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Background: Nasopharyngeal carcinoma (NPC) has an extremely high incidence rate in Southern China, resulting in a severe disease burden for the local population. Current EBV serologic screening is limited by false positives, and there is opportunity to integrate polygenic risk scores for personalized screening which may enhance cost-effectiveness and resource utilization.

Methods: A Markov model was developed based on epidemiological and genetic data specific to endemic areas of China, and further compared polygenic risk-stratified screening [subjects with a 10-year absolute risk (AR) greater than a threshold risk underwent EBV serological screening] to age-based screening (EBV serological screening for all subjects). For each initial screening age (30–34, 35–39, 40–44, 45–49, 50–54, 55–59, 60–64, and 65–69 years), a modeled cohort of 100,000 participants was screened until age 69, and then followed until age 79.

Results: Among subjects aged 30 to 54 years, polygenic risk-stratified screening strategies were more cost-effective than age-based screening strategies, and almost comprised the cost-effectiveness efficiency frontier. For men, screening strategies with a 1-year frequency and a 10-year absolute risk (AR) threshold of 0.7% or higher were cost-effective, with an incremental cost-effectiveness ratio (ICER) below the willingness to pay (¥203,810, twice the local per capita GDP). Specifically, the strategies with a 10-year AR threshold of 0.7% or 0.8% are the most cost-effective strategies, with an ICER ranging from ¥159,752 to ¥201,738 compared to lower-cost non-dominated strategies on the cost-effectiveness frontiers. The optimal strategies have a higher probability (29.4–35.8%) of being cost-effective compared to other strategies on the frontier. Additionally, they reduce the need for nasopharyngoscopies by 5.1–27.7% compared to optimal age-based strategies. Likewise, for women aged 30–54 years, the optimal strategy with a 0.3% threshold showed similar results. Among subjects aged 55 to 69 years, age-based screening strategies were more cost-effective for men, while no screening may be preferred for women.

Conclusion: Our economic evaluation found that the polygenic risk-stratified screening could improve the cost-effectiveness among individuals aged 30–54, providing valuable guidance for NPC prevention and control policies in endemic areas of China.
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Introduction

Nasopharyngeal carcinoma (NPC) exhibits a distinctive ethnic and geographical distribution, with high incidence rates in Southern China, Southeast Asia and the Middle East/North Africa (1–4). According to World Health Organization estimates, China accounted for nearly half of the global NPC burden in 2020 (2–4). Currently, the Chinese Ministry of Health recommends using anti-EBV IgA (VCA-IgA and EBNA1-IgA) serological tests for NPC screening in individuals aged 30 to 69 years in NPC endemic areas (5). While this age-based screening strategy has shown improvements in early diagnosis rate from 22.4 to 79.0%, and may reduce NPC mortality, it is limited by low positive predictive value (PPV) of only about 4%, meaning that more than 95% of individuals who test positive do not have NPC (6–8). This leads to excessive laboratory tests, endoscopic examinations, and imaging, thereby increasing both screening costs and medical visits (8, 9). Consequently, there is a need to improve the performance of NPC screening by reducing unnecessary clinical examinations while maintaining cost-effectiveness.

Recent large-scale population studies have highlighted the potential of using a polygenic risk score (PRS), which incorporates the effects of SNPs (Single Nucleotide Polymorphism), to identify individuals at high risk of cancer (10–13). This approach has emerged as a promising tool for personalized screening in breast cancers and prostate cancers, and has also demonstrated to improve the cost-effectiveness and the benefit-to-harm ratio (14–20). Given the regional distribution disparities, familial clustering, and high heritability of NPC, genetic factors are believed to play an important role in its etiology (4, 21–25). This makes NPC an ideal candidate for developing a PRS for risk stratification, especially in high-risk regions of Southern China. Our previous study conducted a multi-center large-scale genome-wide association study of NPC and developed a PRS comprising 12 SNPs (26). By using this PRS to select high-risk individuals for EBV serological screening, we observed a substantial improvement in PPV, particularly in the top 20 and 5% of the PRS, with the PPV reaching 7.99 and 11.91%, respectively (26).

With the declining costs of sequencing, the detection cost of PRS has become more affordable, indicating its potential economic viability for large-scale screening. As highlighted by the 2021 Polygenic Risk Score Task Force of the International Common Disease Alliance, the lack of economic evidence regarding the large-scale screening application of PRS underscores an urgent need for research (13). Therefore, further evidence and evaluation are required for the implementation of PRS into NPC screening programs and its cost-effectiveness. It is essential to assess how a polygenic risk-stratified approach can be integrated into existing EBV serological screening strategies, including considerations such as the selection of high-risk individuals for screening and determining the appropriate screening frequency.

In light of this, we conducted a comprehensive cost-effectiveness analysis to compare the age-based screening strategy with the polygenic risk-stratified screening strategy. By evaluating and comparing the cost-effectiveness of these two screening strategies with different risk thresholds and screening frequencies, we aim to provide valuable insights for decision-making and resource allocation in NPC screening.



Materials and methods


Markov decision-analytic model

A natural history model was constructed to simulate the NPC progression and calculate the related health and economic outcomes in the Chinese population in high-risk endemic areas (Supplementary Figure S1), and we further calibrated and validated this natural history model in detail (Supplementary Methods). The Markov model consisted of 15 health states, encompassing perfect health, five separate stages of undetected NPC (preclinical stage I, II, III, IVA/B, IVC), five separate stages of detected NPC (clinical stage I, II, III, IVA/B, IVC), three separate prognostic states (local recurrence, regional recurrence, and distant metastasis), and death. And we considered different initial screening age groups, specifically 30–34, 35–39, 40–44, 45–49, 50–54, 55–59, 60–64, and 65–69. Each age group consists of a hypothetical cohort of 100,000 participants who were followed up until the age of 79 years or death (27). The overall results of each age group were calculated assuming the uniform distribution of ages within each age group. The model adopted a cycle length of 3 months, and a half-cycle correction was applied. Further details about the model were described in Supplementary Methods, and its parameters were shown in Supplementary Table S1. The study followed the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) reporting guideline was approved by the ethics committee of the Sun Yat-sen University Cancer Center. The study data were deposited at the Research Data Deposit platform (RDDA2024193982, https://www.researchdata.org.cn)



Evaluated screening strategies

Three screening strategies were simulated using the Markov model: no screening, age-based screening, and polygenic risk-stratified screening strategies (Supplementary Figure S2). In the age-based screening strategy, individuals with a specific initial age underwent EBV serological (VCA IgA and EBNA IgA) screening every 1–5 years (abbreviated as Age-1 to Age-5). In the polygenic risk-stratified screening, all individuals were required to undergo PRS testing only once at the onset of the screening. They were further identified as high-risk individuals based on their 10-year absolute risk (AR) values, which were estimated using their PRS and the designated screening age. These high-risk individuals then underwent EBV serology tests every 1–5 years. The thresholds for 10-year absolute risk varied for men (ranging from 0.3 to 1.0%) and for women (ranging from 0.1 to 0.3%), considering the proportion of high-risk individuals in the general population. When an individual’s 10-year absolute risk surpassed the threshold, they would begin the subsequent EBV serological tests. Screening continued until either the individual’s fell below the threshold or they reached the age of 69. The polygenic risk-stratified strategies are labeled as AR-10 years of NPC absolute risk threshold-screening frequency.



Polygenic risk profiles

In our previous study, we conducted a large-scale multi-center genome-wide association study on NPC, which involved 4,506 NPC patients and 5,384 controls (26). The objective was to identify SNPs associated with NPC and construct a PRS model for identifying individuals at high risk of developing the disease. Using the 12 identified SNPs, we constructed a PRS model. For the current study, we randomly selected 1,118 individuals from the Guangdong Biobank Cohort Study (ChiCTR1800015736) (28), which represent the general population residing in high-risk endemic areas of NPC (8). We detected the 12 SNPs and applied the PRS model to calculate the distribution of PRS. And we calculated gender- and age-specific 10-year AR values for the population by using age and PRS (26). Further details on how the Markov model was constructed based on polygenic risk profiles can be found in Supplementary Table S2 and Supplementary Figures S3, S4.



Transition probabilities

The transition probabilities among undetected stages of NPC and the stage-specific probability of symptomatic manifestation (undetected to detected NPC) were estimated and calibrated by using incidence rate of NPC from Guangzhou registry data of CI5 (1). Additionally, the transitions probabilities from diagnosis to relapse/metastasis and death were estimated base on real-world data from the big-data platform of Sun Yat-sen University Cancer Center (29). The detailed descriptions how to estimate, calibrate, and validate the transition probabilities can be found in Supplementary Figures S5–S8 and Supplementary Tables S3–S7.



Health state utilities and costs

The utilities of each state in Markov model were derived from a previous study, which defined time-dependent health utilities for NPC patients (30). The detailed values for the utilities were shown in Supplementary Table S1. The cost of each screening strategy comprises three main components: screening, diagnosis and treatment of NPC patients, and follow-up care for patients. The main screening cost included the cost of testing two anti-EBV IgA antibodies, amounting to ¥108.61 referred to previous study, and the cost of PRS, which was ¥120.00 after considering the reagents of testing 12 SNPs, wastage, estimation of polygenic risk, and others. The detailed costs for each component were described in Supplementary Table S8. All costs were reported Chinese renminbi (RMB, ¥) (to convert to US$, divided by 6.7). We assumed a standard discount rate of 3% for both utilities (quality-adjusted life-years, QALYs) and costs, in accordance with previous studies (27, 30–34).



Outcome measures

The primary outcome measures included: (1) the cost-effectiveness efficiency frontier: this refers to the line segments that connect a set of strategies that achieve the maximum health benefit relative to their cost at a given level. The efficiency frontier helps compare the health outcomes of different screening strategies and identifies the most efficient strategies within a given budget constraint. The others strategies not on the efficiency frontier were considered to be dominated strategies. A strongly dominated strategy was defined as a strategy for which there exists another strategy that yielded better health benefit at a lower cost. A weakly dominated strategy was defined as a strategy that is dominated by a linear combination of two other strategies. (2) The incremental cost-effectiveness ratios (ICER), defined as the incremental cost divided by incremental QALYs (32, 35).

The cost-effective screening strategies were identified on the following criteria: (1) were located on the cost-effectiveness efficiency frontier. Those strategies were considered to be the most efficient options at different cost level, providing the best balance between cost and effectiveness. (2) had an ICER less than the willingness to pay (WTP) threshold compared with the preceding strategy on the efficiency frontier. If the ICER was below the WTP threshold, the strategy was considered cost-effective. Recognizing limitations in WTP thresholds, we utilized a threshold of twice the local per capita GDP based on WHO-CHOICE guidelines (31). For example, the per-capita GDP of Guangdong province in 2022 was ¥101,905, the WTP threshold would be ¥203,810, representing the economic level of Southern China (6, 31).

Secondary outcomes included reduction in NPC mortality, incremental QALYs gained via screening, resource utilization (serology tests, nasopharyngoscopies), and early-stage NPC case detection rates. All outcomes are reported per 100,000 subjects from the general population.



Sensitivity analysis

To assess the robustness and variability of the results, sensitivity analyses were further conducted for each age group (16, 36). Probabilistic sensitivity analysis was conducted through 1,000 simulations to evaluate the probability of each screening strategy on the efficiency frontier being cost-effective relative to the others on the same frontier. Univariate sensitivity analysis was performed for all parameters within their respective ranges to identify the most sensitive parameters. The optimal strategy of each age group underwent univariate sensitivity analysis. To facilitate observation of the changes in ICERs, the resulting values were reported as the ratio of ICERs after variable changes to the ICERs obtained in base case analysis. In addition, compliance with screening strategies was also considered in univariate sensitivity analysis owing to its large variability in different regions. We performed all statistical analyses using R software, version 4.0.3 (R Foundation for Statistical Computing).




Results


Base-case analysis for age-based screening strategies

We first evaluated the cost-effectiveness of age-based screening strategies and further explored the optimal screening frequency of age-based screening strategies. In this base-case analysis, the strategies on the cost-effectiveness efficiency frontiers included those strategies with screening frequencies from 5 to 1 year (Age-5, Age-4, Age-3, Age-2, and Age-1). As shown in Table 1 and Supplementary Figure S9, for men aged 30–59 (30–34, 35–39, 40–44, 45–49, 50–54, and 55–59 groups), the strategies of screening every 3–5 years are likely to be cost-effective (ICER less than WTP that was twice the per capita GDP), and a strategy with a 3-year frequency (Age-3) was most cost-effective, with an ICER between ¥122,976 and ¥186,489. For men aged 60–64, the strategies of screening every 4–5 years were cost-effective. And the strategy of screening every 4 years (Age-4) was most cost-effective, with an ICER of ¥180,529. For men aged 65–69, the one-time screening strategy was considered to be the most cost-effective strategy with an ICER of ¥124,865. For women aged 30–54 (include 30–34, 35–39, 40–44, 45–49 and 50–54 groups), the strategy of screening every 5 years was found to be the cost-effective strategy, with an ICER ranging from ¥165,186 to ¥203,150. However, for women aged 55 and above, age-based screening strategies were not considered cost-effective based on the predefined willingness-to-pay threshold (Supplementary Table S9; Supplementary Figure S10).



TABLE 1 Base-case analysis of only age-based screening strategies in male population.
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Base-case analysis for polygenic risk-stratified screening strategies

When further considering the polygenic risk-stratified screening strategies into our cost-effectiveness analysis, a total of 46 strategies for men and 31 strategies for women were modeled. For men aged 30–54, the cost-effectiveness efficiency frontiers include 8–12 strategies in different initial screening age groups, with almost all strategies being polygenic risk-stratified screening strategies (Figure 1). Among the strategies on efficiency frontiers, the strategies with a 10-year AR threshold of 0.7% or higher were found to be cost-effective except for the age group of 40–44, where a threshold of 0.8% or higher were cost-effective. Notably, among the cost-effective strategies, the strategy labeled “AR-0.7%-1” (the individuals with a 10-year AR greater than 0.7% were defined as high-risk individuals and then underwent EBV serological test every year) was most cost-effective across 30–54 age groups except for 40–44, with the ICER ranging from ¥159,752 to ¥201,738. And the strategy named “AR-0.8%-1” was the most cost-effective for men aged 40–44, with an ICER of ¥160,315 (Table 2). Among the polygenic risk-stratified strategies, the optimal age-based strategies were strongly dominated for men aged 30–49 and were weakly dominated for men aged 50–54 (Table 2). Compared to optimal age-based strategies, the optimal polygenic risk-stratified strategies can reduce nasopharyngoscopies by 5.1–27.7% while maintaining early-stage detection rate and averted death counts. (Table 3). However, for men aged 55 and above, age-based strategies were more cost-effective than polygenic risk-stratified strategies (Figure 1), and the ICERs and outcomes for these strategies on cost-effectiveness frontiers were shown in Supplementary Tables S10, S11.

[image: Figure 1]

FIGURE 1
 Cost-effectiveness frontier for all screening strategies based on the mean values of each age group under the base-case analysis (100,000 male cohort). Incremental QALYs and incremental costs of screening strategies compared with the no intervention scenario. The line on the each plot was cost-effectiveness efficiency frontier. The strategies on the upper left of the frontier are dominated by the strategies on the lower right of them.




TABLE 2 Base-case analysis of age-based and polygenic risk-stratified screening strategies in male population aged 30–54 years.
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TABLE 3 Screening outcomes and utilization rate using polygenic risk-stratified screening strategies in male population aged 30–54 years.
[image: Table3]

Similarly, for women aged 30–54, the polygenic risk-stratified strategies labeled “AR-0.30%-1” were found to be the most cost-effective, with ICERs ranging from ¥145,069 to ¥178,223 (Supplementary Figure S11; Supplementary Table S12). The optimal age-based strategies were strongly dominated in three out of five age groups (30–34, 40–44, and 45–49), and were weakly dominated in the remaining two age groups (35–39 and 50–54, Supplementary Table S12). The optimal polygenic risk-stratified strategies can reduce the number of EBV serological tests and nasopharyngoscopy required by 39–54% for the women aged 30–54, while still achieving comparable numbers of early diagnosis and averted death compared to the optimal age-based screening strategies (Supplementary Table S13). For women aged 55 and above, polygenic risk-stratified strategies were also not cost-effective (Supplementary Table S12).



Sensitivity analysis

In order to evaluate the robustness of our findings, we conducted probabilistic sensitivity analyses by simultaneously varying crucial input parameters. The cost-effectiveness acceptability curve of male population was shown in Figure 2, which depicts the probability of each strategy on the cost-effectiveness efficiency frontiers being considered cost-effective at different WTP thresholds, ranging from ¥0 to ¥500,000. For men aged 30–54, the optimal polygenic risk-stratified strategies showed a top probability (29.4–35.8%) of being cost-effective at a WTP of twice the per capita GDP. For men aged 55–59, 60–64, and 65–69, the optimal age-based strategies had top probabilities of 36.5, 58.9, and 78.1%, respectively. Similar results were observed for women. Specifically, for women aged 30–54, the optimal polygenic-risk stratified strategy labeled “AR-0.30%-1” showed top probabilities ranging from 33.5 to 46.8%. For women aged 55 and above, the no screening strategy displayed the highest probabilities, ranging from 69.4 to 98.4% (Supplementary Figure S12). The median and 95% confidence interval of the ICER resulting from probabilistic sensitivity analyses were consistent with the results of base-case analyses, further demonstrating the robustness of the optimal strategies (Supplementary Table S14).
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FIGURE 2
 Cost-effectiveness acceptability curves for all strategies on the cost-effectiveness efficiency frontier in male population. The gray dotted line represents the curves of no screening scenario, the dot dash lines represent the curves of age-based strategies, and the solid lines represent the curves of polygenic risk-stratified strategies. The vertical gray dash line represents the WTP of twice per capita GDP. The screening strategies are labeled as follows: for age-based strategies, Age-screening frequency; for polygenic risk-stratified strategies, AR-10-year NPC absolute risk threshold-screening frequency.


Furthermore, we conducted univariate sensitivity analyses on the optimal screening strategies for different age groups and genders. We varied the input parameters within upper bound and lower bound as shown in Supplementary Table S1 and assessed the proportional increase or decrease in ICER compared to the base-case values. Ultimately, we identified and presented the top 15 sensitive parameters. According to our results, the costs of testing two anti-EBV IgA antibodies and discount rate were top two parameters exhibiting the highest sensitivity to the ICER in the optimal screening strategies for both men and women (Figure 3; Supplementary Figure S13). These parameters, including the costs of diagnosis and treatment for stage I and stage III/IVA-B NPC, the health utility associated with stage I NPC, and compliance, were also important parameters that impact the results of ICER. In addition, the cost of PRS was found to be sensitive to the ICER in the optimal strategies for individuals aged 30–54, with values ranging from 0.89 to 1.22 for men and from 0.79 to 1.42 for women.

[image: Figure 3]

FIGURE 3
 Tornado plots for one-way deterministic sensitivity analysis of the optimal strategies compared with the no screening strategy in male population. Compared to no screening strategy, a proportional increase or decrease in the incremental cost-effectiveness ratio is plotted for upper (orange) and lower (blue) bounds of model parameters. The optimal strategies were polygenic risk-stratified strategies for 30–34, 35–39, 40–44, 45–49 and 50–54 age groups, and the age-based strategies were optimal for 55–59, 60–64 and 65–69 age groups.





Discussion

Our study highlights the potential benefits of incorporating polygenic data into population-level screening for nasopharyngeal carcinoma in endemic areas of China. The polygenic risk-stratified screening strategies proved to be more cost-effective than age-based screening strategies, particularly for the population aged 30–54 years. The polygenic risk-stratified screening strategies not only reduce the numbers of EBV serological tests and nasopharyngoscopies but also maintained most of the early diagnoses and averted deaths achieved by age-based screening strategies. Almost all strategies on the cost-effective efficiency frontiers were polygenic risk-stratified screening strategies, indicating their superior performance in terms of cost-effectiveness. For men, the polygenic risk-stratified screening strategy with a 0.7% or 0.8% 10-year AR threshold and a 1-year screening frequency was found to be the most cost-effective. Similarly, for women, the strategy with a 0.3% risk threshold and a 1-year screening frequency was the most cost-effective. These strategies yielded more QALYs at a lower cost level, making them attractive choices for targeted screening. Overall, our findings may offer valuable insights for personalized NPC screening, potentially leading to better outcomes and resource allocation in endemic areas of China.

Recently, polygenic risk scores have shown promise in predicting an individual’s genetic susceptibility to cancer and have the potential to improve the efficiency of population-level screening (13, 37–39). However, the economic feasibility of incorporating polygenic data into population-level screening is a critical consideration (13, 40, 41). Several studies have focused on cancers like breast, prostate, and colorectal cancer, using various model to evaluate the use of PRS in cost-effectiveness analyses of cancer screening. These studies have suggested that using polygenic risk data would be cost-effective (14, 16, 17, 42–46). Our study aligns with these findings and suggests that polygenic risk-stratified screening strategies could be more cost-effective for NPC, particularly for the population aged 30–54 years. This is because, firstly, polygenic risk stratification allows for a more precise estimation of an individual’s risk for NPC, thus enabling tailored screening strategies. Secondly, targeting screening efforts toward individuals with a high genetic predisposition to NPC allows for more efficient allocation of healthcare resources. This maximizes the benefits of screening while minimizing unnecessary interventions and associated costs for individuals at low genetic risk. Finally, since the SNPs composing PRS only require one-time testing in a lifetime, the cost of assessing genetic risk for all participants is lower than the cumulative cost of EBV antibody testing for low-risk individuals.

Implementing this risk-stratified screening strategy involves prioritizing more frequent screenings for individuals identified as high risk, with the goal of maximizing the identification of NPC patients within this high-risk population. While individual PRS was innate and constant, the 10-year AR value we calculate by combining age and PRS are dynamic and effectively pinpoint individuals at high risk across age groups. By setting a higher predefined 10-year AR threshold, the higher PPV of EBV serological screening for fewer high-risk individuals leads to a higher yield of QALYs per EBV serological test. However, it failed to identify potential early-stage NPC patients in the low-risk population, leading to their progression to the advanced stage before diagnosis, which incurs additional economic costs. To address it, we have developed a set of risk threshold gradients to determine the ideal balance between benefits and costs of screening. In more detail, for men aged 30–54 years, the strategies with a 10-year risk threshold of 0.7% or greater were found to be cost-effective. The strategy with a 0.7% risk threshold and a screening frequency of 1 year (AR-0.7%-1) was most cost-effective, except for the age group of 40–44 where a 0.8% AR threshold (AR-0.8%-1) was most cost-effective. For women aged 30–54 years, the strategy with a 0.3% risk threshold and a 1-year screening frequency (AR-0.3%-1) was the most cost-effective among the considered strategies on the efficiency frontiers. However, for individuals aged 55 and above, the age-based screening strategies were found to be more cost-effective than the polygenic risk-stratified screening strategies. This implies that the polygenic risk-stratified screening strategy may be more beneficial for younger individuals compared to the age-based strategy. Initiating age-based screening for the younger population often results in many unnecessary screening tests and clinical examinations owing to their low incidence rate. But the polygenic risk-stratified screening strategy offers a solution by targeting high-risk individuals to undergo screenings. This approach can effectively offset the additional cost of evaluating the genetic risks of all participants.

In addition to evaluating the cost-effectiveness of polygenic-risk stratified screening strategies, we have also supplemented the existing screening strategies for population with difference age group. In previous health economic evaluations of NPC screening strategies, the focus has primarily been on one-time lifetime screening for individuals aged 50 years (30, 31, 47). However, there is limited understanding of both the optimal screening frequency and the potential benefits of screening individuals in different age groups (6). In this study, we conducted a comprehensive evaluation of the age-based screening strategies in different age groups and explored the optimal screening frequency for each age group. Under a WTP threshold of twice the per capita GDP, the optimal screening frequency for men aged 30–59 was found to be every 3 years, while for individuals aged 60 and above, the screening frequency increased to every 4–5 years. It was observed that for younger age groups, more frequent screening led to the detection of a greater number of young patients, yielding higher benefits. For women aged 30–54, the optimal screening frequency was determined to be every 5 years, considering their lower incidence rate. For women aged 55 and above, it was not considered cost-effective to use aged-based screening strategies with a frequency of every 1–5 years. It should be noted that these results were based on a screening strategy set at every 1–5 years. Further study should consider exploring lower frequency screenings.

In sensitivity analysis, the probability sensitivity analysis consistently showed that the optimal screening strategies for each age group had the highest probability of being cost-effective with the WTP threshold, and supported the effectiveness of the proposed screening strategies. Univariate sensitivity analysis identified several model parameters that were sensitive to the results, such as the discount rate, compliance, utility of stage I, and cost of testing anti-EBV IgA antibodies, which were also reported as sensitivity parameters in previous studies (30, 31). Furthermore, we have also assessed the influence of the cost of PRS on ICER in the polygenic risk-stratified strategies, taking into account the lack of accuracy data on per-individual costs of polygenic risk stratification for implementation in large-scale screening programs before. We found the cost of PRS was a crucial sensitive parameter, and its change had a more pronounced impact on women because the cost of PRS for all participants accounts for a larger proportion of the total cost of screening. Additionally, endoscopic compliance is also a sensitive parameter, emphasizing the importance of raising health awareness and promoting screening compliance among the population.

According to the latest expert consensus, the current recommendations for NPC screening involve either male-only or sex-neutral middle-aged adults (6). Our study findings supported that when implementing the same screening strategy, the ICER was generally lower for men due to their higher incidence rate. This indicated better cost-effectiveness for men, which aligns with the previous study (30, 31). However, if screening was conducted for the general population without considering gender and utilizing a unified screening strategy, there were certain challenges in terms of cost-effectiveness. Therefore, our study constructed multi screening Markov models with different risk threshold criteria and screening frequencies based on the disease risk among different genders and ages. Our results showed that the risk threshold for women was lower than that for men in the optimal polygenic risk-stratified strategies, and the screening frequency for women was also lower than that for men in the optimal age-based strategies. It was essential to utilize different screening criteria tailored to specific gender populations. These proposed screening strategies in our study offered more flexible options for NPC screening in areas with resource disparities, with the aim of achieving more effective personalized screening.

Our study also has several limitations that should be acknowledged. Firstly, we acknowledged that our research model is tailored for the high-risk endemic areas, especially for the Southern China region. This aligned with the expert consensus recommending mass screening exclusively in endemic areas (6). Therefore, our Markov models and conclusions may not be directly applicable to non-endemic area with different cancer incidence rate, genetic backgrounds and healthcare system. Secondly, in comparison to existing screening guidelines that focus solely on age in endemic areas (5), we have integrated sex and genetic factors to refine the precision of screening. However, other factors associated with NPC risk, such as smoking, should be taken into account in further research. Then, our age-based screening strategy did not consider the past EBV serological results, as the unpredictable nature of anti-EBV IgA changes in lifetime, making it challenging to accurately simulate the existing screening protocol (48, 49). Moreover, incorporating compliance into modeling is indeed complex, as it can vary based on age, sex, education, socioeconomic status and other factors (8). We assumed a 100% compliance rate for further nasopharyngeal endoscopy, which may have led to an overestimation of the health benefits and costs associated with NPC screening. We conducted univariate sensitivity analyses using assumptions of 70% for compliance (7). Finally, our model did not consider the impact of contemporary treatment modalities, such as the increasingly widespread use of immunotherapy (50–52).



Conclusion

In conclusion, our study provides compelling evidence supporting the superiority of polygenic risk-based NPC screening strategies over age-based strategies for individuals aged 30–54, from a health economics perspective. By tailoring the screening frequency and risk stratification based on age, sex and polygenic risk score, we can optimize the use of resources and maximize the health benefits for NPC screening.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The study was approved by the ethics committee of the Sun Yat-sen University Cancer Center. The patients/participants provided their written informed consent to participate in this study.



Author contributions

D-WY: Conceptualization, Data curation, Investigation, Methodology, Visualization, Writing – original draft, Writing – review & editing, Formal analysis, Software. JM: Methodology, Writing – review & editing, Supervision. W-QX: Writing – review & editing, Data curation, Resources. MT: Data curation, Writing – review & editing. LL: Data curation, Writing – review & editing. YZ: Writing – review & editing, Data curation. HD: Resources, Writing – review & editing. T-MW: Resources, Writing – review & editing. YL: Resources, Writing – review & editing. Y-XW: Resources, Writing – review & editing. X-HZ: Resources, Writing – review & editing. TZ: Resources, Writing – review & editing. X-ZL: Resources, Writing – review & editing. P-FZ: Resources, Writing – review & editing. X-YC: Resources, Writing – review & editing. XY: Resources, Writing – review & editing. FL: Resources, Writing – review & editing. MJ: Resources, Writing – review & editing. YS: Resources, Writing – review & editing. Y-QH: Resources, Conceptualization, Data curation, Formal analysis, Methodology, Supervision, Writing – original draft, Writing – review & editing. W-HJ: Conceptualization, Data curation, Methodology, Resources, Supervision, Writing – original draft, Writing – review & editing, Funding acquisition, Investigation, Visualization.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded by the National Key Research and Development Program of China (2021YFC2500400), the Basic and Applied Basic Research Foundation of Guangdong Province, China (2021B1515420007), Shenzhen Science and Technology Program (KCXFZ20211020172542002), the Special Support Program for High-level Professionals on Scientific and Technological Innovation of Guangdong Province, China (2014TX01R201), the Key Area Research and Development Program of Guangdong Province, China (2019B110233004).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1375533/full#supplementary-material



References

 1. Bray, F, Colombet, M, Mery, L, Piñeros, M, Znaor, A, Zanetti, R , et al. Cancer Incidence in Five Continents, Vol. XI (electronic version). Lyon: International Agency for Research on Cancer (2022).


 2. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A , et al. Global Cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/caac.21660 

 3. Ferlay, J, Colombet, M, Soerjomataram, I, Parkin, DM, Pineros, M, Znaor, A , et al. Cancer statistics for the year 2020: an overview. Int J Cancer. (2021) 149:778–89. doi: 10.1002/ijc.33588 

 4. Tang, LL, Chen, WQ, Xue, WQ, He, YQ, Zheng, RS, Zeng, YX , et al. Global trends in incidence and mortality of nasopharyngeal carcinoma. Cancer Lett. (2016) 374:22–30. doi: 10.1016/j.canlet.2016.01.040 

 5. Ministry of Health of the People’s Republic of China. CCfDCaP MoHotPsRoC Expert committee of project for early cancer diagnosis and treatment. Technical plan for cancer early diagnosis and treatment. Beijing, People’s Medical Publishing House, 2011 (2011).


 6. Lam, WKJ, King, AD, Miller, JA, Liu, Z, Yu, KJ, Chua, MLK , et al. Recommendations for Epstein-Barr virus-based screening for nasopharyngeal cancer in high- and intermediate-risk regions. J Natl Cancer Inst. (2023) 115:355–64. doi: 10.1093/jnci/djad012 

 7. Liu, Z, Ji, MF, Huang, QH, Fang, F, Liu, Q, Jia, WH , et al. Two Epstein-Barr virus-related serologic antibody tests in nasopharyngeal carcinoma screening: results from the initial phase of a cluster randomized controlled trial in southern China. Am J Epidemiol. (2013) 177:242–50. doi: 10.1093/aje/kws404 

 8. Ji, MF, Sheng, W, Cheng, WM, Ng, MH, Wu, BH, Yu, X , et al. Incidence and mortality of nasopharyngeal carcinoma: interim analysis of a cluster randomized controlled screening trial (PRO-NPC-001) in southern China. Ann Oncol. (2019) 30:1630–7. doi: 10.1093/annonc/mdz231 

 9. Chien, YC, Chen, JY, Liu, MY, Yang, HI, Hsu, MM, Chen, CJ , et al. Serologic markers of Epstein-Barr virus infection and nasopharyngeal carcinoma in Taiwanese men. N Engl J Med. (2001) 345:1877–82. doi: 10.1056/NEJMoa011610 

 10. Torkamani, A, Wineinger, NE, and Topol, EJ. The personal and clinical utility of polygenic risk scores. Nat Rev Genet. (2018) 19:581–90. doi: 10.1038/s41576-018-0018-x


 11. Crosby, D, Bhatia, S, Brindle, KM, Coussens, LM, Dive, C, Emberton, M , et al. Early detection of cancer. Science. (2022) 375:eaay9040. doi: 10.1126/science.aay9040


 12. Khera, AV, Chaffin, M, Aragam, KG, Haas, ME, Roselli, C, Choi, SH , et al. Genome-wide polygenic scores for common diseases identify individuals with risk equivalent to monogenic mutations. Nat Genet. (2018) 50:1219–24. doi: 10.1038/s41588-018-0183-z 

 13. Polygenic Risk Score Task Force of the International Common Disease A. Responsible use of polygenic risk scores in the clinic: potential benefits, risks and gaps. Nat Med. (2021) 27:1876–84. doi: 10.1038/s41591-021-01549-6


 14. Pashayan, N, Morris, S, Gilbert, FJ, and Pharoah, PDP. Cost-effectiveness and benefit-to-harm ratio of risk-stratified screening for breast Cancer: a life-table model. JAMA Oncol. (2018) 4:1504–10. doi: 10.1001/jamaoncol.2018.1901 

 15. Pashayan, N, Duffy, SW, Neal, DE, Hamdy, FC, Donovan, JL, Martin, RM , et al. Implications of polygenic risk-stratified screening for prostate cancer on overdiagnosis. Genet Med. (2015) 17:789–95. doi: 10.1038/gim.2014.192 

 16. Callender, T, Emberton, M, Morris, S, Eeles, R, Kote-Jarai, Z, Pharoah, PDP , et al. Polygenic risk-tailored screening for prostate cancer: a benefit-harm and cost-effectiveness modelling study. PLoS Med. (2019) 16:e1002998. doi: 10.1371/journal.pmed.1002998 

 17. Callender, T, Emberton, M, Morris, S, Pharoah, PDP, and Pashayan, N. Benefit, harm, and cost-effectiveness associated with magnetic resonance imaging before biopsy in age-based and risk-stratified screening for prostate Cancer. JAMA Netw Open. (2021) 4:e2037657. doi: 10.1001/jamanetworkopen.2020.37657 

 18. Sun, L, Brentnall, A, Patel, S, Buist, DSM, Bowles, EJA, Evans, DGR , et al. A cost-effectiveness analysis of multigene testing for all patients with breast Cancer. JAMA Oncol. (2019) 5:1718–30. doi: 10.1001/jamaoncol.2019.3323 

 19. Eeles, R, Goh, C, Castro, E, Bancroft, E, Guy, M, Al Olama, AA , et al. The genetic epidemiology of prostate cancer and its clinical implications. Nat Rev Urol. (2014) 11:18–31. doi: 10.1038/nrurol.2013.266


 20. Michailidou, K, Lindstrom, S, Dennis, J, Beesley, J, Hui, S, Kar, S , et al. Association analysis identifies 65 new breast cancer risk loci. Nature. (2017) 551:92–4. doi: 10.1038/nature24284 

 21. Dai, J, Shen, W, Wen, W, Chang, J, Wang, T, Chen, H , et al. Estimation of heritability for nine common cancers using data from genome-wide association studies in Chinese population. Int J Cancer. (2017) 140:329–36. doi: 10.1002/ijc.30447 

 22. Bei, JX, Li, Y, Jia, WH, Feng, BJ, Zhou, G, Chen, LZ , et al. A genome-wide association study of nasopharyngeal carcinoma identifies three new susceptibility loci. Nat Genet. (2010) 42:599–603. doi: 10.1038/ng.601 

 23. Tang, M, Lautenberger, JA, Gao, X, Sezgin, E, Hendrickson, SL, Troyer, JL , et al. The principal genetic determinants for nasopharyngeal carcinoma in China involve the HLA class I antigen recognition groove. PLoS Genet. (2012) 8:e1003103. doi: 10.1371/journal.pgen.1003103 

 24. Wang, TM, He, YQ, Xue, WQ, Zhang, JB, Xia, YF, Deng, CM , et al. Whole-exome sequencing study of familial nasopharyngeal carcinoma and its implication for identifying high-risk individuals. J Natl Cancer Inst. (2022) 114:1689–97. doi: 10.1093/jnci/djac177


 25. Zeng, YX, and Jia, WH. Familial nasopharyngeal carcinoma. Semin Cancer Biol. (2002) 12:443–50. doi: 10.1016/S1044579X02000871


 26. He, YQ, Wang, TM, Ji, M, Mai, ZM, Tang, M, Wang, R , et al. A polygenic risk score for nasopharyngeal carcinoma shows potential for risk stratification and personalized screening. Nat Commun. (2022) 13:1966. doi: 10.1038/s41467-022-29570-4 

 27. Zou, Z, Fairley, CK, Ong, JJ, Hocking, J, Canfell, K, Ma, X , et al. Domestic HPV vaccine price and economic returns for cervical cancer prevention in China: a cost-effectiveness analysis. Lancet Glob Health. (2020) 8:e1335–44. doi: 10.1016/S2214-109X(20)30277-1 

 28. Zhang, PF, Wu, ZY, Zhang, WB, He, YQ, Chen, K, Wang, TM , et al. Establishment and validation of a plasma oncofetal chondroitin sulfated proteoglycan for pan-cancer detection. Nat Commun. (2023) 14:645. doi: 10.1038/s41467-023-36374-7 

 29. Lv, JW, Chen, YP, Huang, XD, Zhou, GQ, Chen, L, Li, WF , et al. Hepatitis B virus screening and reactivation and management of patients with nasopharyngeal carcinoma: a large-scale, big-data intelligence platform-based analysis from an endemic area. Cancer. (2017) 123:3540–9. doi: 10.1002/cncr.30775


 30. Miller, JA, Sahoo, MK, Yamamoto, F, Huang, C, Wang, H, Zehnder, JL , et al. Multiplex Epstein-Barr virus BALF2 genotyping detects high-risk variants in plasma for population screening of nasopharyngeal carcinoma. Mol Cancer. (2022) 21:154. doi: 10.1186/s12943-022-01625-6 

 31. Miller, JA, Le, QT, Pinsky, BA, and Wang, H. Cost-effectiveness of nasopharyngeal carcinoma screening with Epstein-Barr virus polymerase chain reaction or serology in high-incidence populations worldwide. J Natl Cancer Inst. (2021) 113:852–62. doi: 10.1093/jnci/djaa198


 32. Toumazis, I, Cao, P, de Nijs, K, Bastani, M, Munshi, V, Hemmati, M , et al. Risk model-based Lung Cancer screening: a cost-effectiveness analysis. Ann Intern Med. (2023) 176:320–32. doi: 10.7326/M22-2216 

 33. Siegel, JE, Weinstein, MC, Russell, LB, and Gold, MR. Recommendations for reporting cost-effectiveness analyses. Panel on cost-effectiveness in health and medicine. JAMA. (1996) 276:1339–41. doi: 10.1001/jama.1996.03540160061034


 34. Wu, CF, Lin, L, Mao, YP, Deng, B, Lv, JW, Zheng, WH , et al. Liquid biopsy post-treatment surveillance in endemic nasopharyngeal carcinoma: a cost-effective strategy to integrate circulating cell-free Epstein-Barr virus DNA. BMC Med. (2021) 19:193. doi: 10.1186/s12916-021-02076-4 

 35. Toumazis, I, de Nijs, K, Cao, P, Bastani, M, Munshi, V, Ten Haaf, K , et al. Cost-effectiveness evaluation of the 2021 US preventive services task force recommendation for Lung Cancer screening. JAMA Oncol. (2021) 7:1833–42. doi: 10.1001/jamaoncol.2021.4942 

 36. Xia, R, Zeng, H, Liu, W, Xie, L, Shen, M, Li, P , et al. Estimated cost-effectiveness of endoscopic screening for upper gastrointestinal tract Cancer in high-risk areas in China. JAMA Netw Open. (2021) 4:e2121403. doi: 10.1001/jamanetworkopen.2021.21403 

 37. Lee, A, Mavaddat, N, Wilcox, AN, Cunningham, AP, Carver, T, Hartley, S , et al. BOADICEA: a comprehensive breast cancer risk prediction model incorporating genetic and non-genetic risk factors. Genet Med. (2019) 21:1708–18. doi: 10.1038/s41436-018-0406-9 

 38. Carver, T, Hartley, S, Lee, A, Cunningham, AP, Archer, S, Babb de Villiers, C , et al. CanRisk tool-a web Interface for the prediction of breast and ovarian Cancer risk and the likelihood of carrying genetic pathogenic variants. Cancer Epidemiol Biomarkers Prev. (2021) 30:469–73. doi: 10.1158/1055-9965.EPI-20-1319 

 39. Dadaev, T, Saunders, EJ, Newcombe, PJ, Anokian, E, Leongamornlert, DA, Brook, MN , et al. Fine-mapping of prostate cancer susceptibility loci in a large meta-analysis identifies candidate causal variants. Nature communications. (2018) 9:2256. doi: 10.1038/s41467-018-04109-8 

 40. Dixon, P, Keeney, E, Taylor, JC, Wordsworth, S, and Martin, RM. Can polygenic risk scores contribute to cost-effective cancer screening? A systematic review. Genet Med. (2022) 24:1604–17. doi: 10.1016/j.gim.2022.04.020 

 41. Babb de Villiers, C, Kroese, M, and Moorthie, S. Understanding polygenic models, their development and the potential application of polygenic scores in healthcare. J Med Genet. (2020) 57:725–32. doi: 10.1136/jmedgenet-2019-106763 

 42. Hao, S, Heintz, E, Ostensson, E, Discacciati, A, Jaderling, F, Gronberg, H , et al. Cost-effectiveness of the Stockholm3 test and magnetic resonance imaging in prostate Cancer screening: a microsimulation study. Eur Urol. (2022) 82:12–9. doi: 10.1016/j.eururo.2021.12.021 

 43. Karlsson, AA, Hao, S, Jauhiainen, A, Elfstrom, KM, Egevad, L, Nordstrom, T , et al. The cost-effectiveness of prostate cancer screening using the Stockholm3 test. PLoS One. (2021) 16:e0246674. doi: 10.1371/journal.pone.0246674 

 44. Hendrix, N, Gulati, R, Jiao, B, Kader, AK, Ryan, ST, and Etzioni, R. Clarifying the trade-offs of risk-stratified screening for prostate Cancer: a cost-effectiveness study. Am J Epidemiol. (2021) 190:2064–74. doi: 10.1093/aje/kwab155 

 45. Thomas, C, Mandrik, O, Saunders, CL, Thompson, D, Whyte, S, Griffin, S , et al. The costs and benefits of risk stratification for colorectal Cancer screening based on phenotypic and genetic risk: a health economic analysis. Cancer Prev Res. (2021) 14:811–22. doi: 10.1158/1940-6207.CAPR-20-0620 

 46. Wong, JZY, Chai, JH, Yeoh, YS, Mohamed Riza, NK, Liu, J, Teo, YY , et al. Cost effectiveness analysis of a polygenic risk tailored breast cancer screening programme in Singapore. BMC Health Serv Res. (2021) 21:379. doi: 10.1186/s12913-021-06396-2 

 47. Harris, JP, Saraswathula, A, Kaplun, B, Qian, Y, Chan, KCA, Chan, ATC , et al. Cost‐effectiveness of screening for nasopharyngeal carcinoma among Asian American men in the United States. Surgery. (2019) 161:82–90. doi: 10.1177/0194599819832593


 48. Ji, MF, Wang, DK, Yu, YL, Guo, YQ, Liang, JS, Cheng, WM , et al. Sustained elevation of Epstein-Barr virus antibody levels preceding clinical onset of nasopharyngeal carcinoma. Br J Cancer. (2007) 96:623–30. doi: 10.1038/sj.bjc.6603609


 49. Yu, X, Ji, M, Cheng, W, Wu, B, Du, Y, and Cao, S. Assessment of the long-term diagnostic performance of a new serological screening scheme in large-scale nasopharyngeal carcinoma screening. J Cancer. (2018) 9:2093–7. doi: 10.7150/jca.23755 

 50. Wong, KCW, Hui, EP, Lo, KW, Lam, WKJ, Johnson, D, Li, L , et al. Nasopharyngeal carcinoma: an evolving paradigm. Nat Rev Clin Oncol. (2021) 18:679–95. doi: 10.1038/s41571-021-00524-x 

 51. Yang, Y, Zhou, T, Chen, X, Li, J, Pan, J, He, X , et al. Efficacy, safety, and biomarker analysis of Camrelizumab in previously treated recurrent or metastatic nasopharyngeal carcinoma (CAPTAIN study). J Immunother Cancer. (2021) 9:e003790. doi: 10.1136/jitc-2021-003790


 52. Wong, KCW, Johnson, D, Hui, EP, Lam, RCT, Ma, BBY, and Chan, ATC. Opportunities and challenges in combining immunotherapy and radiotherapy in head and neck cancers. Cancer Treat Rev. (2022) 105:102361. doi: 10.1016/j.ctrv.2022.102361 


Copyright
 © 2024 Yang, Miller, Xue, Tang, Lei, Zheng, Diao, Wang, Liao, Wu, Zheng, Zhou, Li, Zhang, Chen, Yu, Li, Ji, Sun, He and Jia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpubh-12-1375533-t002.jpg
Starting  Screening Incremental Incremental ICER®

age strategy® costs® QALYs® .
vs. no vs. preceding strategy on
screening efficiency frontier
30-34 AR0.9%-2 29,111,252 639 45,554 45,554
AR-1L0%-1 37,482,718 811 46213 48811
AR0.9%-1 47,021,145 929 50596 80,303
AR0.8%-1 61,071,288 1,046 58,404 120,782
AR0.7%-1 78,972,887 1,158 68,214 159,752
Ages' 82,980,500 1,113 74,527 Strongly dominated*
AR0.6%-1 102,694,374 1,261 81421 229,064
AR0.5%-1 132,088,362 1,353 97,613 319,817
AR0.4%-1 167,579,080 1,429 117,286 469,354
AR0.3%-1 206,352,582 1,485 138922 685,294
Age-l 243,353,757 153 158,397 726,027
3539 AR-10%-2 26,017,456 598 3,491 43,491
AR0.9%-2 31,056,654 703 44,148 47,869
AR-10%-1 40,427,803 890 45,447 50356
AR0.9%-1 50,657,129 1,005 50,406 88,622
ARO08%-1 65,607,054 1,113 58921 137,812
Age3* 76,244,383 1112 68,583 Strongly dominated*
AR0.7%-1 84,208,307 1213 69,434 187,301
AR0.6%-1 108,184,259 1,300 83210 274,483
AR0.5%-1 136316927 1375 99,111 373,772
AR0.4%-1 168,374,167 1435 17,33 537,752
Agel 222,440,579 1513 146,990 690,553
40-44 AR-10%-2 26,272,897 578 45450 45,450
AR0.9%-2 31,140,790 670 46,465 52,830
AR-1L0%-1 40,513,150 842 48,097 54452
AR0.9%-1 50,296,222 939 53,547 100,884
AR0.8%-1 64,694,829 1,029 62865 160,315
Age3' 68,403,058 992 68923 Strongly dominated®
AR0.7%-1 81,839,728 1,109 7772 213,660
AR0.6%-1 103,555,194 1,180 87,792 309,351
AR05%-1 128,187,118 1,241 103,295 401,003
AR04%-1 156,027,236 1,289 121,069 582,855
Agerl 199,699,464 1,350 147916 711,883
4549 AR-10%-2 24,488,537 504 48582 18582
AR0.9%-2 28,596,500 582 49,104 52,460
AR-10%-1 36,510,587 721 50624 57,001
AR0.9%-1 44,614,497 803 55,537 98,693
ARO0.8%-1 57,193,406 880 64966 163,298
Age-3* 60,427,104 871 69,374 Strongly dominated*
AR0.7%-1 71,157,655 950 74,936 201,738
AR0.6%-1 89,760,281 1011 88,803 303,935
AR0.5%-1 110,623,673 1,065 103,836 382,189
AR0.4%-1 134,854,703 1,107 121,772 576,057
Agel 174,302,204 1,163 149916 714,166
50-54 AR-LO%-1 29,092,300 486 59831 59,831
AR0.9%-1 35,177,348 551 63,836 93,889
AR08%-1 44,147,233 614 71,940 143,250
Age3' 51,960,292 646 80381 Weakly dominated
AR0.7%-1 55,270,634 671 82324 192,760
AR0.6%-1 69,847,411 724 96,503 278,131
ARO05%-1 87,143,638 771 113,098 370,150
AR0.4%-1 107,968,030 808 133,693 561,814
Agel 146,080,468 858 170,207 752,188
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Age:s 43,688,206 763 57,228 57,228
Aged 53,055,184 868 61,148 89,854
40-44 Age3 65,403,058 992 68923 122976
Age2 100,503,389 1,148 87,528 206,061
Age-l 199,699,464 1350 147,916 491,434
Ages 38,728,257 685 56505 56505
Aged 47,168,526 770 61227 99,300
4549 Age3 60,427,104 871 69,374 131,746
Age2 88,539,952 998 88,684 220,765
Age-l 174,302,204 1163 149,916 521,991
Ages 33,477,743 si1 65,519 65,519
Aged 39,767,340 569 69,905 108,603
50-54 Age3 51,960,292 646 80381 157,226
Age2 74,047,473 736 101,132 250,641
Age-l 146,080,468 858 170,207 586,645
Age's 27,382,976 365 75,055 75,055
Age-d 32,351,879 401 80,693 137,697
55-59 Age3 40,928,040 447 91,579 186,489
Age2 59,552,813 508 17,149 303,160
Age-l 114,013,919 586 194,440 698,041
Ages 20,413,038 202 101,070 101,070
Aged 23,935,730 21 108,071 180,529
60-64 Age3 29,513,900 244 120,741 242,984
Age2 40,875,553 275 148,604 371,001
Agel 77,052,913 320 240950 808,898
Age's 11,836,613 95 124865 124,865
Aged 13,777,888 103 133,174 24113
65-69 Age3 15,846,782 m 142,886 277,805
Age2 19,979,588 121 164,705 397,379
Age-l 32,600,377 137 237,569 792,777

“The screening strategies are labeled as follows: for age-based strategies, “Age-screening frequency” For example, “Age-3” indicated that all individuals undergo an EBV serological test every
3 years.

‘Incremental health benefits gained, and costs incurred from age-based screening strategies relative to the no-screening strategy per 100,000 men with no prior NPC diagnosis, and all health
utility and costs were discount at a 3% annual rate.

“Ther respective ICERs based on the average values of each age.
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