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Abstract

:

Simple Summary


Breast cancer screening is associated with benefits, such as mortality reduction and improved quality of life, and harms, such as false-positive results, overdiagnoses, and costs. Novel screen tests could be considered to reduce the harms and increase the benefits of screening. Liquid biopsies have been proposed as a novel method for the early detection of breast cancer. However, studies show that liquid biopsies based on cell-free DNA have a low sensitivity for early-stage breast cancer. Using the microsimulation model MISCAN-Fadia, we model the benefits, harms, and costs of the early detection of breast cancer using liquid biopsies for varying levels of liquid biopsy sensitivity and specificity. We found that liquid biopsies are unlikely to be an alternative to digital mammography, given the test performance based on a CCGA substudy. When liquid biopsies are unable to detect the precursor lesion of breast cancer—ductal carcinoma in situ (DCIS)—they need to be able to detect small, early-stage tumors, with high specificity, at low costs in order to be an alternative to digital mammography. We estimated a maximum liquid biopsy price of USD 187, which is substantially lower than currently listed prices.




Abstract


Breast cancer screening is associated with harms, such as false-positives and overdiagnoses, and, thus, novel screen tests can be considered. Liquid biopsies have been proposed as a novel method for the early detection of cancer, but low cell-free DNA tumor fraction might pose a problem for the use in population screening. Using breast cancer microsimulation model MISCAN-Fadia, we estimated the outcomes of using liquid biopsies in breast cancer screening in women aged 50 to 74 in the United States. For varying combinations of test sensitivity and specificity, we quantify the impact of the use of liquid biopsies on the harms and benefits of screening, and we estimate the maximum liquid biopsy price for cost-effective implementation in breast cancer screening at a cost-effectiveness threshold of USD 50,000. We investigate under what conditions liquid biopsies could be a suitable alternative to digital mammography and compare these conditions to a CCGA substudy. Outcomes were compared to digital mammography screening, and include mortality reduction, overdiagnoses, quality-adjusted life-years (QALYs), and the maximum price of a liquid biopsy for cost-effective implementation. When liquid biopsies are unable to detect DCIS, a large proportion of overdiagnosed cases is prevented but overall breast cancer mortality reduction and quality of life are lower, and costs are higher compared to digital mammography screening. Liquid biopsies prices should be restricted to USD 187 per liquid biopsy depending on test performance. Overall, liquid biopsies that are unable to detect ductal carcinoma in situ (DCIS) need to be able to detect small, early-stage tumors, with high specificity, at low costs in order to be an alternative to digital mammography. Liquid biopsies might be more suitable as an addition to digital mammography than as an alternative.
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1. Introduction


Breast cancer screening with digital mammography is associated with benefits and harms. Routine screening has been shown to reduce the risk of death by breast cancer up to 40% [1]. However, under the current strategy recommended by the United States Preventive Service Task Force (USPSTF), there are still 953 false-positive screens per 1000 women who are screened biennially from ages 50 to 74 in the U.S., meaning women are likely to receive 1 false-positive result in 13 rounds of screening during their lifetime. In addition, 19 women per 1000 women screened are over-diagnosed with breast cancer [2]. Overdiagnosis is defined as a cancer diagnosis that would otherwise not have caused symptoms or would not have caused death [3]. To overcome the harms of breast cancer screening with digital mammography, novel screening methods should be considered [4].



Liquid biopsies have been proposed as a novel method for the early detection of cancer [5]. Liquid biopsies offer a real-time, minimal-invasive method to detect cancer in the blood through circulating tumor biomarkers [6,7]. Currently, the Circulating Cell-Free Genome Atlas (CCGA) (NCT02889978) study is conducted to develop a blood-based assay based on the sequencing of circulating cell-free DNA (cfDNA) in combination with machine learning to detect multiple cancers early [8]. Two modeling studies show that multi-cancer early detection (MCED) may have a significant impact on population health, especially in cancers without a routine screening program [9,10].



However, due to the low tumor fraction of cfDNA in early-stage cancers [11,12,13,14,15], the suitability of liquid biopsies for early detection is debated [16,17]. There are currently no identified clinical tumor markers for ductal carcinoma in situ (DCIS) [18], the nonobligate precursor lesion of invasive breast cancer. In addition, CCGA and STRIVE (NCT03085888) results for early detection show an average sensitivity of 0% in stage I breast cancer [19] and show mostly detection of tumors with a poor prognosis [20].



In this study, we model the use of liquid biopsies based on cell-free DNA in routine breast cancer screening. We quantify the impact of the use of liquid biopsies with varying combinations of sensitivity and specificity on the harms and benefits of screening, and we estimate the maximum liquid biopsy price for cost-effective implementation in breast cancer screening. In addition, we investigate under what conditions liquid biopsies could be a suitable alternative to digital mammography and compare these conditions to a CCGA substudy [21].




2. Materials and Methods


We model the use of liquid biopsies in breast cancer screening in the United States according to three scenarios: (1) liquid biopsies are able to detect ductal carcinoma in situ (DCIS), (2) liquid biopsies are unable to detect DCIS, and (3) liquid biopsies have perfect sensitivity. We compare the harms, benefits, and cost-effectiveness of liquid biopsy screening to screening with digital mammography according to the 2016 U.S. Preventive Service Task Force Recommendation [22].



2.1. Model Overview


This study is performed using the breast cancer model of the Erasmus Medical Center, more commonly referred to as MISCAN-Fadia or model E [23], developed within CISNET. The Cancer Intervention and Surveillance Modeling Network (CISNET) aims to estimate the effect of cancer-control interventions on the incidence and risk of death from cancer in the general population [24,25]. The MISCAN-Fadia model, and all other CISNET breast cancer models for that matter, use data from the Surveillance, Epidemiology, and End Results Program and the Breast Cancer Surveillance Consortium [26].



MISCAN-Fadia, short for Microsimulation Screening Analysis-Fatal Diameter, is a discrete event-driven microsimulation model that uses a parallel universe approach. This approach mimics a randomized controlled trial by running scenarios, with and without intervention. The MISCAN-Fadia model has four principal input components: population demographics, screening, the natural history of breast cancer, and treatment. The screening module simulates screening strategies and the proportion of DCIS that is detected by screening, referred to as DCIS sensitivity (%) in this study. The natural history of breast cancer component simulates continuous tumor growth of invasive breast cancer based on several input characteristics, such as tumor biology and age. At tumor onset, tumors have a diameter of 0.01 cm. Each simulated tumor has unique sizes for screen detectability, clinical diagnosis, and fatality. The median size (diameter in cm) of a tumor at screen detectability determines the sensitivity for invasive breast cancer of a screen test. For example, a screen test that detects a tumor at a diameter of 0.01 cm has a 100% sensitivity for invasive BC. The DCIS sensitivity and median tumor size at screen detection together determine in what stage a tumor is detected. The model and the other principal input components have previously been described in more detail [23,27].



For this analysis, we adhered to the current USPSTF strategy where women are screened biennially from ages 50 to 74, with on average 13 screening rounds during their lifetime. We simulated a cohort of 10 million women born in 1970. We counted the outcomes over their lifetime, starting at age 30, assuming that their adherence to screening was 100% and all women diagnosed with breast cancer received treatment.




2.2. Model Parameters


2.2.1. Liquid Biopsy Test Characteristics


Currently, digital mammography has a sensitivity of 87% [28], a specificity of 88%, and a cost of USD 149 per mammogram in the U.S. [29]. We ranged sensitivity and specificity to generate several liquid biopsies with combinations of hypothetical test characteristics, summarized in Table 1. We assume liquid biopsies are either able to detect DCIS similar to digital mammography (91% DCIS sensitivity) or not at all (0% DCIS sensitivity). CCGA and STRIVE results show an average sensitivity of 0% in stage I breast cancer [19] and there are currently no identified clinical tumor markers for DCIS [18].



We ranged the sensitivity for invasive breast cancer relative to digital mammography by varying the median tumor size for screen detection. MISCAN-Fadia simulates the natural growth of invasive breast cancer tumors and the size at which a tumor is screen-detected according to Weibull distributions. The median tumor size for screen detection refers to the median of the Weibull distribution at which 50% of tumors are screen detectable [27].



CCGA and STRIVE report a high specificity for ctDNA liquid biopsies of ~99% [19]. We thus investigated the effect of increasing the specificity from 88% to 96% and 100%. We assumed that liquid biopsy sensitivity and specificity were dependent on age similar to digital mammography. To estimate the impact of a hypothetical perfect test, we investigated the effect of increasing sensitivity for invasive breast cancer to up to 100% (median tumor size of 0.61 and 0.01 cm). In total, we model 46 different combinations of test characteristics.




2.2.2. Health Effects


Using the MISCAN-Fadia model, we estimated the benefits: number of breast cancer deaths and life-years, and harms: false-positives and overdiagnoses. Additionally, we derived disaggregated life-years gained for several components in breast cancer screening, including screening itself, true-positive follow-up, false-positive results, clinical detection, and breast cancer care. Consequently, quality of life adjustments (Table 2) were used to calculate quality-adjusted life-years (QALYs) for each of these components.




2.2.3. Costs


Costs of screening, diagnostics, and treatments were based on published estimates (Table 2) [31,32]. The model produced disaggregated results for the same components as under health effects. We converted all costs to 2020 US dollars.





2.3. Analysis


To convert the model inputs to the sensitivities of the modeled liquid biopsies, we estimated the proportion of DCIS and invasive breast cancer that were detected by screening in women aged 50 to 74. This conversion allowed us to compare our model estimates to the results to the CCGA substudy.



We performed the cost-effectiveness analysis using a federal payer perspective, a lifetime horizon, and discounted costs and health effects at 3%, as recommended by the U.S. Public Health Service [33]. Using health utilities for specific health states and costs for specific events, the total costs and QALYs can be derived to calculate cost-effectiveness [27]. The difference in costs divided by the difference in QALYs between a scenario with liquid biopsy and routine screening with digital mammography results in an ICER. The marginal difference in costs between the ICERs and a cost-effectiveness threshold of USD 50,000 was used to calculate the liquid biopsy maximum price, as USD 50,000 is a common cost-effectiveness threshold used in the U.S. [34].





3. Results


3.1. Proportion of Breast Cancers Detected by Screening


A liquid biopsy with a DCIS sensitivity of 91% and a tumor size of 1.39 cm for screen detection, detected 499,859 cases of invasive breast cancer and 211,799 cases of DCIS in routine screening in women aged between 50 and 74. This resulted in a combined sensitivity for invasive BC and DCIS of 70%. In the scenario where liquid biopsies were unable to detect DCIS, the overall proportion of breast cancers detected by screening was lower. A liquid biopsy with a DCIS sensitivity of 0% and a tumor size of 1.39 cm for screen detection had a combined sensitivity of 62%. In the scenario of a perfect screen test with up to 100% combined sensitivity, considerably more breast cancers were detected by screening and fewer breast cancers were interval detected (Table 3).




3.2. Outcomes of Liquid Biopsy Screening


Table 4 presents the modeled liquid biopsies that yielded similar or more QALYs than digital mammography screening and for which a maximum price could be estimated. Overall, our modeling results show that both the benefits and harms of screening in terms of mortality reduction and overdiagnoses increase with a higher sensitivity for invasive breast cancer.



A higher specificity positively influenced QALYs and lowered costs at all levels of sensitivity. In MISCAN-Fadia, specificity does not influence the morality-reduction or the number of overdiagnoses, but does influence the amount of false-positive screens. False-positive screens negatively affect quality-adjusted life years (QALYs) gained and increase the total costs of screening, thereby increasing the eventual liquid biopsy maximum price. Disaggregated costs and QALY decrements per scenario are presented in Table A2 and Table A3 in Appendix A.



In the scenario where liquid biopsies are unable to detect DCIS, there were fewer overdiagnoses and a slightly smaller mortality reduction compared to liquid biopsies that are able to detect DCIS. For example, a liquid biopsy that is unable to detect DCIS and has a combined sensitivity of 67%, resulted in a mortality reduction of 23.1%, and 1.9 overdiagnoses per 1000 women compared to a mortality reduction of 25.1% and 18.1 overdiagnoses per 1000 women for a liquid biopsy that is able to detect DCIS. Both liquid biopsies had the same model input for invasive breast cancer. At no DCIS detection, only a combined sensitivity of 73% yielded an increased mortality reduction (26.1%) compared to digital mammography screening. When liquid biopsies are unable to detect DCIS, sensitivity and specificity had to be high for liquid biopsies to be acceptable to digital mammography. We estimated maximum prices between USD 156 and USD 187 for liquid biopsies with a DCIS sensitivity of 0% (Table 4, Figure 1B).




3.3. Perfect Screen Test


Additionally, we estimated maximum prices for liquid biopsies approaching 100% sensitivity for invasive breast cancer. At a combined sensitivity of 90% and 87%, the estimated maximum liquid biopsy price ranged from USD 183 to USD 303 depending on the test characteristics. At 99% combined sensitivity, the total costs increased steeply due to the high invasive breast cancer sensitivity. Here, liquid biopsies were less effective and more costly than screening with digital mammography and are therefore not reported in Table 4. (Table A1).




3.4. Comparison to a CCGA Substudy


We plotted the true positive rates and false positive rates of the modeled liquid biopsies in our study on the ROC curve of the breast cancer prediction model of a CCGA substudy [21] (Figure 1A) to compare their test performance. The scenario in which liquid biopsies are unable to detect DCIS and have a specificity of 88% seems most concurrent with the predicted results by the CCGA substudy. Our modeled estimates provide threshold values at which a novel screen test would be an acceptable alternative to digital mammography, in terms of the benefits, harms, and cost-effectiveness of screening (Table 4, Figure 1A). The liquid biopsies with a maximum price in Figure 1B yield equal or greater QALYs than digital mammography. The filled labels are the liquid biopsies that also yield a greater mortality reduction than digital mammography screening.





4. Discussion


Due to the low tumor fraction of cfDNA in early-stage cancers [11,12,13,14,15] it is questionable whether liquid biopsies can be used in population screening [16]. In this study, we modeled the early detection of breast cancer using liquid biopsies that were either able or unable to detect DCIS, the nonobligate precursor lesion of invasive breast cancer. We estimated the benefits, harms, and costs for different combinations of liquid biopsy sensitivity and specificity. Our findings show that no DCIS detection reduces the number of overdiagnoses by ~90% but also results in a slightly lower mortality reduction. We found that when liquid biopsies are unable to detect DCIS, they need to be able to detect small, early-stage tumors, with high specificity, at low costs in order to be an alternative to digital mammography. We estimated a maximum liquid biopsy price of USD 187 for liquid biopsies fulfilling these requirements. When comparing our model estimates to a CCGA substudy, liquid biopsies seem unlikely to replace digital mammography in routine breast cancer screening given their current test performance.



Our modeling results provide threshold test characteristics for novel tests for breast cancer screening and show how test characteristics affect the harms and benefits of screening. In practice, there is generally a trade-off between sensitivity and specificity. We show that higher specificity increased QoL and decreased costs because of the large number of false-positive screens that were prevented compared to digital mammography screening. For breast cancer sensitivity, MISCAN-Fadia distinguishes between sensitivity for DCIS and sensitivity for invasive breast cancer. A majority of overdiagnosed cases by digital mammography consists of DCIS [2], and, therefore, the number of overdiagnoses decreased when liquid biopsies were unable to detect DCIS but at a lower mortality reduction. In the natural history of breast cancer module of MISCAN-Fadia, pre-clinical detectable DCIS may either develop to clinical DCIS with symptoms, progress to invasive breast cancer, or regress, resulting in no breast cancer [27]. Consequently, women who develop preclinical progressive DCIS or DCIS with symptoms are identified in a later stage of breast cancer, resulting in a higher risk of mortality, lower QoL, and higher costs of breast cancer care. Liquid biopsies that are unable to detect do DCIS should thus have a high sensitivity for invasive breast cancer to be an acceptable, cost-effective alternative to digital mammography. Still, the perfect test scenario shows that even though ~100% sensitivity for invasive breast cancer resulted in a mortality reduction of 70%, this was not cost-effective due to the large number of cases overdetected and the consequent quality of life reductions and costs related to breast cancer care. This emphasizes that a high sensitivity and the consequent greater detection of smaller invasive tumors is not always beneficial in breast cancer screening.



One of the benefits of liquid biopsies as a screen test is the possibility for multi cancer early detection (MCED), especially for cancers with no current screening program [9,10]. However, the use of liquid biopsies in existing screening programs raises a number of challenges. First of all, imaging will always be required after a positive liquid biopsy result for accurate diagnosis and treatment. We take this into account in our study in the diagnostic work-up. In the hypothetical perfect test scenario, liquid biopsies could detect very small tumors that may not yet be detectable by imaging. It will be challenging how women in this instance should be counseled and followed up, e.g., by offering them intense active surveillance and additional imaging until a tumor becomes visible. Second of all, liquid biopsies may not be acceptable as a replacement of the current screen test because of insufficient performance and/or cost-effectiveness. The exact costs of liquid biopsies in a routine screening setting are unclear. In our analysis, we estimate the maximum price for liquid biopsy implementation at a cost-effectiveness threshold of USD 50,000 to be USD 149 to USD 187 per liquid biopsy depending on test performance. Liquid biopsies with comprehensive gene panels, which would be required for population screening, cost USD 1500 to USD 1750 [12]. At that price, liquid biopsies are not suitable for routine testing, although liquid biopsy prices are expected to drop quickly. Analytical methods with a higher sensitivity and lower cost should be considered, such as fragment size analysis and low coverage whole genome sequencing of ctDNA [35].



Although liquid biopsies may not be suitable as a sole screen test, they might be used as an alternative or additional screen test. Liquid biopsies may result in a lower pain experience for women and increase adherence, can be used for tumor profiling and the identification of high risk tumors [20,21], and the identification of individuals with a predisposition for breast cancer [36]. In the STRIVE study, blood samples are taken within 28 days of a screening mammogram, offering the possibility to study the performance of liquid biopsies compared to digital mammography in the future.



There are several limitations to this study that should be considered. First of all, there is no data available on liquid biopsy test performance in a screening setting and, therefore, we had to vary test performances relative to current routine screening. As a consequence, our results should be considered as threshold estimates for the future implementation of liquid biopsies or other novel screening methods but no economic evaluation of an actual, available liquid biopsy. Second, to isolate optimal test performance we assumed adherence to screening and treatment to be 100% in our primary analyses, which most likely will not be attainable in reality. Third, our cost-effectiveness analysis adheres to a federal payer perspective indicating that we did not include all costs from a societal perspective, such as patient time costs. Last, we had to make numerous assumptions on liquid biopsy test characteristics, e.g., the effect of age and tumor biology on the efficacy of liquid biopsies, which might prove different in the future.



In this study, we compared our results to the current USPSTF strategy recommending biennial screening between ages 50 and 74. This guideline factors in the effect of age on breast cancer incidence and digital mammography sensitivity [22]. However, other guidelines recommend different strategies. The American Cancer Society recommends annual screening between ages 45 and 54, followed by biennial screening from age 55 onwards [37], and the American College of Radiology recommends annual screening between ages 40 and 74 [38]. We expect that the impact of liquid biopsies versus digital mammography does not vary much by screening strategy, as the major assumed difference between the two screening modalities is no sensitivity for DCIS. Although the magnitude of benefits and harms may vary slightly, we expect the relative impact on overdiagnoses, breast-cancer mortality, and cost-effectiveness to be similar at earlier starting ages and annual screening intervals.




5. Conclusions


This study estimates the benefits, harms, and costs of the early detection of breast cancer using liquid biopsies with varying combinations of test sensitivity and specificity.



When liquid biopsies are unable to detect DCIS, a large proportion of overdiagnosed cases is prevented but overall breast cancer mortality reduction and quality of life are lower, and costs are higher compared to digital mammography screening. In case of no DCIS detection, liquid biopsies should meet to the following requirements in order to be an alternative to digital mammography: sensitivity for detecting invasive disease needs to be high, i.e., liquid biopsies need to be able to also detect small, early-stage tumors, with high specificity, and at low costs. Our study provides threshold values for the use of novel screen tests in breast cancer screening and may guide future evaluation of liquid biopsies as an additional test in breast cancer screening.
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Table A1. Outcomes, cost-effectiveness, and threshold costs for routine screening with liquid biopsies per 1000 women screened over their lifetime.






Table A1. Outcomes, cost-effectiveness, and threshold costs for routine screening with liquid biopsies per 1000 women screened over their lifetime.





	
Median Tumor Size for Screen

Detection,

cm

	
Specificity, %

	
False Positives

	
QALYs-Gained

	
Total Costs, USD 1000

	
ICER, USD 1000 per QALY-

Gained

	
Liquid

Biopsy

Maximum

Price, USD






	
Liquid biopsy screening with 91% DCIS sensitivity




	
1.39

	
88

	
914.3

	
36

	
6990

	
-

	
-




	
1.39

	
96

	
406.3

	
40

	
6879

	
-

	
-




	
1.39

	
100

	
0

	
43

	
6786

	
−91.2

	
195




	
1.33

	
88

	
914.2

	
37

	
6999

	
-

	
-




	
1.33

	
96

	
406.3

	
41

	
6888

	
−162.4

	
171




	
1.33

	
100

	
0

	
44

	
6796

	
−58.6

	
202




	
1.27

	
88

	
914.0

	
39

	
7010

	
-

	
-




	
1.27

	
96

	
406.2

	
42

	
6899

	
−52.3

	
179




	
1.27

	
100

	
0

	
45

	
6807

	
−39.9

	
210




	
1.21

	
88

	
913.8

	
40

	
7022

	
-

	
-




	
1.21

	
96

	
406.1

	
44

	
6911

	
−30.4

	
186




	
1.21

	
100

	
0

	
47

	
6819

	
−30.4

	
217




	
1.15

	
88

	
913.6

	
42

	
7035

	
9.3

	
156




	
1.15

	
96

	
406.0

	
45

	
6924

	
−19.3

	
193




	
1.15

	
100

	
0

	
48

	
6832

	
−23.4

	
224




	
1.09

	
88

	
913.4

	
43

	
7050

	
9.5

	
164




	
1.09

	
96

	
405.9

	
47

	
6939

	
−12.6

	
201




	
1.09

	
100

	
0

	
50

	
6847

	
−18.2

	
232




	
1.03

	
88

	
913.2

	
45

	
7068

	
9.5

	
173




	
1.03

	
96

	
405.8

	
49

	
6957

	
−7.8

	
210




	
1.03

	
100

	
0

	
52

	
6868

	
−13.7

	
241




	
Median tumor size results in up to 100% sensitivity for invasive BC




	
0.61

	
88

	
910

	
59

	
7273

	
13.5

	
235




	
0.61

	
100

	
0

	
65

	
7071

	
1.9

	
303




	
0.01

	
88

	
863

	
43

	
10,882

	
-

	
-




	
0.01

	
100

	
0

	
49

	
10,689

	
-

	
-




	
Liquid biopsy screening with 0% DCIS sensitivity




	
1.39

	
88

	
922.7

	
30

	
7122

	
-

	
-




	
1.39

	
96

	
409.7

	
33

	
7010

	
-

	
-




	
1.39

	
100

	
0

	
36

	
6918

	
-

	
-




	
1.33

	
88

	
922.5

	
31

	
7132

	
-

	
-




	
1.33

	
96

	
409.7

	
35

	
7020

	
-

	
-




	
1.33

	
100

	
0

	
38

	
6927

	
-

	
-




	
1.27

	
88

	
922.3

	
33

	
7143

	
-

	
-




	
1.27

	
96

	
409.6

	
36

	
7031

	
-

	
-




	
1.27

	
100

	
0

	
39

	
6939

	
-

	
-




	
1.21

	
88

	
922.1

	
34

	
7155

	
-

	
-




	
1.21

	
96

	
409.5

	
38

	
7044

	
-

	
-




	
1.21

	
100

	
0

	
41

	
6951

	
−115.1

	
161




	
1.15

	
88

	
921.9

	
35

	
7169

	
-

	
-




	
1.15

	
96

	
409.4

	
39

	
7057

	
-

	
-




	
1.15

	
100

	
0

	
42

	
6964

	
−27.7

	
169




	
1.09

	
88

	
921.8

	
37

	
7184

	
-

	
-




	
1.09

	
96

	
409.3

	
41

	
7072

	
86.8

	
-




	
1.09

	
100

	
0

	
44

	
6979

	
−11.7

	
177




	
1.03

	
88

	
921.4

	
39

	
7202

	
-

	
-




	
1.03

	
96

	
409.2

	
43

	
7090

	
27.4

	
156




	
1.03

	
100

	
0

	
46

	
6998

	
−4.4

	
187




	
Median tumor size results in up to 100% sensitivity for invasive BC




	
0.61

	
88

	
918

	
53

	
7413

	
29.6

	
183




	
0.61

	
100

	
0

	
60

	
7210

	
9.4

	
253




	
0.01

	
88

	
869

	
37

	
11,173

	
-

	
-




	
0.01

	
100

	
0

	
43

	
10,979

	
-

	
-








Results are presented compared to no screening, except the incremental cost-effectiveness ratios for the liquid biopsies, which are compared to routine screening with mammography and diagnostic follow-up with tissue biopsy. Life-years, quality adjusted life-years, and total costs were discounted with a rate of 3% per year. In case of a negative ICER, a liquid biopsy saved costs and yielded quality-adjusted life years compared to digital mammography. Abbreviations: BC, breast cancer; QALYs, quality-adjusted life years; ICER, incremental cost-effectiveness ratio; DCIS, ductal carcinoma in situ; NAC, not acceptable; DOM, dominated.
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Table A2. Costs of breast cancer screening and care per 1000 women.






Table A2. Costs of breast cancer screening and care per 1000 women.





	
Median Tumor Size for Screen

Detection,

cm

	
Specificity, %

	
Screening and Diagnostics

	
Care

	
Total, USD 1000




	
Screen Test, USD 1000

	
False-Positive, USD 1000

	
True-Positive, USD 1000

	
Clinical, USD 1000

	
BC, USD 1000

	
OCD, USD 1000






	
Digital mammography screening




	
1.21

	
88

	
1173

	
202.8

	
122.5

	
110.3

	
5140

	
273.1

	
7022




	
Liquid biopsy screening with 91% DCIS sensitivity




	
1.03

	
88

	
1172

	
202.7

	
132.5

	
102.1

	
5182

	
276.1

	
7068




	
1.03

	
96

	
1172

	
92.0

	
132.5

	
102.1

	
5182

	
276.1

	
6957




	
1.03

	
100

	
1172

	
-

	
132.5

	
102.1

	
5182

	
276.1

	
6865




	
1.09

	
88

	
1173

	
202.8

	
129.8

	
105.1

	
5165

	
275.0

	
7050




	
1.09

	
96

	
1173

	
92.0

	
129.8

	
105.1

	
5165

	
275.0

	
6940




	
1.09

	
100

	
1173

	
-

	
129.8

	
105.1

	
5165

	
275.0

	
6847




	
1.15

	
88

	
1173

	
202.8

	
125.5

	
107.8

	
5152

	
274.0

	
7035




	
1.15

	
96

	
1173

	
92.0

	
125.5

	
107.8

	
5152

	
274.0

	
6924




	
1.15

	
100

	
1173

	
-

	
125.5

	
107.8

	
5152

	
274.0

	
6832




	
1.21

	
88

	
1173

	
202.9

	
122.5

	
110.3

	
5140

	
273.1

	
7022




	
1.21

	
96

	
1173

	
92.1

	
122.5

	
110.3

	
5140

	
273.1

	
6911




	
1.21

	
100

	
1173

	
-

	
122.5

	
110.3

	
5140

	
273.1

	
6819




	
1.27

	
88

	
1173

	
202.9

	
119.4

	
112.8

	
5129

	
272.3

	
7010




	
1.27

	
96

	
1173

	
92.1

	
119.4

	
112.8

	
5129

	
272.3

	
6899




	
1.27

	
100

	
1173

	
-

	
119.4

	
112.8

	
5129

	
272.3

	
6807




	
1.33

	
88

	
1174

	
202.9

	
116.2

	
115.6

	
5119

	
271.5

	
6999




	
1.33

	
96

	
1174

	
92.1

	
116.2

	
115.6

	
5119

	
271.5

	
6888




	
1.33

	
100

	
1174

	
-

	
116.2

	
115.6

	
5119

	
271.5

	
6796




	
1.39

	
88

	
1174

	
203.0

	
113.4

	
118.0

	
5111

	
270.8

	
6989




	
1.39

	
96

	
1174

	
92.1

	
113.4

	
118.0

	
5111

	
270.8

	
6879




	
1.39

	
100

	
1174

	
-

	
113.4

	
118.0

	
5111

	
270.8

	
6786




	
Perfect test




	
0.61

	
88

	
1169

	
202.1

	
160.6

	
81.6

	
5373

	
287.5

	
7273




	
0.61

	
100

	
1169

	
-

	
160.6

	
81.6

	
5373

	
287.5

	
7071




	
0.01

	
88

	
1111

	
192.4

	
313.7

	
47.4

	
8793

	
423.9

	
10,882




	
0.01

	
100

	
1111

	
-

	
313.7

	
47.4

	
8793

	
423.9

	
10,689




	
Liquid biopsy screening with 0% DCIS sensitivity




	
1.03

	
88

	
1182

	
204.3

	
101.6

	
105.6

	
5323

	
286.5

	
7202




	
1.03

	
96

	
1182

	
92.7

	
101.6

	
105.6

	
5323

	
286.5

	
7090




	
1.03

	
100

	
1182

	
-

	
101.6

	
105.6

	
5323

	
286.5

	
6998




	
1.09

	
88

	
1182

	
204.4

	
97.7

	
108.7

	
5306

	
285.3

	
7184




	
1.09

	
96

	
1182

	
92.7

	
97.7

	
108.7

	
5306

	
285.3

	
7072




	
1.09

	
100

	
1182

	
-

	
97.7

	
108.7

	
5306

	
285.3

	
6979




	
1.15

	
88

	
1183

	
204.4

	
93.4

	
111.4

	
5293

	
284.3

	
7169




	
1.15

	
96

	
1183

	
92.7

	
93.4

	
111.4

	
5293

	
284.3

	
7057




	
1.15

	
100

	
1183

	
-

	
93.4

	
111.4

	
5293

	
284.3

	
6964




	
1.21

	
88

	
1183

	
204.5

	
90.2

	
114.1

	
5280

	
283.4

	
7155




	
1.21

	
96

	
1183

	
92.7

	
90.2

	
114.1

	
5280

	
283.4

	
7044




	
1.21

	
100

	
1183

	
-

	
90.2

	
114.1

	
5280

	
283.4

	
6951




	
1.27

	
88

	
1183

	
204.5

	
87.1

	
116.7

	
5269

	
282.5

	
7143




	
1.27

	
96

	
1183

	
92.7

	
87.1

	
116.7

	
5269

	
282.5

	
7031




	
1.27

	
100

	
1183

	
-

	
87.1

	
116.7

	
5269

	
282.5

	
6939




	
1.33

	
88

	
1183

	
204.5

	
83.7

	
119.5

	
5259

	
281.6

	
7132




	
1.33

	
96

	
1183

	
92.8

	
83.7

	
119.5

	
5259

	
281.6

	
7020




	
1.33

	
100

	
1183

	
-

	
83.7

	
119.5

	
5259

	
281.6

	
6927




	
1.39

	
88

	
1183

	
204.6

	
80.9

	
122.0

	
5250

	
280.9

	
7122




	
1.39

	
96

	
1183

	
92.8

	
80.9

	
122.0

	
5250

	
280.9

	
7010




	
1.39

	
100

	
1183

	
-

	
80.9

	
122.0

	
5250

	
280.9

	
6918




	
Perfect test




	
0.61

	
88

	
1178

	
203.7

	
129.7

	
84.3

	
5519

	
298.3

	
7413




	
0.61

	
100

	
1178

	
-

	
129.7

	
84.3

	
5519

	
298.3

	
7210




	
0.01

	
88

	
1119

	
193.6

	
289.8

	
48.3

	
9081

	
441.5

	
11,173




	
0.01

	
100

	
1119

	
-

	
289.8

	
48.3

	
9081

	
441.5

	
10,979








Costs were inflated to USD 2020 and discounted with a rate of 3%. Abbreviations: DCIS, ductal carcinoma in situ; spec, specificity; BC, breast cancer; OCD, other cause of death.
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Table A3. QALY decrement of breast cancer screening and care per 1000 women.
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Median Tumor Size for Screen

Detection,

cm

	
Specificity, %

	
Screening and Diagnostics

	
Care

	
Total

	
Total LYs

	
Total QALYs




	
Screen Test

	
FP

	
TP

	
Clinical

	
BC

	
OCD






	
Digital mammography screening




	
1.21

	
88

	
0.91

	
6.68

	
0.53

	
0.51

	
91.12

	
2.95

	
103

	
39,471

	
39,368




	
Liquid biopsy screening with 91% DCIS sensitivity




	
1.03

	
88

	
0.91

	
6.68

	
0.58

	
0.47

	
92.23

	
2.97

	
104

	
39,477

	
39.373




	
1.03

	
96

	
0.91

	
3.03

	
0.58

	
0.47

	
92.23

	
2.97

	
100

	
39,477

	
39,377




	
1.03

	
100

	
0.91

	
-

	
0.58

	
0.47

	
92.23

	
2.97

	
97

	
39,477

	
39,380




	
1.09

	
88

	
0.91

	
6.68

	
0.56

	
0.48

	
91.79

	
2.97

	
103

	
39,475

	
39,371




	
1.09

	
96

	
0.91

	
3.03

	
0.56

	
0.48

	
91.79

	
2.97

	
100

	
39,475

	
39,375




	
1.09

	
100

	
0.91

	
-

	
0.56

	
0.48

	
91.79

	
2.97

	
97

	
39,475

	
39,378




	
1.15

	
88

	
0.91

	
6.68

	
0.55

	
0.50

	
91.43

	
2.96

	
103

	
39,473

	
39,370




	
1.15

	
96

	
0.91

	
3.03

	
0.55

	
0.50

	
91.43

	
2.96

	
99

	
39,473

	
39,373




	
1.15

	
100

	
0.91

	
-

	
0.55

	
0.50

	
91.43

	
2.96

	
96

	
39,473

	
39,377




	
1.21

	
88

	
0.91

	
6.68

	
0.53

	
0.51

	
91.12

	
2.95

	
103

	
39,471

	
39,368




	
1.21

	
96

	
0.91

	
3.03

	
0.53

	
0.51

	
91.12

	
2.95

	
99

	
39,471

	
39,372




	
1.21

	
100

	
0.91

	
-

	
0.53

	
0.51

	
91.12

	
2.95

	
96

	
39,471

	
39,375




	
1.27

	
88

	
0.91

	
6.68

	
0.52

	
0.52

	
90.83

	
2.94

	
102

	
39,470

	
39,367




	
1.27

	
96

	
0.91

	
3.03

	
0.52

	
0.52

	
90.83

	
2.94

	
99

	
39,470

	
39,371




	
1.27

	
100

	
0.91

	
-

	
0.52

	
0.52

	
90.83

	
2.94

	
96

	
39,470

	
39,374




	
1.33

	
88

	
0.91

	
6.69

	
0.51

	
0.53

	
90.55

	
2.94

	
102

	
39,468

	
39,366




	
1.33

	
96

	
0.91

	
3.03

	
0.51

	
0.53

	
90.55

	
2.94

	
98

	
39,468

	
39,369




	
1.33

	
100

	
0.91

	
-

	
0.51

	
0.53

	
90.55

	
2.94

	
95

	
39,468

	
39,372




	
1.39

	
88

	
0.91

	
6.69

	
0.49

	
0.54

	
90.31

	
2.93

	
102

	
39,466

	
39,364




	
1.39

	
96

	
0.91

	
3.03

	
0.49

	
0.54

	
90.31

	
2.93

	
98

	
39,466

	
39,368




	
1.39

	
100

	
0.91

	
-

	
0.49

	
0.54

	
90.31

	
2.93

	
95

	
39,466

	
39,371




	
Perfect test




	
0.61

	
88

	
0.91

	
6.66

	
0.70

	
0.38

	
97.02

	
3.07

	
109

	
39,496

	
39,387




	
0.61

	
100

	
0.91

	
-

	
0.70

	
0.38

	
97.02

	
3.07

	
102

	
39,496

	
39,394




	
0.01

	
88

	
0.86

	
6.34

	
1.37

	
0.22

	
167.36

	
4.45

	
181

	
39,552

	
39,371




	
0.01

	
100

	
0.86

	
-

	
1.37

	
0.22

	
167.36

	
4.45

	
174

	
39,552

	
39,378




	
Liquid biopsy screening with 0% DCIS sensitivity




	
1.03

	
88

	
0.92

	
6.75

	
0.44

	
0.49

	
94.66

	
3.08

	
106

	
39,348

	
39,367




	
1.03

	
96

	
0.92

	
3.05

	
0.44

	
0.49

	
94.66

	
3.08

	
103

	
39,352

	
39,371




	
1.03

	
100

	
0.92

	
-

	
0.44

	
0.49

	
94.66

	
3.08

	
100

	
39,355

	
39,374




	
1.09

	
88

	
0.92

	
6.73

	
0.42

	
0.50

	
94.21

	
3.07

	
106

	
39,346

	
39,365




	
1.09

	
96

	
0.92

	
3.05

	
0.42

	
0.50

	
94.21

	
3.07

	
102

	
39,350

	
39,369




	
1.09

	
100

	
0.92

	
-

	
0.42

	
0.50

	
94.21

	
3.07

	
99

	
39,353

	
39,372




	
1.15

	
88

	
0.92

	
6.73

	
0.41

	
0.51

	
93.85

	
3.07

	
105

	
39,345

	
39,364




	
1.15

	
96

	
0.92

	
3.05

	
0.41

	
0.51

	
93.85

	
3.07

	
102

	
39,348

	
39,367




	
1.15

	
100

	
0.92

	
-

	
0.41

	
0.51

	
93.85

	
3.07

	
99

	
39,352

	
39,370




	
1.21

	
88

	
0.92

	
6.74

	
0.39

	
0.53

	
93.52

	
3.06

	
105

	
39,343

	
39,362




	
1.21

	
96

	
0.92

	
3.05

	
0.39

	
0.53

	
93.52

	
3.06

	
101

	
39,347

	
39,366




	
1.21

	
100

	
0.92

	
-

	
0.39

	
0.53

	
93.52

	
3.06

	
98

	
39,350

	
39,369




	
1.27

	
88

	
0.92

	
6.74

	
0.38

	
0.54

	
93.23

	
3.05

	
105

	
39,342

	
39,361




	
1.27

	
96

	
0.92

	
3.06

	
0.38

	
0.54

	
93.23

	
3.05

	
101

	
39,346

	
39,365




	
1.27

	
100

	
0.92

	
-

	
0.38

	
0.54

	
93.23

	
3.05

	
98

	
39,349

	
39,368




	
1.33

	
88

	
0.92

	
6.74

	
0.36

	
0.55

	
92.94

	
3.04

	
105

	
39,341

	
39,359




	
1.33

	
96

	
0.92

	
3.06

	
0.36

	
0.55

	
92.94

	
3.04

	
101

	
39,344

	
39,363




	
1.33

	
100

	
0.92

	
-

	
0.36

	
0.55

	
92.94

	
3.04

	
98

	
39,347

	
39,366




	
1.39

	
88

	
0.92

	
6.74

	
0.35

	
0.56

	
92.70

	
3.04

	
104

	
39,339

	
38,358




	
1.39

	
96

	
0.92

	
3.06

	
0.35

	
0.56

	
92.70

	
3.04

	
101

	
39,343

	
38,362




	
1.39

	
100

	
0.92

	
-

	
0.35

	
0.56

	
92.70

	
3.04

	
98

	
39,346

	
39,365




	
Perfect test




	
0.61

	
88

	
0.91

	
6.71

	
0.56

	
0.39

	
99.58

	
3.19

	
111

	
39,362

	
39,382




	
0.61

	
100

	
0.91

	
-

	
0.56

	
0.39

	
99.58

	
3.19

	
105

	
39,368

	
39,388




	
0.01

	
88

	
0.87

	
6.38

	
1.26

	
0.22

	
172.76

	
4.63

	
186

	
39,335

	
39,365




	
0.01

	
100

	
0.87

	
-

	
1.26

	
0.22

	
172.76

	
4.63

	
180

	
39,341

	
39,382








QALY decrement was calculated by multiplying the life years with (1—utility) for each specific health state. QALYs were consequently calculated as the difference between the total life years and total QALY decrement for each scenario. Life years and QALYs were discounted with a rate of 3%. Abbreviations: DCIS, ductal carcinoma in situ; Spec, specificity; FP, false-positives; TP, true positives; BC, breast cancer; OCD, other cause of death; LYs, life years; QALYs, quality-adjusted life-years.













References


	



Lauby-Secretan, B.; Scoccianti, C.; Loomis, D.; Benbrahim-Tallaa, L.; Bouvard, V.; Bianchini, F.; Straif, K.; International Agency for Research on Cancer Handbook Working Group. Breast-cancer screening--viewpoint of the IARC Working Group. N. Engl. J. Med. 2015, 372, 2353–2358. [Google Scholar] [CrossRef] [PubMed]

	



Mandelblatt, J.S.; Stout, N.K.; Schechter, C.B.; van den Broek, J.J.; Miglioretti, D.L.; Krapcho, M.; Trentham-Dietz, A.; Munoz, D.; Lee, S.J.; Berry, D.A.; et al. Collaborative Modeling of the Benefits and Harms Associated with Different U.S. Breast Cancer Screening Strategies. Ann. Intern. Med. 2016, 164, 215–225. [Google Scholar] [CrossRef] [PubMed]

	



Welch, H.G.; Black, W.C. Overdiagnosis in cancer. J. Natl. Cancer Inst. 2010, 102, 605–613. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Guan, X.; Fan, Z.; Ching, L.M.; Li, Y.; Wang, X.; Cao, W.M.; Liu, D.X. Non-Invasive Biomarkers for Early Detection of Breast Cancer. Cancers 2020, 12, 2767. [Google Scholar] [CrossRef] [PubMed]

	



Alimirzaie, S.; Bagherzadeh, M.; Akbari, M.R. Liquid Biopsy in Breast Cancer: A Comprehensive Review. Clin. Genet. 2019, 95, 643–660. [Google Scholar] [CrossRef] [PubMed]

	



Nunes, S.P.; Moreira-Barbosa, C.; Salta, S.; Palma de Sousa, S.; Pousa, I.; Oliveira, J.; Soares, M.; Rego, L.; Dias, T.; Rodrigues, J.; et al. Cell-Free DNA Methylation of Selected Genes Allows for Early Detection of the Major Cancers in Women. Cancers 2018, 10, 357. [Google Scholar] [CrossRef] [PubMed]

	



Shen, S.Y.; Singhania, R.; Fehringer, G.; Chakravarthy, A.; Roehrl, M.H.A.; Chadwick, D.; Zuzarte, P.C.; Borgida, A.; Wang, T.T.; Li, T.; et al. Sensitive tumour detection and classification using plasma cell-free DNA methylomes. Nature 2018, 563, 579–583. [Google Scholar] [CrossRef]

	



Klein, E.A.; Richards, D.; Cohn, A.; Tummala, M.; Lapham, R.; Cosgrove, D.; Chung, G.; Clement, J.; Gao, J.; Hunkapiller, N.; et al. Clinical validation of a targeted methylation-based multi-cancer early detection test using an independent validation set. Ann. Oncol. 2021, 32, 1167–1177. [Google Scholar] [CrossRef]

	



Hackshaw, A.; Cohen, S.S.; Reichert, H.; Kansal, A.R.; Chung, K.C.; Ofman, J.J. Estimating the population health impact of a multi-cancer early detection genomic blood test to complement existing screening in the US and UK. Br. J. Cancer 2021, 125, 1432–1442. [Google Scholar] [CrossRef]

	



Hubbell, E.; Clarke, C.A.; Aravanis, A.M.; Berg, C.D. Modeled Reductions in Late-stage Cancer with a Multi-Cancer Early Detection Test. Cancer Epidemiol. Biomark. Prev. 2021, 30, 460–468. [Google Scholar] [CrossRef]

	



van der Pol, Y.; Mouliere, F. Toward the Early Detection of Cancer by Decoding the Epigenetic and Environmental Fingerprints of Cell-Free DNA. Cancer Cell 2019, 36, 350–368. [Google Scholar] [CrossRef] [PubMed]

	



IJzerman, M.J.; de Boer, J.; Azad, A.; Degeling, K.; Geoghegan, J.; Hewitt, C.; Hollande, F.; Lee, B.; To, Y.H.; Tothill, R.W.; et al. Towards Routine Implementation of Liquid Biopsies in Cancer Management: It Is Always Too Early, until Suddenly It Is Too Late. Diagnostics 2021, 11, 103. [Google Scholar] [CrossRef]

	



Mouliere, F.; Chandrananda, D.; Piskorz, A.M.; Moore, E.K.; Morris, J.; Ahlborn, L.B.; Mair, R.; Goranova, T.; Marass, F.; Heider, K.; et al. Enhanced detection of circulating tumor DNA by fragment size analysis. Sci. Transl. Med. 2018, 10, eaat4921. [Google Scholar] [CrossRef]

	



Cohen, J.D.; Li, L.; Wang, Y.; Thoburn, C.; Afsari, B.; Danilova, L.; Douville, C.; Javed, A.A.; Wong, F.; Mattox, A.; et al. Detection and localization of surgically resectable cancers with a multi-analyte blood test. Science 2018, 359, 926–930. [Google Scholar] [CrossRef] [PubMed]

	



Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.M.; et al. Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [Google Scholar] [CrossRef]

	



Pons-Belda, O.D.; Fernandez-Uriarte, A.; Diamandis, E.P. Can Circulating Tumor DNA Support a Successful Screening Test for Early Cancer Detection? The Grail Paradigm. Diagnostics 2021, 11, 2171. [Google Scholar] [CrossRef]

	



Klein, E.A.; Beer, T.M.; Seiden, M. The Promise of Multicancer Early Detection. Comment on Pons-Belda et al. Can Circulating Tumor DNA Support a Successful Screening Test for Early Cancer Detection? The Grail Paradigm. Diagnostics 2021, 11, 2171. Diagnostics 2022, 12, 1243. [Google Scholar] [CrossRef]

	



Matsutani, A.; Udagawa, C.; Matsunaga, Y.; Nakamura, S.; Zembutsu, H. Liquid biopsy for the detection of clinical biomarkers in early breast cancer: New insights and challenges. Pharmacogenomics 2020, 21, 359–367. [Google Scholar] [CrossRef]

	



Liu, M.C.; Oxnard, G.R.; Klein, E.A.; Swanton, C.; Seiden, M.V.; CCGA Consortium. Sensitive and specific multi-cancer detection and localization using methylation signatures in cell-free DNA. Ann. Oncol. 2020, 31, 745–759. [Google Scholar] [CrossRef]

	



Chen, X.; Dong, Z.; Hubbell, E.; Kurtzman, K.N.; Oxnard, G.R.; Venn, O.; Melton, C.; Clarke, C.A.; Shaknovich, R.; Ma, T.; et al. Prognostic Significance of Blood-Based Multi-cancer Detection in Plasma Cell-Free DNA. Clin. Cancer Res. 2021, 27, 4221–4229. [Google Scholar] [CrossRef]

	



Bredno, J.; Lipson, J.; Venn, O.; Aravanis, A.M.; Jamshidi, A. Clinical correlates of circulating cell-free DNA tumor fraction. PLoS ONE 2021, 16, e0256436. [Google Scholar] [CrossRef] [PubMed]

	



Siu, A.L.; U.S. Preventive Services Task Force. Screening for Breast Cancer: U.S. Preventive Services Task Force Recommendation Statement. Ann. Intern. Med. 2016, 164, 279–296. [Google Scholar] [CrossRef] [PubMed]

	



Tan, S.Y.; van Oortmarssen, G.J.; de Koning, H.J.; Boer, R.; Habbema, J.D. The MISCAN-Fadia continuous tumor growth model for breast cancer. J. Natl. Cancer Inst. Monogr. 2006, 36, 56–65. [Google Scholar] [CrossRef] [PubMed]

	



Berry, D.A.; Cronin, K.A.; Plevritis, S.K.; Fryback, D.G.; Clarke, L.; Zelen, M.; Mandelblatt, J.S.; Yakovlev, A.Y.; Habbema, J.D.; Feuer, E.J.; et al. Effect of screening and adjuvant therapy on mortality from breast cancer. N. Engl. J. Med. 2005, 353, 1784–1792. [Google Scholar] [CrossRef]

	



Alagoz, O.; Berry, D.A.; de Koning, H.J.; Feuer, E.J.; Lee, S.J.; Plevritis, S.K.; Schechter, C.B.; Stout, N.K.; Trentham-Dietz, A.; Mandelblatt, J.S.; et al. Introduction to the Cancer Intervention and Surveillance Modeling Network (CISNET) Breast Cancer Models. Med. Decis. Mak. 2018, 38 (Suppl. S1), 3S–8S. [Google Scholar] [CrossRef]

	



Mandelblatt, J.S.; Near, A.M.; Miglioretti, D.L.; Munoz, D.; Sprague, B.L.; Trentham-Dietz, A.; Gangnon, R.; Kurian, A.W.; Weedon-Fekjaer, H.; Cronin, K.A.; et al. Common Model Inputs Used in CISNET Collaborative Breast Cancer Modeling. Med. Decis. Mak. 2018, 38 (Suppl. S1), 9S–23S. [Google Scholar] [CrossRef]

	



van den Broek, J.J.; van Ravesteyn, N.T.; Heijnsdijk, E.A.; de Koning, H.J. Simulating the Impact of Risk-Based Screening and Treatment on Breast Cancer Outcomes with MISCAN-Fadia. Med. Decis. Mak. 2018, 38 (Suppl. S1), 54S–65S. [Google Scholar] [CrossRef]

	



Lehman, C.D.; Arao, R.F.; Sprague, B.L.; Lee, J.M.; Buist, D.S.; Kerlikowske, K.; Henderson, L.M.; Onega, T.; Tosteson, A.N.; Rauscher, G.H.; et al. National Performance Benchmarks for Modern Screening Digital Mammography: Update from the Breast Cancer Surveillance Consortium. Radiology 2017, 283, 49–58. [Google Scholar] [CrossRef]

	



Stout, N.K.; Lee, S.J.; Schechter, C.B.; Kerlikowske, K.; Alagoz, O.; Berry, D.; Buist, D.S.; Cevik, M.; Chisholm, G.; de Koning, H.J.; et al. Benefits, harms, and costs for breast cancer screening after US implementation of digital mammography. J. Natl. Cancer Inst. 2014, 106, dju092. [Google Scholar] [CrossRef]

	



Mariotto, A.B.; Yabroff, K.R.; Shao, Y.; Feuer, E.J.; Brown, M.L. Projections of the cost of cancer care in the United States: 2010–2020. J. Natl. Cancer Inst. 2011, 103, 117–128. [Google Scholar] [CrossRef]

	



Trentham-Dietz, A.; Kerlikowske, K.; Stout, N.K.; Miglioretti, D.L.; Schechter, C.B.; Ergun, M.A.; van den Broek, J.J.; Alagoz, O.; Sprague, B.L.; van Ravesteyn, N.T.; et al. Tailoring Breast Cancer Screening Intervals by Breast Density and Risk for Women Aged 50 Years or Older: Collaborative Modeling of Screening Outcomes. Ann. Intern. Med. 2016, 165, 700–712. [Google Scholar] [CrossRef] [PubMed]

	



Yabroff, K.R.; Lamont, E.B.; Mariotto, A.; Warren, J.L.; Topor, M.; Meekins, A.; Brown, M.L. Cost of care for elderly cancer patients in the United States. J. Natl. Cancer Inst. 2008, 100, 630–641. [Google Scholar] [CrossRef] [PubMed]

	



Gold, M. Panel on cost-effectiveness in health and medicine. Med. Care 1996, 34 (Suppl. S12), DS197–DS199. [Google Scholar] [PubMed]

	



Neumann, P.J.; Cohen, J.T.; Weinstein, M.C. Updating cost-effectiveness—The curious resilience of the $50,000-per-QALY threshold. N. Engl. J. Med. 2014, 371, 796–797. [Google Scholar] [CrossRef]

	



Cristiano, S.; Leal, A.; Phallen, J.; Fiksel, J.; Adleff, V.; Bruhm, D.C.; Jensen, S.O.; Medina, J.E.; Hruban, C.; White, J.R.; et al. Genome-wide cell-free DNA fragmentation in patients with cancer. Nature 2019, 570, 385–389. [Google Scholar] [CrossRef]

	



Heitzer, E.; Perakis, S.; Geigl, J.B.; Speicher, M.R. The potential of liquid biopsies for the early detection of cancer. NPJ Precis. Oncol. 2017, 1, 36. [Google Scholar] [CrossRef]

	



Oeffinger, K.C.; Fontham, E.T.; Etzioni, R.; Herzig, A.; Michaelson, J.S.; Shih, Y.C.; Walter, L.C.; Church, T.R.; Flowers, C.R.; LaMonte, S.J.; et al. Breast Cancer Screening for Women at Average Risk: 2015 Guideline Update From the American Cancer Society. JAMA 2015, 314, 1599–1614. [Google Scholar] [CrossRef]

	



Lee, C.H.; Dershaw, D.D.; Kopans, D.; Evans, P.; Monsees, B.; Monticciolo, D.; Brenner, R.J.; Bassett, L.; Berg, W.; Feig, S.; et al. Breast cancer screening with imaging: Recommendations from the Society of Breast Imaging and the ACR on the use of mammography, breast MRI, breast ultrasound, and other technologies for the detection of clinically occult breast cancer. J. Am. Coll. Radiol. 2010, 7, 18–27. [Google Scholar] [CrossRef]








[image: Cancers 14 02951 g001 550] 





Figure 1. ROC curve of a CCGA breast cancer prediction model adapted from Ref. [21] with the TPR and FPR of the modeled liquid biopsies. (A) All modeled liquid biopsies in this study, (B) liquid biopsies that are unable to detect DCIS. The costs next to each liquid biopsy represent the maximum price for each liquid biopsy to be cost-effective compared to digital mammography at a threshold of USD 50,000. The filled boxes show the maximum prices where a similar or increased mortality reduction is gained compared to digital mammography screening. Abbreviations: DCIS, ductal carcinoma in situ; DM, digital mammography; TPR, true-positive rate; FPR, false-positive rate. 
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Table 1. Liquid biopsy test characteristics, costs, and utilities in routine screening.
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	Type of Screen Test
	DCIS

Sensitivity,

%
	Median Tumor Size for Screen Detection, cm
	Specificity,

%
	Cost, USD
	Utility





	Mammography (comparator)
	91
	1.21
	88
	149
	0.994



	Liquid biopsy
	91 or 0
	0.01, 0.61, 1.03–1.39 (values ranged per 0.06)
	88, 96, or 100
	TBD
	0.994







Median tumor size for screen detection was ranged from 1.03 cm to 1.39, and to simulate up to 100% sensitivity for invasive breast cancer median tumor size was modeled at 0.01 cm and 0.61 cm. Abbreviations: DCIS, ductal carcinoma in situ.
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Table 2. MISCAN-Fadia breast cancer model inputs. Screening, diagnostic work-up, and care-related costs (USD), and quality of life effects (QoL).






Table 2. MISCAN-Fadia breast cancer model inputs. Screening, diagnostic work-up, and care-related costs (USD), and quality of life effects (QoL).





	
Screening: Cost per Screen Test and Associated Quality of Life Adjustments




	

	
Cost, USD

	
QoL [29]

	

	






	
Digital mammography

	
149

	
0.994 (1 wk)

	

	




	
Liquid biopsy

	
TBD

	
0.994 (1 wk)

	

	




	
Diagnostic workup: cost by age and screening results and quality of life adjustments




	

	
False-positive

	
True positive

	




	
Age group, y

	
Imaging, USD

	
Tissue biopsy, USD *

	
Diagnostics, USD

	
QoL adjustment [29]




	
50–64

	
152

	
1455

	
2316

	
0.895 (5 wks)




	
65–74

	
152

	
1463

	
2329

	
0.895 (5 wks)




	
75–100

	
152

	
1550

	
1964

	
0.895 (5 wks)




	
Treatment: cost by stage and phase of care




	

	
Phase of care ** [30]




	

	
Initial, USD

	
Continuous, USD

	
Terminal, USD

	
Terminal OCD, USD




	
In situ

	
14,848

	
1336

	
56,995

	
7879




	
Local stage

	
24,240

	
2306

	
59,550

	
6332




	
Regional stage

	
41,352

	
4474

	
64,516

	
10,762




	
Distant stage

	
55,985

	
19,212

	
81,656

	
20,081




	
Treatment: quality of life adjustments by stage and phase of care




	

	
Phase of care [31,32]




	

	
Initial, QoL

	
Continuous, QoL

	
Terminal, QoL

	
Terminal OCD, QoL




	
In situ

	
0.90

	
0.93

	
0.49

	
0.93




	
Local stage

	
0.90

	
0.93

	
0.49

	
0.93




	
Regional stage

	
0.75

	
0.78

	
0.49

	
0.78




	
Distant stage

	
0.60

	
0.62

	
0.49

	
0.62








All costs were inflated to 2020 US dollars. Abbreviations: QoL, quality of life; OCD, other cause of death. * All women with a false-positive result were assumed to have follow-up imaging. In 10.6% of women with a false-positive result, tissue biopsy was performed in addition to imaging; ** The initial phase of care consists of the first 12 months after diagnosis. The terminal phase of care covers the last 12 months of the life of a woman who has breast cancer. When a woman died of another cause of death (OCD) but had a breast cancer diagnosis during her lifetime, QoL adjustments and costs were applied. The continuous phase of care constitutes the time between the initial and terminal phase.
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Table 3. Proportion of breast cancers detected by screening.
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Model Input

	
Number of Cancers Detected *

	
Proportion of Cancers Detected by Screening




	
DCIS Sensitivity, %

	
Median Tumor Size for Screen Detection, cm

	
Invasive Breast Cancers Detected by Screening

	
Invasive Breast Cancers Clinically/Interval-Detected

	
DCIS Detected by Screenings

	
DCIS Clinically/Interval-Detected

	
DCIS

	
Invasive Breast Cancer

	
Combined Sensitivity






	
DCIS detection




	
91

	
1.39

	
499,859

	
280,403

	
211,799

	
25,736

	
89%

	
64%

	
70%




	
91

	
1.33

	
517,279

	
266,930

	
211,799

	
25,701

	
89%

	
66%

	
71%




	
91

	
1.27

	
536,983

	
251,533

	
211,799

	
25,659

	
89%

	
68%

	
73%




	
91

	
1.21

	
555,844

	
237,439

	
211,799

	
25,614

	
89%

	
70%

	
74%




	
91

	
1.15

	
575,086

	
223,370

	
211,799

	
25,558

	
89%

	
72%

	
76%




	
91

	
1.09

	
595,205

	
208,712

	
211,799

	
25,502

	
89%

	
74%

	
78%




	
91

	
1.03

	
617,690

	
192,351

	
211,799

	
25,424

	
89%

	
76%

	
79%




	
No DCIS detection




	
0

	
1.39

	
517,043

	
277,623

	
0

	
30,728

	
0%

	
64%

	
62%




	
0

	
1.33

	
535,167

	
277,623

	
0

	
30,728

	
0%

	
66%

	
63%




	
0

	
1.27

	
555,629

	
261,678

	
0

	
30,651

	
0%

	
68%

	
66%




	
0

	
1.21

	
575,168

	
247,101

	
0

	
30,604

	
0%

	
70%

	
67%




	
0

	
1.15

	
595,141

	
232,510

	
0

	
30,547

	
0%

	
72%

	
69%




	
0

	
1.09

	
616,020

	
217,321

	
0

	
30,491

	
0%

	
74%

	
71%




	
0

	
1.03

	
639,366

	
200,383

	
0

	
30,413

	
0%

	
76%

	
73%




	
Perfect test, DCIS detection




	
91

	
0.61

	
786,076

	
87,664

	
211,799

	
24,737

	
90%

	
90%

	
90%




	
91

	
0.01

	
1,571,972

	
2406

	
211,799

	
6993

	
97%

	
100%

	
99%




	
Perfect test, no DCIS detection




	
0

	
0.61

	
814,739

	
91,707

	
0

	
29,718

	
0%

	
90%

	
87%




	
0

	
0.01

	
1,641,924

	
2629

	
0

	
11,226

	
0%

	
100%

	
99%








* Number of cancers detected between ages 50 and 74 in the entire population of women screened. Abbreviations: DCIS, ductal carcinoma in situ.
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Table 4. Outcomes for routine screening with liquid biopsy.
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Model Inputs

	
Outcomes per 1000 Women Screened over Their Lifetime




	
Combined Sensitivity a, %

	
Specificity, %

	
Mortality Reduction %

	
False Positives

	
Overdiagnoses

	
QALYs-Gained

	
Total Costs, USD 1000

	
Maximum

Price, USD






	
Digital mammography (comparator)




	
74

	
88

	
25.1

	
913.8

	
18.1

	
40

	
7022

	
-




	
DCIS detection




	
70

	
100

	
22.4

	
0

	
17.7

	
43

	
6786

	
195




	
71

	
96

	
23.2

	
406.3

	
17.8

	
41

	
6888

	
171




	
71

	
100

	
23.2

	
0

	
17.8

	
44

	
6796

	
202




	
73

	
96

	
24.2

	
406.2

	
18.0

	
42

	
6899

	
179




	
73

	
100

	
24.2

	
0

	
18.0

	
45

	
6807

	
210




	
74

	
96

	
25.1

	
406.1

	
18.1

	
44

	
6911

	
186




	
74

	
100

	
25.1

	
0

	
18.1

	
47

	
6819

	
217




	
76

	
88

	
26.0

	
913.6

	
18.2

	
42

	
7035

	
156




	
76

	
96

	
26.0

	
406.0

	
18.2

	
45

	
6924

	
193




	
76

	
100

	
26.0

	
0

	
18.2

	
48

	
6832

	
224




	
78

	
88

	
27.1

	
913.4

	
18.4

	
43

	
7050

	
164




	
78

	
96

	
27.1

	
405.9

	
18.4

	
47

	
6939

	
201




	
78

	
100

	
27.1

	
0

	
18.4

	
50

	
6847

	
232




	
79

	
88

	
28.3

	
913.2

	
18.5

	
45

	
7068

	
173




	
79

	
96

	
28.3

	
405.8

	
18.5

	
49

	
6957

	
210




	
79

	
100

	
28.3

	
0

	
18.5

	
52

	
6868

	
241




	
No DCIS detection




	
67

	
100

	
23.1

	
0

	
1.9

	
41

	
6951

	
161




	
69

	
100

	
23.7

	
0

	
2.1

	
42

	
6964

	
169




	
71

	
100

	
24.8

	
0

	
2.2

	
44

	
6979

	
177




	
73

	
96

	
26.1

	
409.2

	
2.4

	
43

	
7090

	
156




	
73

	
100

	
26.1

	
0

	
2.4

	
46

	
6998

	
187




	
Perfect test, DCIS detection




	
90

	
88

	
38.4

	
910

	
20.5

	
59

	
7273

	
235




	
90

	
100

	
38.4

	
0

	
20.5

	
65

	
7071

	
303




	
Perfect test, no DCIS detection




	
87

	
88

	
36.6

	
918

	
4.5

	
53

	
7413

	
183




	
87

	
100

	
36.6

	
0

	
4.5

	
60

	
7210

	
253








a Defined as the proportion of breast cancers detected by screening in women aged 50 to 74. Results are presented for liquid biopsies that are an acceptable alternative to DM, i.e., yield equal or greater QALYs than DM and are cost-effective at a cost-effectiveness threshold of USD 50,000. Results are presented compared to no screening. QALYs and total costs were discounted with a rate of 3% per year. Abbreviations: QALYs, quality-adjusted life years; DCIS, ductal carcinoma in situ; DM, digital mammography.
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