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Background

Conventional universal endoscopic screening with pathology-based endoscopic re-examination for esophageal squamous cell carcinoma is in need of reform in China. We established a “two-step” precision screening strategy using two risk prediction models and have evaluated the cost-effectiveness of this precision strategy compared with the traditional strategy based on a large population-level randomized controlled trial from a healthcare provider’s perspective.



Methods

Four precision screening strategies with different risk cutoffs at baseline screening and endoscopic surveillance were constructed, and then compared with traditional strategy through modeling using subjects from the screening cohort of the ESECC (Endoscopic Screening for Esophageal Cancer in China) trial. Total screening costs and the number of SDA (severe dysplasia and above in lesions of the esophagus) cases were obtained to calculate the average screening cost per SDA detected, the incremental cost-effectiveness ratio (ICER) and protection rates. Sensitivity analysis was conducted to evaluate uncertainties.



Results

Compared to traditional strategy, all precision screening strategies have much lower average costs for detection of one SDA case ($7,148~$11,537 vs. $14,944). In addition, precision strategies 1&2 (strategies 1,2,3,4 described below) achieved higher effectiveness (143~150 vs. 136) and higher protection rates (87.7%~92.0% vs. 83.4%) at lower cost ($1,649,727~$1,672,221 vs. $2,032,386), generating negative ICERs (-$54,666/SDA~-$25,726/SDA) when compared to the traditional strategy. The optimal strategies within different willingness-to-pay (WTP) ranges were all precision screening strategies, and higher model sensitivities were adopted as WTP increased.



Conclusions

Precision screening strategy for esophageal cancer based on risk stratification is more cost-effective than use of traditional screening strategy and has practical implications for esophageal cancer screening programs in China.
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Highlights

	Well-performing risk prediction models for EC can achieve risk classification at both baseline screening and endoscopic surveillance in high-risk areas of China.

	Precision screening strategies based on “two-step” individualized risk classification can largely avoid unnecessary screening for low-risk individuals, conserve health resources and increase the protection rate for cancer screening.





Background

In China, EC(esophageal cancer) ranks as the sixth most frequent cancer and is the fourth most frequent cause of cancer death. Prognosis is often poor due to the fact a diagnosis is usually made at a late stage (1). No main cause of EC has been found which would allow primary prevention, and efforts are therefore focused on secondary prevention (2). Evidence from observational cohorts and nonrandomized controlled trials has shown that EC-specific mortality can be lowered by 66% (3, 4), and the 5-year survival rate can be increased from less than 30% to 80% through early screening (5, 6). Lugol’s iodine staining chromo-endoscopy is the gold standard technique for identifying high-grade squamous dysplasia and ESCC, and population-level endoscopic screening has been ongoing in high-risk areas of China since 2000 (7–9). By the end of 2018, over 2.16 million chromo-endoscopies had been performed, and over 34 thousand patients with malignant lesions had been diagnosed. More than 70% of the esophageal cancers which were detected were early stage (10).

For decades endoscopic screening for EC in China has adopted traditional “universal screening” for residents in high-risk communities (11–13). After initial screening, “pathology-based surveillance” recommended by expert consensus calls for endoscopic re-examination every 1 and 3 years for patients diagnosed with moderate and mild dysplasia respectively. No re-examination was offered for nondysplastic diagnoses (14). However, overscreening and insufficient diagnosis have become notable problems with this current screening modality due to the low absolute prevalence and high interpersonal heterogeneity of EC. According to recent studies, a significant degree of overscreening has occurred in universal endoscopic screening in China (15). Moreover, pathology-based surveillance has resulted in insufficient diagnosis or in missed SDA cases which had progressed (16). Precision screening strategies for ESCC based on efficient risk stratification are therefore needed to enable accurate identification of high-risk subgroups in target populations and to better facilitate the allocation of health resources (14, 17–19).

In this context, we propose a first “two-step” precision screening modality for ESCC, using two risk prediction models which performed well that were derived from the ESECC trial (16, 20, 21). First, before baseline screening, a model evaluating individual risk for “currently carrying malignant lesions in the esophagus” was adopted to identify high-risk subgroups, thus appreciably reducing the number of unnecessary endoscopies at baseline (21). After initial screening, a risk prediction model based on multifarious factors, including pathologic diagnosis and iodine staining status at baseline screening, was then applied to evaluate the progression risk of precursor lesions to malignant lesions. This notably increased the protection rate by surveillance for SDA cases that had been missed with traditional pathology-based surveillance which had progressed (16).

In this study, we aim to evaluate the cost-effectiveness of this “two-step” model-based precision screening modality as compared to the currently used universal screening modality based on a large population-level screening cohort. This study provides real-world evidence for the reform of esophageal cancer screening strategies in China.



Methods


Study platform

In January 2012, the ESECC randomized controlled trial (Clinical trial: NCT01688908) was initiated in Hua County, Henan Province, to evaluate the efficacy and cost-effectiveness of endoscopic screening for esophageal cancer in China (13). Residents from 668 target villages aged 45-69 years without a history of cancer or an endoscopic examination within 5 years were randomly selected and allocated to the screening arm or control arm of the study at a ratio of 1:1 (334 villages in each arm). Subjects in the screening arm were invited to undergo a standard endoscopic examination and biopsy with iodine staining, and then received both passive follow-up (linkage to health insurance reimbursement claims data to identify incident cancer cases) and active follow-up (door-to-door interviews) to collect vital events including the onset of cancer. The sensitivity of identifying incident cancer cases in the ESECC trial was estimated to be more than 95.6% (22). Subjects who were either biopsied due to visualization of unstained areas of mucosa, or diagnosed with mild or moderate dysplasia from the focal or standard sites at baseline examination in the screening arm, were invited to participate in follow-up surveillance, consisting of an individualized endoscopic re-examination carried out from May 2017 to November 2017 (16). In this study, a total of 15037 individuals from the screening arm of the ESECC trial who had received standard endoscopic examinations and provided adequate data on ESCC-related predictors (such as age, gender, Body Mass Index, ESCC family history, etc.) for risk evaluation were included in our modeling simulations to investigate the cost-effectiveness of precision screening strategies.



Screening strategies and model building

For brevity, the model building for all strategies were illustrated in Figure 1. The screening arm of the ESECC trial adopted the traditional strategy of implementing universal baseline screening and pathology-based surveillance in real-world intervention, for which related parameters were set (HIR=1; PS=1; RS=0) to open and close specific branches. As for the precision screening strategies (PS=0; RS=1), risk stratifications were designed to be realized with the application of a diagnostic model to identify prevalent malignant lesions in the esophagus, together with a prognostic model to predict the risk of progression of precancerous lesions (referring to the two green boxes in Figure 1). These two models had been developed previously based on the initial screening and follow-up of the participants in the screening arm of the ESECC trial (16, 21). First, before baseline screening, an evaluation of risk of onset for ESCC and its malignant lesions could be performed for each subject by calculating a specific risk score, which had been previously generated from the diagnostic model using individual information. We then assumed that only individuals with risk scores higher than the cutoff would be invited to undergo endoscopic examination. With a selected sensitivity of 100% (preset cutoff thresholds of 0.0007531 and 0.0049615 for ≤60-year and >60-year old age groups respectively) and 80% (preset cutoff thresholds of 0.0037069 and 0.0102338 for ≤60-year and >60-year old age groups respectively), this diagnostic model avoids 27% and 70% of endoscopies at the two sensitivities respectively in the ≤60-year age group, and avoids 9% and 40% of endoscopies respectively in the >60-year age group (21). After baseline endoscopic examination, a progression risk assessment was performed for patients in whom precancerous lesions were identified, including lesions pathologically diagnosed as mild or moderate dysplasia, and lesions with unstained areas. Similarly, progression risk scores for these patients were derived from the prognostic model that had been established based on age, pathologic diagnosis, BMI, and index of staining abnormalities (16). Using quartiles of risk scores as cutoff points, all subjects under evaluation were then divided into four subgroups with decreasing progression risk levels (high, intermediate-high, intermediate, and low; with corresponding risk score ranges of ≤4.0, 4.1~6.7, 6.8~12.0, and ≥12.1) (16). This model-based precision endoscopic surveillance had been proven to be able to increase the accuracy of predicting progression from 70% using the pathologic diagnosis alone to nearly 90%, and yielded protection for the missing 40% of SDA cases which had progressed by including them in surveillance (16).




Figure 1 | Structure of decision tree model for esophageal cancer screening strategies. HIR, High Incident-risk Rate in the prediction model at baseline according to adopted cutoff value and sensitivity (“1” refers to not using prediction model and screening for all enrolled participants at baseline). R_SDA, Detection rate of SDA cases for ESCC in the initial examination. R_MoD, Detection rate of Moderate dysplasia cases in the initial examination. R_MD, Detection rate of Mild dysplasia cases in the initial examination. R_U, Detection rate of subjects with visualization of unstained areas and non-dysplasia pathology diagnosis in the initial examination. PS, Adopting pathology-based surveillance. “0” refers to negative and “1” refers to positive. P_MD, Proportion of subjects with a diagnosis of Mild Dysplasia among all subjects with a diagnosis of MD, MoD or U. P_MoD, Proportion of subjects with a diagnosis of Moderate Dysplasia among all subjects with a diagnosis of MD, MoD or U. P_U, Proportion of subjects with a diagnosis of Unstaining and non-dysplasia among all subjects with a diagnosis of MD, MoD or U. In_MoD, Incidence rate (per person-year) of SDA cases in the surveillance among subjects with a diagnosis of Moderate Dysplasia. (“—” refers to no pathology-based surveillance adopted); F_MoD, Average follow-up interval (years) between baseline screening and re-examination for subjects with a diagnosis of Moderate Dysplasia. In_MD, Incidence rate (per person-year) of SDA cases in the surveillance among subjects with a diagnosis of Mild Dysplasia. (“—” refers to no pathology-based surveillance adopted); F_MD, Average follow-up interval (years) between baseline screening and re-examination for subjects with a diagnosis of Mild Dysplasia. RS, Adopting Risk-based Surveillance. “0” refers to negative and “1” refers to positive. SI, Surveillance for Intermediate high-risk subjects. “0” refers to negative and “1” refers to positive. (“—” refers to no risk-based surveillance adopted); R_high, Rate of high progression risk. (“—” refers to no risk-based surveillance adopted); R_inter, Rate of intermediate-high risk. (“—” refers to no risk-based surveillance adopted); In_high, Incidence rate (per person-year) of SDA cases in the surveillance among subjects with high progression risk. (“—” refers to no risk-based surveillance adopted); F_high, Average follow-up interval (years) between baseline screening and re-examination for subjects with high progression risk. In_inter, Incidence rate (per person-year) of SDA cases in the surveillance among subjects with intermediate high progression risk. (“—” refers to no risk-based surveillance adopted); F_inter, Average follow-up interval (years) between baseline screening and re-examination for subjects with intermediate high progression risk.



For each strategy, cost and effectiveness were estimated in the <60-year group (9980 participants) and the ≥60-year group (5057 participants) respectively and then summed up as the total cost and effectiveness of the strategy. To evaluate precision screening strategies with varied combinations of risk-stratification capability, different risk thresholds were selected for both models. Two model sensitivities (100% or 80%) were first utilized for risk stratification at baseline screening. For subsequent surveillance (endoscopic re-examination). Two alternatives were designed including enrolling subjects with high progression risk or high and intermediate-high progression risk for endoscopic re-examination. The risk scores for prevalent cancer and progression of precancerous lesions for all 15073 participants included in this modeling study had already been calculated using the two previously derived models. In our simulation, each subject could be assigned to different screening interventions according to the risk thresholds which we adopted. The final status of each participant was therefore determined once the two risk thresholds were decided, and transmission rates of the target population could be obtained. Eventually, a total of 4 (2*2) precision screening strategies were constructed through permutation and combination of risk thresholds at each of the two steps (baseline screening and endoscopic surveillance) as follows:

	1) precision strategy_1: model sensitivity of 100% at baseline screening, and surveillance for subgroups with high and intermediate high risk of progression

	2) precision strategy_2: model sensitivity of 100% at baseline screening, and surveillance for subgroups with high risk of progression

	3) precision strategy_3: model sensitivity of 80% at baseline screening and surveillance for subgroups with high and intermediate high risk of progression

	4) precision strategy_4: model sensitivity of 80% at baseline screening and surveillance for subgroups with high risk of progression





Cost and effectiveness

This study focuses on the effectiveness of risk stratification for improving the detection rate of a screening program from the perspective of the public payer. All related costs generated during the screening intervention (referred to as screening costs below) were considered, such as costs for drugs, equipment, and administrative costs for the screening program. The average cost of $134 (conversed to the year 2018) per person-time for endoscopic examination had been reported in our previous research and directly used in this modeling study (baseline or re-examination) (23). A discount rate of 3% had been adopted in the initial estimation of the average screening cost, and no discounting was performed for costs and outcomes in this decision tree analysis. A response rate of 0.661 from real-world evidence was adopted for re-examination acceptance (16). The response rate was assumed to be the same in pathology-based and risk-based surveillance since the standards for participant selection were unlikely to influence the willingness for acceptance. Risk assessment could be implemented using information available from existing questionnaires and baseline screening diagnosis, the cost of which had been mostly covered by the screening cost. Costs for risk assessment were therefore assumed to be zero in our precision screening strategies. The effectiveness evaluated in this study was defined as the total number of SDA cases detected in baseline screening and endoscopic surveillance in the screening cohort of the ESECC trial under varied precision screening strategies. The control arm was not considered in this study, and cost-effectiveness was compared for different screening strategies designed for the screening arm. In real-world practice, a total of 163 SDA cases were identified in the screening arm, including those detected in the universal baseline screening and in the one-time re-examination, as well as those diagnosed clinically and reported during follow-up. Given this fact, we took 163 as the maximum number of SDA cases that were supposed to be detected during the study period, and a protection rate was calculated for each strategy as the ratio of effectiveness to the 163 SDA cases.



Cost-effectiveness evaluation

A decision tree model was developed (using the “heemod” package in R3.6.2) to project the costs and effectiveness of four precision strategies and the traditional strategy, and the analysis was reported according to the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) statement (24). For each strategy, a cohort of 15037 residents from the screening arm of the ESECC trial were entered into the model, and some were invited to baseline screening and endoscopic surveillance decided by preset risk thresholds, resulting in differing final status as illustrated in Figure 1.

The base-case analysis a comparison of the traditional screening strategy and other precision screening strategies. All of these strategies have the same structure (Figure 1), but have different transition probabilities obtained from our previous studies where the two prediction models were established. (Table 1). The incremental cost for detecting one additional SDA case was estimated in two ways, using the previous less costly strategy and the traditional strategy as reference respectively.


Table 1 | Age-stratified parameters and reference sources of two-step precision screening strategies in the decision tree model for esophageal cancer screening in high-risk areas of China.





Sensitivity analysis

Probabilistic sensitivity analysis was conducted using Monte Carlo simulations involving random sampling from distributions assigned to parameters, including the average screening cost of endoscopic examination, response rate of subjects in the re-examination (proportion of participants who accepted endoscopic re-examination upon invitation), follow-up interval for individuals at high-risk and intermediate-high-risk after baseline screening, and the follow-up interval for mild dysplasia and moderate dysplasia individuals after baseline screening, to investigate simultaneous effects of parameter uncertainty of the base-case results. Compared with the same follow-up interval (4.358 years) set for individuals with mild dysplasia and moderate dysplasia in base case analysis, gamma distributions with different mean values (1 year for mild dysplasia or high progression risk individuals; 3 years for moderate dysplasia or intermediate-high progression risk individuals) were assigned to individuals with varied progression risks in probabilistic sensitivity analysis in consideration of recommendations by expert consensus. (Supplementary Table 1 in Online Resource 1) One-way sensitivity analysis for the same set of parameters above were also performed for cost-effective strategies. Based on simulations of 1000 iterations, cost-effectiveness acceptability curves (CEACs) and cost-effectiveness acceptability frontiers (CEAFs) were drawn to present the optimal decisions under different WTP ranges, together with the uncertainty level associated with each optimal decision. Unlike the “two-step” precision strategy_1~4 where risk-stratification was conducted at both baseline screening and at endoscopic surveillance, strategies adopting “one-step” risk-stratification at either baseline screening or subsequent endoscopic surveillance (precision strategy_5~8) were also designed and evaluated in the supplementary analysis. Precision strategy_5/6 adopted only model-based baseline screening with sensitivities of 100%/80% respectively. Precision strategies_7/8 adopted only model-based endoscopic surveillance for participants with high and intermediate high progression risk/high progression risk. Parameters for precision strategies_5~8 are presented in Supplementary Table 2 (Online Resource 1).




Results


Cost-effectiveness of screening strategies

In the base case analysis, all precision strategies showed better performance with considerably lower average costs for detecting one SDA case as compared to the traditional strategy, ($7,148~$11,537 vs. $14,944) (Table 2). When the model sensitivity was set as 100% at baseline, precision strategy_1 and precision strategy_2 achieved higher effectiveness (143~150 vs. 136) and correspondingly higher protection rates (87·7%~92·0% vs. 83·4%) at much lower costs ($1,649,727~$1,672,221 vs. $2,032,386) than the traditional strategy. When a lower model sensitivity of 80% was selected for precision strategy_3 and precision strategy_4 at baseline, total costs decreased sharply to only 40% ($808,420~$822,061 vs. $2,032,386), while effectiveness remained at approximately 85% (111~115 vs. 136) compared to the traditional strategy, resulting in the lowest average screening costs of nearly half ($7,148~$7,283 vs. $14,944).


Table 2 | Cost-effectiveness of esophageal cancer screening strategies from the ESECC trial in high-risk areas of China.



ICERs were calculated across all strategies and the cost-effectiveness plane is presented in Supplementary Figure 1 (Online Resource 1). The cost-effectiveness frontier consisted of 3 strategies: precision screening_4, precision screening_3, and precision screening_1, which generated increasing ICERs of $3,410 and $24,290 (Table 2). When compared with the traditional strategy, strategy precision screening_2 and strategy precision screening_1 had negative ICERs (-$54,666/SDA~-$25,726/SDA), indicating increased effectiveness at lower cost.

Comparing precision strategies with the same model sensitivity set at baseline, precision strategy_3 had a relatively lower average cost than precision strategy_4 ($7,148 vs. $7,283) due to the higher protection rate (70·6% vs. 68·1%) from a broader range of surveillance (high and intermediate high progression risk) and slightly increased total cost, which is the same for comparison of precision strategy_1 and precision strategy_2.



Sensitivity analysis

Figure 2 shows cost-effectiveness acceptability curves (CEACs) and a cost-effectiveness acceptability frontier (CEAF) presenting optimal strategies with probabilities of being cost-effective under different WTPs. For resource-limited areas with a WTP threshold of less than $9,465/SDA, precision strategy_4 (80%; surveillance for high progression risk) which incurred the lowest total screening cost was the optimal choice. When WTP varied within a range of $9,465~$60,478/SDA, precision strategy_3 (80%; surveillance for high and intermediate high progression risk) became the preferred screening strategy. When WTP became greater than $60,478/SDA, precision strategy_1 (100%; surveillance for high and intermediate high progression risk) with the lowest average cost and the highest protection rate remained the dominant strategy with a probability of 100% of being optimal.




Figure 2 | Cost-Effectiveness Acceptability Curves (CEACs) and Frontier (CEAF) in the Probability Sensitivity Analysis (PSA) of different screening strategies.



In one-way sensitivity analysis for cost-effective strategies (Supplementary Figure 2 in Online Resource 1), the ICER of precision screening_3 to precision screening_4 was sensitive to the surveillance interval for intermediate-high progression risk individuals. The ICER of precision screening_1 to precision screening_3 was sensitive to average screening cost, the response rate for re-examination, and surveillance intervals for high and intermediate-high progression risk individuals.

When comparing the traditional strategy with “one-step” precision screening strategies (precision strategy_5~8), all three cost-effective strategies were precision screening strategies, including precision strategies_6 & 5 applying model-based baseline screening at a sensitivity of 80% and 100%, and precision strategy_7 applying model-based surveillance for individuals with high and intermediate high progression risk (Table 3).


Table 3 | Cost-effectiveness of one-step precision strategies for esophageal cancer screening in high-risk area of China.






Discussion

Secondary prevention is currently an important means of control for ESCC worldwide. However, conventional universal endoscopic screening at baseline together with pathology-based surveillance would qualify a large number of low-risk individuals for screening and re-examination, exposing them to an unnecessary invasive examination which might result in increased budgetary pressure. More importantly, insufficient diagnosis and inadequate re-examination resulting from conventional pathology-based surveillance may impair the protection ability of the screening by mistakenly excluding individuals at high risk of progression from surveillance. Several population-level endoscopic screening programs for ESCC have been carried out in high-risk areas of China over the past several decades, and the screening strategy currently employed urgently calls for refinement to achieve better allocation of health resources. Concepts for precision screening modalities based on two risk prediction models for ESCC generated from a real-world screening trial have been proposed (20). In this study, health economic evaluations were conducted to compare the cost-effectiveness of risk-stratification-based precision screening modalities with traditional screening practices. All three cost-effective strategies were precision screening strategies with much lower average costs for detecting one patient with a malignant lesion in the esophagus. When using the traditional strategy as the reference strategy, precision strategy_1 (100%; surveillance for high and intermediate high progression risk) and precision strategy_2 (100%; surveillance for high progression risk) obtained negative ICERs with higher effectiveness and lower total costs as compared to traditional strategy. To the best of our knowledge, this is the first study to evaluate the cost-effectiveness of “two-step” model-based precision endoscopic screening modalities for ESCC in China.

Risk stratification tools with good performance are a crucial precondition for excellence in personalized cancer screening programs in view of the challenges confronted in the use of conventional screening strategy. It has been reported that up to 73·7% of all participants in a screening program accepted pathologic biopsy at baseline because of abnormal iodine staining. However, less than 3% of those who accepted pathologic biopsy were diagnosed with SDA (15). With the use of a model which predicts the risk of “currently carrying malignant lesions of ESCC” at baseline screening, 21% of endoscopic examinations could be avoided at a model sensitivity of 100%, and a higher proportion of 60% could be avoided at a sensitivity of 80% (21). This is of significant value when resources for endoscopic screening are extremely limited and identifying greater numbers of cancer patients at a lower average cost is the highest priority. Since examinations at baseline account for a large proportion of the total workload, risk classification at this step can play a key role in total cost saving. Second, for conventional pathology-based endoscopic surveillance, results from over 8·5 years of follow-up showed that only 1·4% of mild dysplasia and 4·5% of moderate dysplasia progressed to ESCC (15). Moreover, in another study, after a median follow-up interval of 4·2 years, over 40% of SDA cases which had progressed were assigned a nondysplasia pathologic diagnosis. These cases would have been excluded from pathology-based surveillance (16). Through risk stratification based on a model which considers comprehensive risk factors to a greater extent than baseline pathologic diagnosis, the protection rate could be improved with just a slight increase in the endoscopic surveillance workload. Moreover, the protection rate might be further increased if a greater effort was invested in achieving a higher response rate during invitation and mobilization for re-examination, as this model also performs well among those who did not attend endoscopic re-examination (16). It is noteworthy that in comparison to other risk prediction models which merely focus on esophageal cancer cases from observational cohorts (25), our precision screening modalities which are based on real-world screening trials also gave attention to outcomes for malignant precancerous ESCC lesions such as severe dysplasia. This was of greater practical value in early detection and early treatment for cancer prevention. As far as we are concerned, the “two-step” precision screening modalities and risk prediction models are the most complete and precise risk classification tools for ESCC screening in China to date and are easy to implement in practice.

Precision screening strategies with different combinations of risk thresholds at baseline and under surveillance showed varied cost and effectiveness, demonstrating the balance of cost savings and improvement of effectiveness under the joint control of risk stratification at baseline enrollment and endoscopic surveillance. Compared to traditional strategy, precision strategy_1 and precision strategy_2 with a model sensitivity of 100% at baseline could not only achieve an approximately 20% total cost savings (1·6 vs. 2 million dollars) but also yield higher protection rates (87·7%~92·0% vs. 83·4%) from model-based surveillance, contributing to outstanding resource utilization with negative ICERs. When a lower sensitivity of 80% was selected at baseline for precision strategy_3 and precision strategy_4, the effect on cost savings (0·8 vs. 2 million) far exceeded the loss of total effectiveness (111~115 vs. 136) due to the enrollment of fewer participants. The lowest average cost for detecting one SDA case was therefore achieved with precision strategy_3 ($7,148). Supplementary analysis of precision strategy_5~8 with an application of precision screening at either step provided further information, demonstrating that risk stratification at baseline screening and endoscopic surveillance may contribute to cost savings and improved effectiveness respectively.

According to the results of sensitivity analysis, precision strategy_1 detected the most SDA cases of all strategies, maintained a probability of around 100%, and was the optimal strategy when WTP was greater than 24.29 thousand dollars, displaying absolute dominance over other precision strategies. In underdeveloped areas with WTP ranges of 0~3.41 and 3.41~24.29 thousand dollars, the recommended choice of strategy is precision strategy_3 and precision strategy_4 respectively, with a lower sensitivity of 80% at baseline enrollment and corresponding total screening costs which are much lower. Although a specific WTP threshold was not adopted in this study, the optimal strategy and its uncertainty under different WTP ranges presented by the CEAF curve could still provide implications for precision screening strategy formulation in areas of China with differing capacities to pay. However, we must be careful about the theoretical recommendation of a lower model sensitivity in real-world community-based screening practice. On one hand, a lower sensitivity may result in a higher risk threshold, and fewer residents would enroll in the screening program compared with a sensitivity of 100% or traditional universal screening, which might cause social problems related to satisfaction with the program, or with ethics and health equities. This in particular might occur in less developed communities where cancer screening provided by the government is more likely to be considered as public welfare. On the other hand, we should keep in mind that risk assessment scores lower than the preset cutoff do not guarantee an absolute low risk of ESCC from an individualized point of view. It is therefore of great importance to provide clear informed consent and health education during the implementation of risk-stratified precision cancer screening.

In previous studies of precision screening for ESCC, a modeling study by Xia et al. reported that risk-stratified endoscopic screening for esophageal cancer is more cost-effective than universal screening or absence of screening based on simulated populations and parameters compiled from several sources (26). However, this study modeled a screening modality which was carried out only once in a lifetime, and this is not in keeping with current screening practice. Moreover, this approach had been repeatedly proven to be less cost-effective than screening involving follow-up and re-examination in other modeling studies (27–29). High-quality comparative evaluations based on real-world screening and data for comprehensive precision screening modalities regarding baseline screening as well as following endoscopic surveillance are urgently needed.

Compared to other modeling studies, the study subjects, screening cost, health outcomes, construction of two risk prediction models, and the epidemiologic parameters of this research were all high-quality real-world data obtained from the ESECC screening cohort, in which local populations were well represented. In addition, with the application of two risk-stratification models which perform well, the precision screening strategies constructed in this study showed steady dominance over the traditional strategy under varied WTPs, providing practical guidance for policy-making under varying social development statuses.

This study has limitations. It was a single-center study, and the performance of a given precision screening strategy may not fit well in other populations with different characteristics. In addition, the short-term outcome of SDA cases in this study, which is also the primary appraisal indicator for screening programs by government departments, was only able to investigate cost-effectiveness with regard to the detection rate. The long-term value of risk-stratified screening intervention still requires systematic evaluation based on population-level randomized controlled trials, using life years or QALYs as effectiveness measurement. Such evidence from the ESECC trial will be reported in the near future.



Conclusions

In comparison with traditional universal screening, precision screening strategies taking advantage of well-performing prediction models to achieve risk classification at baseline screening and endoscopic surveillance can largely avoid unnecessary screening for low-risk individuals, conserve health resources and increase the protection rate for cancer screening. This all shows great potential for improvement of the cost-effectiveness of ESCC cancer screening programs in undeveloped high-risk areas of China.



Data availability statement

The datasets presented in this article are not readily available because the datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request. Requests to access the datasets should be directed to zhonghuhe@foxmail.com.



Ethics statement

The studies involving human participants were reviewed and approved by the Institutional Review Board of the Peking University School of Oncology, Beijing, China. The patients/participants provided their written informed consent to participate in this study.



Author contributions

ZH and FXL contributed to the conception and design of the study. ML, CG, RX, FLL, ZL, YP, FFL, YL, HC, and ZH, contributed to the acquisition of data. FXL and ZH contributed to data analysis. YK, ZH, and FXL contributed to interpretation of data and checking results. YK, ZH, and FXL contributed to drafting the manuscript, which was reviewed and approved by all coauthors. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Science & Technology Fundamental Resources Investigation Program of China (No. 2019FY101102), the National Key R&D Program of
China (No. 2021YFC2500405), the National Natural Science Foundation of China (No. 82073626, 81773501), the BeijingTianjin-Hebei Basic Research Cooperation Project (No. J200016), the Beijing Nova Program (No. Z201100006820093) and the China Postdoctoral Science Foundation (Grant No.
2022M723289). Those involved in the funding of this study had no role in the study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding authors had full access to all data in the study and had final responsibility for the decision to submit for publication.



Acknowledgments

The authors thank all the following team members and collaborators for their contributions to the field work done for this study, including endoscopic examinations and pathologic diagnosis (in alphabetical order by last name and first name): Changqi Cao, Qiuju Deng, Dong Hang, Jingjing li, Shijie li, Xiang Li, Yan li, Zhihao Lu, Lin Shen, Na Shen, Haixing Wang, Hui Wang, Jing Wang, Xicheng Wang, Qi Wu, Yan Yan, Wenqing Yuan, Chanyuan Zhang, Chaoting Zhang, Xiaotian Zhang, and Jun Zhou from Peking University Cancer Hospital & Institute; Liping Duan, Kun Wang, Ye Wang, and Li Zhang from Peking University Third Hospital; Wanju Gao, Mei Guo, Anxiang Liu, Qianqian Meng, Haijun Yang, Jun Yang, Liheng Zhang, Lixin Zhang, and Sanshen Zhang from Anyang cancer Hospital, Henan Province; Yujie He, Shaojiang Lv, and Xiangqin Song from the People’s Hospital of Hua county, Henan Province; Xin Yang and Weiguo Xu from the North China University of Science and Technology Affiliated Hospital, Hebei Province; Zengchao Chen from Shandong Qianfoshan Hospital, Shandong Province. The authors would also like to thank the government of Anyang City and Hua County, the Health Commission of Anyang City and Hua County, Henan Province, and all the participants in the ESECC trial.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.1002693/full#supplementary-material



Abbreviations

EC, esophageal cancer; ESCC, esophageal squamous cell carcinoma; ESECC, Endoscopic Screening for Esophageal Cancer in China; SDA, severe dysplasia and above lesions in the esophagus; ICER, incremental cost-effectiveness ratio; CEAC, cost-effectiveness acceptability curve; CEAF, cost-effectiveness acceptability frontier; WTP, willingness to pay; PSA ,probability sensitivity analysis.



References

1. Abnet, CC, Arnold, M, and Wei, WQ. Epidemiology of esophageal squamous cell carcinoma. Gastroenterology (2018) 154(2):360–73. doi: 10.1053/j.gastro.2017.08.023

2. Liang, H, Fan, JH, and Qiao, YL. Epidemiology, etiology, and prevention of esophageal squamous cell carcinoma in China. Cancer Biol Med (2017) 14(1):33–41. doi: 10.20892/j.issn.2095-3941.2016.0093

3. Liu, M, He, Z, Guo, C, Xu, R, Li, F, Ning, T, et al. Effectiveness of intensive endoscopic screening for esophageal cancer in China: A community-based study. Am J Epidemiol (2019) 188(4):776–84. doi: 10.1093/aje/kwy291

4. Wei, WQ, Chen, ZF, He, YT, Feng, H, Hou, J, Lin, DM, et al. Long-term follow-up of a community assignment, one-time endoscopic screening study of esophageal cancer in China. J Clin Oncol (2015) 33(17):1951–7. doi: 10.1200/JCO.2014.58.0423

5. Zeng, H, Chen, W, Zheng, R, Zhang, S, Ji, JS, Zou, X, et al. Changing cancer survival in China during 2003-15: a pooled analysis of 17 population-based cancer registries. Lancet Glob Health (2018) 6(5):e555–e67. doi: 10.1016/S2214-109X(18)30127-X

6. Wang, GQ, Jiao, GG, Chang, FB, Fang, WH, Song, JX, Lu, N, et al. Long-term results of operation for 420 patients with early squamous cell esophageal carcinoma discovered by screening. Ann Thorac Surg (2004) 77(5):1740–4. doi: 10.1016/j.athoracsur.2003.10.098

7. Dawsey, SM, Fleischer, DE, Wang, GQ, Zhou, B, Kidwell, JA, Lu, N, et al. Mucosal iodine staining improves endoscopic visualization of squamous dysplasia and squamous cell carcinoma of the esophagus in linxian, China. Cancer (1998) 83(2):220–31. doi: 10.1002/(SICI)1097-0142(19980715)83:2<220::AID-CNCR4>3.0.CO;2-U

8. Zeng, H, Zheng, R, Zhang, S, Zuo, T, Xia, C, Zou, X, et al. Esophageal cancer statistics in China, 2011: Estimates based on 177 cancer registries. Thoracic Cancer (2016) 7(2):232–7. doi: 10.1111/1759-7714.12322

9. National Health and Family Planning Commission of China. Work report of the cancer early detection and treatment project 2014-2015.

10. Wang, GQ, and Wei, WW. A new transition of the screening, early diagnosis and early treatment project of the upper gastrointestinal cancer: opportunistic screening. Zhonghua Yu Fang Yi Xue Za Zhi (2019) 53(11):1084–7. doi: 10.3760/cma.j.issn.0253-9624.2019.11.002

11. He, Z, Zhao, Y, Guo, C, Liu, Y, Sun, M, Liu, F, et al. Prevalence and risk factors for esophageal squamous cell cancer and precursor lesions in anyang, China: a population-based endoscopic survey. Br J Cancer (2010) 103(7):1085–8. doi: 10.1038/sj.bjc.6605843

12. Yang, J, Wei, QW, Niu, J, He, YT, Liu, ZC, Song, GH, et al. Estimating the costs of esophageal cancer screening, early diagnosis and treatment in three high risk areas in China. Asian Pac J Cancer Prev (2011) 12:1245–50.

13. He, Z, Liu, Z, Liu, M, Guo, C, Xu, R, Li, F, et al. Efficacy of endoscopic screening for esophageal cancer in China (ESECC): design and preliminary results of a population-based randomised controlled trial. Gut (2019) 68(2):198–206. doi: 10.1136/gutjnl-2017-315520

14.Association of Digestive Endoscopy CSoM, Committee of Endoscopic Oncology and Chinese Anti-Cancer Society. Experts' consensus on the endoscopic screening, diagnosis and treatment of early esophageal cancer in China (2019 xinxiang). Chin J Dig Endosc (2019) 36(11):793–801. doi: 10.3760/cma.j.issn.1007-5232.2019.11.001

15. Wei, WQ, Hao, CQ, Guan, CT, Song, GH, Wang, M, Zhao, DL, et al. Esophageal histological precursor lesions and subsequent 8.5-year cancer risk in a population-based prospective study in China. Am J Gastroenterol (2020) 115(7):1036–44. doi: 10.14309/ajg.0000000000000640

16. Liu, M, Liu, Z, Liu, F, Guo, C, Xu, R, Li, F, et al. Absence of iodine staining associates with progression of esophageal lesions in a prospective endoscopic surveillance study in China. Clin Gastroenterol Hepatol (2020) 18(7):1626–35. doi: 10.1016/j.cgh.2019.08.058

17. Xie, SH, and Lagergren, J. A model for predicting individuals' absolute risk of esophageal adenocarcinoma: Moving toward tailored screening and prevention. Int J Cancer (2016) 138(12):2813–9. doi: 10.1002/ijc.29988

18. Gordon, LG, and Mayne, GC. Cost-effectiveness of barrett's oesophagus screening and surveillance. Best Pract Res Clin Gastroenterol (2013) 27(6):893–903. doi: 10.1016/j.bpg.2013.08.019

19. Yang, Y, Chen, HN, Wang, R, Tang, YJ, and Chen, XZ. Cost-effectiveness analysis on endoscopic surveillance among Western patients with barrett's esophagus for esophageal adenocarcinoma screening. Medicine (2015) 94(39):e1105. doi: 10.1097/MD.0000000000001563

20. He, Z, and Ke, Y. Precision screening for esophageal squamous cell carcinoma in China. Chin J Cancer Res (2020) 32(6):673–82. doi: 10.21147/j.issn.1000-9604.2020.06.01

21. Liu, M, Liu, Z, Cai, H, Guo, C, Li, X, Zhang, C, et al. A model to identify individuals at high risk for esophageal squamous cell carcinoma and precancerous lesions in regions of high prevalence in China. Clin Gastroenterol Hepatol (2017) 15(10):1538–46.e7. doi: 10.1016/j.cgh.2017.03.019

22. Shi, C, Liu, M, Liu, Z, Guo, C, Li, F, Xu, R, et al. Using health insurance reimbursement data to identified incident cancer cases. J Clin Epidemiol (2019) 114:141–9. doi: 10.1016/j.jclinepi.2019.06.009

23. Li, F, Li, X, Guo, C, Xu, R, Li, F, Pan, Y, et al. Estimation of cost for endoscopic screening for esophageal cancer in a high-risk population in rural China: Results from a population-level randomized controlled trial. Pharmacoeconomics (2019) 37(6):819–27. doi: 10.1007/s40273-019-00766-9

24. Husereau, D, Drummond, M, Augustovski, F, de Bekker-Grob, E, Briggs, AH, Carswell, C, et al. Consolidated health economic evaluation reporting standards 2022 (CHEERS 2022) statement: Updated reporting guidance for health economic evaluations. Pharmacoeconomics (2022) 40(6):601–9. doi: 10.1007/s40273-021-01112-8

25. Li, H, Sun, D, Cao, M, He, S, Zheng, Y, Yu, X, et al. Risk prediction models for esophageal cancer: A systematic review and critical appraisal. Cancer Med (2021) 10(20):7265–76. doi: 10.1002/cam4.4226

26. Xia, R, Li, H, Shi, J, Liu, W, Cao, M, Sun, D, et al. Cost-effectiveness of risk-stratified endoscopic screening for esophageal cancer in high-risk areas of China: a modeling study. Gastrointest Endosc (2022) 95(2):225–35.e20. doi: 10.1016/j.gie.2021.08.008

27. 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(8):e2121403. doi: 10.1001/jamanetworkopen.2021.21403

28. Yuanyuan, LI, Du, L, Wang, Y, Gu, Y, and Dong, H. Modeling the cost-effectiveness of esophageal cancer screening in China. Cost Eff Resour Alloc (2020) 10:18:33. doi: 10.1186/s12962-020-00230-y

29. Wu, B, Wang, ZH, and Zhang, Q. Age at initiation and frequency of screening to prevent esophageal squamous cell carcinoma in high-risk regions: an economic evaluation. Cancer Prev Res (2020) 13(6):543–50. doi: 10.1158/1940-6207.CAPR-19-0477



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.

Copyright © 2022 Li, Liu, Guo, Xu, Li, Liu, Pan, Liu, Liu, Cai, He and Ke. 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.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Cost-effectiveness of precision screening for esophageal cancer based on individualized risk stratification in China: Real-world evidence from the ESECC trial

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Highlights

        



        		

          Background

        



        		

          Methods

        

          		

            Study platform

          



          		

            Screening strategies and model building

          



          		

            Cost and effectiveness

          



          		

            Cost-effectiveness evaluation

          



          		

            Sensitivity analysis

          



        



        



        		

          Results

        

          		

            Cost-effectiveness of screening strategies

          



          		

            Sensitivity analysis

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-1002693-g002.jpg
Probabillity of being optimal

Cost-Effectiveness Acceptabllity Curves and Frontier for all screening strategies

1.001

0.751 4

0.501

0.254

0.001

T T T T T
0 5 10 15 20 25 30 35 40 45 5 55 60 65 70 75 8 85
Willingness to pay (Thousand $/DSA)

-#- Precision screening_4 -+ Precision screening_2 -¢- Traditional screening
-e— Precision screening 3 —+ Precision screening 1 +F Frontier

Strategy

90






OEBPS/Images/table2.jpg
Strategy Baseline Surveillance Cost  Effectiveness Cost/ Protection  ICER (per SDA detected)

enrollment enrollment (USD) (SDA) Effectiveness rate®
vs. traditional  vs. previous
screening strategy”

Precision Model-based Model-based 808,420 111 7,283 68.1% 48,959 N/A
screening 4  (Sensitivity of  (High progression risk)

80%)
Precision Model-based Model-based 822,061 115 7,148 70.6% 57,635 $ 3,410
screening_ 3 (Sensitivity of  (High and intermediate

80%) high progression risk)
Precision Model-based Model-based 1,649,727 143 11,537 87.7% -54,666 Extended
screening 2 (Sensitivity of (High progression risk) Dominated

100%)
Precision Model-based Model-based 1,672,221 150 11,148 92.0% -25,726 $ 24,290
screening_ 1 (Sensitivity of ~ (High and intermediate

100%) high progression risk)
Traditional ~ Universal Pathology-based 2,032,386 136 14,944 83.4% N/A Dominated
screening screening

ESECC, the Endoscopic Screening for Esophageal Cancer in China (ESECC) randomized controlled trial (Clinical trial: NCT01688908); USD, US Dollars; ICER, Incremental Cost
Effectiveness Ratio; SDA, Severe Dysplasia and Above lesions for esophageal squamous cell carcinoma.

“Protection rate was calculated for each strategy as the ratio of effectiveness to the 163 SDA cases detected in the universal baseline screening and in a large-scale re-examination as well as
cases identified through follow-up from the screening cohort of the ESECC trial in the real world.

PPrevious strategy refers to previous less costly strategy that is not dominated or extended dominated.
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ESECC, the Endoscopic Screening for Esophageal Cancer in China (ESECC) randomized controlled trial (Clinical trial: NCT01688908); USD, US Dollars; ICER, Incremental Cost
Effectiveness Ratio; SDA, Severe Dysplasia and Above lesions for esophageal squamous cell carcinoma.

“Protection rate was calculated for each strategy as the ratio of effectiveness to the 163 SDA cases detected in the universal baseline screening and a large-scale re-examination as well as cases
identified through follow-up from the screening cohort of the ESECC trial in the real world.

®Previous strategy refers to previous less costly strategy that is not dominated or extended dominated.
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*HIR, High Incident-risk Rate in the prediction model at baseline according to adopted cutoff value and sensitivity (“1” refers to not using prediction model and screening for all enrolled participants at baseline).
PR_SDA, Detection rate of SDA cases for ESCC in the initial examination.

“R_MoD: Detection rate of Moderate dysplasia cases in the initial examination.

“UR_MD: Detection rate of Mild dysplasia cases in the initial examination.

“R_U, Detection rate of subjects with visualization of unstained areas and non-dysplasia pathology diagnosis in the initial examination.

PS, Adopting pathology-based surveillance. “0” refers to negative and *1” refers to positive.

Ep_MD, Proportion of subjects with a diagnosis of Mild Dysplasia among all subjects with a diagnosis of MD, MoD or U,

"P_MoD, Proportion of subjects with a diagnosis of Moderate Dysplasia among all subjects with a diagnosis of MD, MoD or U.

'P_U, Proportion of subjects with a diagnosis of Unstaining and non-dysplasia among all subjects with a diagnosis of MD, MoD or U.

Jin_MoD, Incidence rate (per person year) of SDA cases in the surveillance among subjects with a diagnosis of Moderate Dysplasia. (*—” refers to no pathology-based surveillance adopted).
“E_MoD, Average follow-up interval (years) between baseline screening and re-examination for subjects with a diagnosis of Moderate Dysplasia.

! In_MD: Incidence rate (per person year) of SDA cases in the surveillance among subjects with a diagnosis of Mild Dysplasia. (“—" refers to no pathology-based surveillance adopted).
™E_MD, Average follow-up interval (years) between baseline screening and re-examination for subjects with a diagnosis of Mild Dysplasia.

"R, Adopting Risk-based Surveillance. “0” refers to negative and *1” refers to positive.

* Si: Surveillance for Intermediate high-risk subjects. “0” refers to negative and “1” refers to positive. (" refers to no risk-based surveillance adopted).

PR _high, Rate of high progression risk. (“—" refers to no risk-based surveillance adopted).

IR _inter, Rate of intermediate-high risk. (" refers to no risk-based surveillance adopted).

“In_high, Incidence rate (per person year) of SDA cases in the surveillance among subjects with high progression risk. (*—" refers to no risk-based surveillance adopted).

*E_high, Average follow-up interval (years) between baseline screening and re-examination for subjects with high progression risk.

"In_inter, Incidence rate (per person year) of SDA cases in the surveillance among subjects with intermediate high progression risk. (*—" refers to no risk-based surveillance adopted)
“E_inter, Average follow-up interval (years) between baseline screening and re-examination for subjects with intermediate high progression risk.
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