301 0.02447 53,171 1,452 46.18374 1,322 0.01138 116,205

35 One-off 326 43.05270 56 0.00004 1,422,171 186 46.17239 56 0.00002 2,285,082

Every 20 years 347 43.05327 77 0.00061 126,449 207 46.17263 77 0.00027 285,300

Every 10 years 393 43.05464 122 0.00197 62,093 253 46.17325 124 0.00089 139,506

Every 5 years 487 43.05744 217 0.00478 45,368 350 46.17453 220 0.00217 101,469

Every 2 years 769 43.06359 499 0.01093 45,663 639 46.17742 510 0.00506 100,774

Every year 1,244 43.07702 974 0.02436 39,994 1,124 46.18368 995 0.01131 87,967

40 One-off 314 43.05274 44 0.00008 568,259 173 46.17241 44 0.00005 888,447

Every 20 years 330 43.05364 59 0.00098 60,810 190 46.17280 60 0.00044 137,146

Every 10 years 365 43.05547 94 0.00281 33,616 226 46.17365 96 0.00128 75,089

Every 5 years 431 43.05740 161 0.00474 33,900 293 46.17451 164 0.00215 76,373

Every 2 years 642 43.06419 371 0.01153 32,209 511 46.17770 382 0.00534 71,531

Every year 990 43.07681 720 0.02415 29,813 869 46.18354 739 0.01118 66,138

45 One-off 304 43.05281 34 0.00015 228,027 164 46.17244 34 0.00008 425,637

Every 20 years 316 43.05403 46 0.00137 33,507 176 46.17298 47 0.00062 75,611

Every 10 years 337 43.05460 66 0.00193 34,313 197 46.17323 68 0.00086 78,277

Every 5 years 387 43.05733 117 0.00466 25,089 249 46.17446 120 0.00210 57,155

Every 2 years 537 43.06332 267 0.01066 25,082 406 46.17725 276 0.00489 56,545

Every year 792 43.07639 522 0.02373 22,006 669 46.18327 539 0.01091 49,447

50 One-off 297 43.05297 26 0.00031 85,716 156 46.17251 27 0.00015 179,626

Every 20 years 305 43.05449 35 0.00183 19,065 165 46.17321 36 0.00084 42,714

Every 10 years 321 43.05539 51 0.00273 18,559 181 46.17360 52 0.00123 42,338

Every 5 years 353 43.05718 83 0.00451 18,394 215 46.17438 85 0.00202 42,372

Every 2 years 462 43.06367 191 0.01100 17,399 329 46.17739 200 0.00503 39,685

Every year 639 43.07558 369 0.02292 16,086 513 46.18283 383 0.01046 36,624

QALY, quality-adjusted life-year; ICER, incremental cost-effectiveness ratio. aThe incremental personal cost for each screening strategy was calculated as the cost different between the screening strategy and the non-screening strategy. bThe incremental

personal QALY for each screening strategy was calculated as the QALY different between the screening strategy and the non-screening strategy. cICER values below the willingness-to-pay threshold of $37,654 per QALY are shown in bold and italic font.
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FIGURE 2

Cost-e�ectiveness plane for all screening strategies in the male cohort. QALY, quality-adjusted life-year; WTP, willingness-to-pay. The screening

strategies represented by the point below the WTP threshold of $37,654 per QALY are considered to be cost-e�ective; Otherwise they are not

cost-e�ective.

of LDCT screening improved the QALYs by 0.00001–0.02125 at

an incremental personal healthcare cost of 26–$1301. The ICERs

for LDCT screening strategies vs. non-screening strategy ranged

from $16,086 per QALY to $3,675,491 per QALY in the male

cohort, and from $36,624 per QALY to $5,943,556 per QALY in

the female cohort.

Specifically, the ICERs in the male cohort were below the

WTP threshold of $37,654 per QALY, when participants were

screened repeatedly from the age of 45 and 50, and every 10

years, every 5 years, every 2 years, and annually from the age of

40 years. After a further comparison between these cost-effective

screening strategies, an annual screening strategy with initial

screening age at 50 was determined to be the most cost-effective

strategy (Figure 2 and Supplementary Table S5). In the female

cohort, all the ICERs were above the WTP threshold, except for

the participants who were screened annually at the age of 50.

Sensitivity analysis

Since the model compared up to 30 screening strategies,

we only performed sensitivity analysis on the most cost-

effective screening strategy (annual screening at initial screening

age of 50) vs. the non-screening strategy for both the male

and female cohorts. The DSA results demonstrated that in

both the male and female cohorts, the discount rate and

the overdiagnosis rate had the greatest impact on the ICERs

(Supplementary Figure 1). PSA revealed that compared with the

non-screening strategy, assuming a WTP threshold of $37,654

per QALY, the cost-effectiveness probability of this LDCT

screening strategy was 74.1 % in the male cohort and was 52.9%

in the female cohort.

Annual additional national healthcare
expenditure

The annual additional national healthcare expenditures

were calculated by dividing the excess national healthcare

expenditures in the LDCT screening cohorts relative to the

non-screening cohort by the life years. The model showed the

annual additional national healthcare expenditures due to LDCT

screening ranged from $0.25 to $13.39 billion, which was lower

in the cohorts of subjects who undertook a screening at older

age and those screened less frequently. When using the same

screening strategy, the annual additional national healthcare

expenditures were lower in the female cohorts than the male

cohort (Supplementary Table S6).
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Five-year LC mortality

We estimated the number of five-year LC death for each

LDCT screening strategy by inputting the number of model

participants for each initial screening age cohort listed in

Supplementary Table S3 through Markov cohort analysis. Our

model found that the annual LDCT screening was the most

effective in reducing LC death, with five-year LC mortality rate

reduced by 27.27–29.07% (Supplementary Table S7).

Discussion

Using national LC epidemiological data from the CDCP,

population data from the CSY, and cost and effectiveness data

mainly from the CanSPUC and the RuraCSP, we estimated

the cost-effectiveness of the LDCT screening with different

frequencies as an early detection method for LC from the

perspective of Chinese healthcare system. We also estimated

increase in national healthcare expenditure due to the LDCT

screening. Results from the model consisting of 30 LDCT

screening strategies showed that the LDCT screening strategy

became less cost-effective with the decreasing age of initial

screening and the screening frequency, especially in the female

cohort (Table 2). This can be explained as follows: first, the LC

incidence of the younger age cohort was much lower than that of

the older age cohort (Supplementary Table S2). This means that

the model participants in the younger cohort are less likely to

benefit from a LDCT screening. This reason also explains why

the LDCT screening is less cost-effective in the female cohort

than the male cohort because the higher LC incidence in males

than females; second, although more frequent LDCT screening

was associated with higher healthcare costs, the greater increase

in QALYs made it more cost-effective (Table 2).

Consistent with published randomized controlled trials that

demonstrated the effectiveness of LDCT screening in reducing

LCmortality (6–9), our model similarly found a lower rate of LC

death in the LDCT screening cohorts when compared with the

non-screening cohort. As described in Supplementary Table S7,

more frequent screening with LDCT was associated with a

greater reduction in LC death: an annual LDCT screening

was linked to an estimated reduction in five-year LC death

by 27.27–29.07%, while a one-off screening was linked to a

reduction by 5.56–5.83%. This is mainly due to the fact that

more frequent LDCT screening detected more early-stage LC

than non-screening, thus reducing more lung cancer deaths.

Nevertheless, the reduction in LC mortality in the cohorts with

identical screening frequencies seems to be insensitive to the

initial screening age. In the analysis, we only considered the

five-year LC mortality rate to comply with the Healthy China

2030 programme goal of improving the five-year survival rate of

cancer patients.

This study estimated that LDCT screening for LC increased

annual national healthcare expenditures by 0.25–$13.39

billion, depending on the initial screening age and the

screening frequency. These expenditures account for ∼0.7–

39.3% of Chinas current annual healthcare expenditures of

$34.1 billion for all kinds of cancer treatments (38). The

substantial expected budget needed for the implementation

of national LDCT screening will impose a great financial

burden on Chinese government that has long been engaged

in controlling the escalated healthcare costs to ensure

the sustainable development of the Universal Medical

Insurance System (39). In view of our estimated healthcare

budget, it can be expected that the Chinese government

will have to cut down the coverage of some expensive

healthcare services with unproven clinical benefits and

use the savings for the implementation of national LDCT

screening for LC. This could be done, for example, through

recommending that LDCT screening should be initiated at

the age of 50 to contain national healthcare budget, and that

LDCT screening should be carried out annually to ensure

screening benefits.

Our sensitivity analysis found that the overdiagnosis

rate was the most influential parameter that determines

the ICERs for repeated screening vs. one-off screening.

Overdiagnosis of LDCT screening will undoubtedly lead to

increased healthcare expenditures, because individuals who are

overdiagnosed will receive unnecessary lung cancer treatments

(40). However, the NLST reported an overdiagnosis rate

of 18.5% over a mean of 4.5 years of follow-up, while

only 3% over a longer follow-up of approximately 9 years,

suggesting that long-term follow-up would largely reduce

overdiagnosis. Therefore, in our study we set the baseline value

of overdiagnosis rate at 0% as the follow-up time is more than

20 years.

Sun C et al. also conducted a cost-effectiveness study on

LDCT screening for LC from the perspective of the Chinese

healthcare system and estimated that the ICERs of LDCT

screening ranged from US 13,056–$15,736 (33). However, our

findings cannot be directly compared with theirs for the

following reasons. First, we considered the transition between

LC states, as well as LC state-specific mortality, while they

simply divided LC into early and non-early stages, which

may directly influence the estimation of QALYs. Second,

we established 30 LDCT screening strategies by varying

initial screening ages and screening frequencies, and analyzed

them for men and women respectively. Third, they did not

assess the budget impact of LDCT screening on national

healthcare expenditure.

There are some limitations to this study. First, the model

assumed some fixed parameters, such as transition probabilities

and distribution of LC patients, the potential heterogeneity of

these parameters among screening participants is difficult to

identify. Second, we assumed that all individuals who reached
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the initial screening age would voluntarily participate in the

LDCT screening, which may not fully reflect the real-world

scenarios; however, the implementation and popularization of

national early cancer screening is one of the goals of the

Healthy China 2030 programme, so our assumption can provide

useful information to Chinese healthcare policymakers; Third,

the key parameters used to inform the model were obtained

from Chinese settings, which may raise concerns about the

generalizability of our conclusions to other nations and regions;

however, given the highest distribution of LC cases in China

(1, 2), the cost-effectiveness evidence yielded from this study has

the potential to help alleviate both national and global cancer

disease burdens.

In conclusion, under a WTP threshold of three times

the Chinese GDP per capita (US $37,654), annual screening

with an initial screening age of 50 was the most cost-

effective screening strategy in both the male and female

cohorts. To take into account both the national healthcare

expenditures and the effect of LDCT screening, results

from this study support the implementation of LDCT

screening annually for the general population from the age

of 50.
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