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Abstract

Purpose—During ongoing controversies about mammography screening, many investigators 

have stated that performance improvements in screening mammography may mitigate concerns 

about harms. However, there have been few attempts to quantify performance improvements 

required to recommend mammography screening. Based on USPSTF benchmarks, we utilized 

revealed preference methods to ascertain quantitative thresholds at which screening 

mammography would be recommended beyond biennial screening in women 50 and older.

Methods—Benefits of routine screening mammography (breast cancer deaths averted) were from 

published USPSTF meta-analyses. Potential harms (10-year cumulative probability of at least one 

false-positive) were from published Breast Cancer Surveillance Consortium estimates. We 

identified the implicit threshold (benefit/harm ratio) to recommend biennial screening starting at 

age 50. Using this threshold, we ascertained reductions of false-positives required to recommend 

more frequent screening and screening initiation under age 50 using revealed preference analyses.

Results—Using USPSTF implied benefit/harm ratio, routine biennial screening would be 

recommended starting at 40 if false-positives declined by at least 62%. Reductions of false-

positive proportions of 74% would be required to recommend annual screening starting at 40 and 

reductions of false-positive proportions of 31% would be required to support annual screening 

starting at 50.

Conclusions—Using USPSTF revealed preferences, 31–74% reductions in false-positives 

would be required to recommend mammography screening beyond biennial screening starting at 

age 50. Widespread implementation of tomosynthesis and reducing recall rates to the lower end of 

recommended recall rates (5–12%) would provide support for expanding screening beyond 

biennial screening in women age 50.
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Purpose

Controversies about the benefits and harms of breast cancer screening in women at average 

risk have led to differing recommendations about when to begin and how often to have 

routine screening mammograms. For other screening tests, policy makers can increase 

thresholds for defining test results as positive thereby reducing false positives [1]. For 

example, in lung cancer screening, radiologists can change the threshold for defining a lung 

cancer screening CT as positive from 4 to 8 mm, thereby reducing false positives. 

Interpretation of screening mammograms, however, involves subjective analysis of breast 

parenchymal patterns without discrete quantitative thresholds that can be adjusted to 

decrease false positives. Although many investigators have stated that improvements in 

screening mammography performance may mitigate concerns about the harms of 

mammography screening [2, 3], there have been few attempts to quantify performance 

thresholds at which mammography screening would be recommended.

Revealed preference methods have been used in economics to quantify consumer 

preferences by analyzing actual choices [4]. Implicit behind breast cancer 

screeningV9guidelines are the preferences of guideline makers for acceptable tradeoffs 

between the benefits and harms of screening mammography. The US Preventive Services 

Task Force guideline makers have identifyed two principle harms of screening 

mammography—overdiagnosis/treatment and false positives. While the task force identifies 

overdiagnosis/treatment as the most important potential harm, false positives are the primary 

harm quantified by the Task Force in determining the benefits/harms of various screening 

strategies. The Task Force used studies from the Breast Cancer Surveillance Consortium 

estimating that approximately 61% of women undergoing 2D mammography screening 

every year will have at least one false-positive examination over a 10 year time period, 

compared with 42% of women undergoing 2D mammography screening every other year 

[5]. Although the Task Force uses these numbers in considering the benefits/harms of 

recommending routine screening mammography, they did not explicitly state their 

quantitative preferences for what would be an appropriate benefit/harm ratio for 

recommending screening mammography. Our objective was to ascertain the implicit 

quantitative thresholds at which routine screening mammography would be recommended 

earlier than age 50 and more frequently than biennially.

Materials and methods

We used revealed preference theory to quantitatively assess the preferences of guideline 

makers for recommending breast cancer screening. Revealed preference theory assumes that 

the preferences of consumers can be revealed by their actual purchasing habits. By analyzing 

the choices actually made by consumers, this analysis can be used to compare the influence 

of policies on consumer behavior.
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Revealed preference theory assumes a given budgetary constraint. For example, if a 

consumer purchases item A over item B when item A and item B are both affordable, it is 

revealed that the consumer directly prefers item A over item B. Additionally, the theory 

assumes that if item A is preferred over item B but item B is preferred over item C, item A 

will be preferred over item C (assuming that items A, B and C are comparably affordable). 

Finally, the theory assumes that preferences are stable over the observed time period (A will 

always be preferred over B when both are affordable).

Just as consumers have preferences for goods that can be revealed by analyzing actual 

purchasing decisions, guideline developers have preferences about different types of health 

programs and policies that can be revealed by analyzing their actual recommendations. In 

2009, and again in 2016, the U.S. Preventive Services Task Force (USPSTF) recommended 

routine screening mammography every 2 years starting at age 50 in women at average risk 

of developing breast cancer [6]. Revealed preference theory would suggest that the USPSTF 

found the tradeoff s associated with this screening strategy acceptable, and that given a 

similar set of constraints and ratio of harm to benefit, they would always recommend 

screening over not screening.

In the revealed preference framework, we can use the USPSTF’s actual recommendation as 

an indication of its implicit threshold for the acceptable trade-off between the benefits and 

harms of routine screening mammography, and apply that to other age groups and screening 

intervals. For example, the USPSTF did not recommend routine biennial screening starting 

at 40; instead it recommended individualized decision making, due to the smaller expected 

benefit and higher risk of false-positive findings and unnecessary diagnostic workups among 

women in their 40’s [7]. The USPSTF recommended against annual screening starting at age 

50 for similar reasons. However, using the revealed preference framework, we can identify 

scenarios under which the USPSTF would recommend starting routine screening at age 40 

or screening annually, based on the threshold ratio of harm to benefit implied by the actual 

recommendation to screening biennially starting at age 50.

Variables and data sources

In their review of evidence, the USPSTF characterized the harms of routine screening 

mammography as the number of false-positive exams and their associated diagnostic 

workups, as well as the possibility of being diagnosed with or receiving treatment for an 

indolent or non-lethal breast cancer, a phenomenon often referred to as overdiagnosis or 

overtreatment [8]. Although overdiagnosis is a well accepted consequence of population-

based cancer screening, it is difficult to estimate, and estimates of the rate of overdiagnosis 

associated with breast cancer screening vary widely depending on data source, assumptions, 

and methods [9]. However, estimates of overdiagnosis based on similar analytic methods 

tend to find similar rates when comparing screening strategies starting at age 40 versus age 

50 [10]. Thus, for this analysis, we considered false positives to be the principal quantifiable 

harm of routine screening mammography, defined as the cumulative probability of a false-

positive screening exam over 10 years. The principal benefit of screening mammography 

cited by the USPSTF is the reduction in deaths due to breast cancer, defined as breast cancer 
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deaths averted per 10,000 women screened by repeat screening mammography over 10 years 

[6].

We used available data from previously published studies commissioned and cited by the 

USPSTF. Specifically, estimates of the harms of routine screening mammography were from 

the Breast Cancer Surveillance Consortium (BCSC) [5]. Estimates of the expected benefit of 

routine screening mammography were from previously published USPSTF meta-analyses of 

randomized trials [6].

Statistical methods

We calculated the reductions in 10-year cumulative false-positive exams per breast cancer 

death averted in each age group (40–49, 50–59) and for each screening interval (biennial, 

annual) required to achieve the threshold associated with routine biennial screening in 

women 50–59.

Changes in recall rates and false-positive probabilities could theoretically influence cancer 

detection rates and breast cancer-specific mortality. Therefore, we varied breast cancer 

mortality rates by increasing and decreasing the number of breast cancer deaths averted (± 1 

death averted per 10,000 women) in order to evaluate the sensitivity of our conclusions to 

changes in these assumptions.

Results

The USPSTF meta-analysis found that routine screening mammography in women 40–49 

averts 3 breast cancer deaths per 10,000, while breast cancer screening in women 50–59 

averts 8 breast cancer deaths per 10,000. The BCSC estimated a 10-year cumulative false-

positive proportion of 42.0% in women 50–59 (4200 false positives per 10,000 women) with 

biennial screening. The proportion was similar in women 40–49 (4160 false positives per 

10,000 women). The 10-year cumulative false-positive proportion was 61.3% (6130 false 

positives per 10,000 women) for annual screening in both age groups.

Based on these inputs, biennial screening prevents 1 breast cancer death for every 525 false 

positives in women 50–59 (4200 false positives per 8 breast cancer deaths per 10,000 

women). Biennial screening prevents 1 breast cancer death for every 1387 false positives in 

women 40–49 (4160 false positives per 3 cancer deaths per 10,000 women). Annual 

screening prevents 1 breast cancer death for every 2043 false positives (6130 false positives 

per 3 per 10,000) in women 40–49 and prevents 1 breast cancer death for every 766 false 

positives (6130 false positives per 8 per 10,000) in women 50–59.

The USPSTF’s implicit threshold for recommending routine screening mammography is 1 

breast cancer death prevented for every 525 false positives—the ratio of harm to benefit 

associated with biennial screening in women 50–59. Achieving this threshold for biennial 

screening in women starting at age 40 would require a decrease in the cumulative false-

positive proportion of 62.1% [(1387 false positives—525 false positives)/1387 false 

positives] (Fig. 1). To achieve the implicit threshold for annual screening in women starting 

at age 40, we would require a decrease in the cumulative false-positive proportion of 74.3% 
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[(2043–525)/2043]. To achieve the threshold for annual screening in women starting at age 

50, we would require a decrease in the cumulative false-positive proportions of 31.5% 

[(766–525)/766].

In order to assess the sensitivity of our findings to assumptions about the impact of false 

positives on cancer detection rates, we both increased and decreased the number of breast 

cancer deaths prevented by breast cancer screening. To assess the possibility of reduced 

benefit for women 40–49, we decreased the number of breast cancer deaths averted by 

screening from 3 per 10,000 to 2 per 10,000 in women 40–49, and for women 50–59 we 

decreased the number of breast cancer deaths prevented from 8 per 10,000 to 7 per 10,000 in 

women 50–59. With these assumptions of reduced benefit, in order to achieve the implied 

threshold for recommending routine screening mammography, we would need to decrease 

the false-positive proportion by 40.1% for annual screening starting at age 50, 74.8% for 

biennial screening starting at age 40, and 82.9% for annual screening starting at age 40.

Alternatively, improvements in technology or radiologist performance that reduce false 

positives could be associated with decreased breast cancer deaths. To assess the impact of 

this assumption, we increased the number of breast cancer deaths averted from 3 per 10,000 

to 4 per 10,000 in women 40–49, and from 8 per 10,000 to 9 per 10,000 in women 50–59. 

With these assumptions, we would achieve the implicit threshold for recommending routine 

screening mammography if the false-positive proportion declined by 22.9% with annual 

screening starting at age 50, 49.5% with biennial screening starting at age 40, and 65.8% 

with annual screening starting at age 40.

Conclusions

Revealed preference analyses of USPSTF guidelines suggest that 525 false-positive 

examinations for every 1 additional death prevented from breast cancer is an acceptable 

threshold for recommending routine screening mammography. In order to recommend 

starting routine screening at age 40, or screening annually instead of biennially, the false-

positive proportions associated with those strategies would have to be 31–74% lower to meet 

the same threshold of harm to benefit. These types of reductions in false-positive proportions 

may be achievable with modern mammography technology and improved interpretive skills 

by specialized radiologists.

To maximize cancer detection rates while minimizing false positives, expert panels 

recommend abnormal interpretation (recall) rates ranging between 5 and 12% [10]. Recent 

national estimates from the BCSC suggest an overall abnormal interpretation rate (BI-RADS 

Category 0, 4, or 5) of 11.6% with 59.0% of radiologists achieving recommended abnormal 

interpretation rates ranging between 5 and 12% [11]. 31–74% reductions in the mean 

abnormal interpretation rate of 11.6% would result in mean abnormal interpretation rates 

ranging from 3.0 to 8.0%. Assuming similar cancer detection rates, this range of abnormal 

interpretation rates overlaps with the lower range of acceptable abnormal interpretation rates 

recommended by the BCSC, suggesting that improvements in the performance of screening 

mammography can provide support for expanding mammography screening beyond biennial 

screening in women > 50. These reductions in false positives are most readily achievable for 
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recommending annual screening in women starting at age 50 (31% reduction in false 

positives, abnormal interpretation rate of 8.0%), followed by biennial screening in women 

starting at age 40 (62% reduction in false positives, abnormal interpretation rate of 4.4%), 

followed by annual screening starting at age 40 (74% reduction in false positives, 

approximate abnormal interpretation rate of 3.0%).

While some investigators have raised concerns that decreases in recalls would be associated 

with decreases in cancer detection, Smith-Bindman et al. compared outcomes from two large 

scale mammography registries based in the United States with one large scale registry in the 

United Kingdom [12]. Comparing outcomes among women receiving their first screening 

mammogram in each country, recall rates were twice as high in the US (12.5–14.4%) as the 

UK (7.6%) while cancer detection rates were similar in the US (5.8–5.9 per 1000 

mammography screens) as the UK (6.3 per 1000 mammography screens). Targeted, 

practice-based interventions can reduce recall rates while maintaining cancer detection rates 

[13].

In addition to improvements in radiologist performance, reductions in recall rates may be 

possible with recent advances in technology. The recent development and expansion of 

tomosynthesis has reduced false-positive rates by 15–30% while increasing cancer detection 

rates by approximately 29% [14]. Although overdiagnosis is not well-quantified in existing 

guidelines, concerns about overdiagnosis, particularly of low grade in situ cancers, were 

important considerations in both the USPSTF and ACS recommendations. Although the 

impact of tomosynthesis on breast cancer mortality has not been studied, higher proportions 

of breast cancers detected with tomosynthesis are invasive cancers compared with in situ 

cancers, suggesting that tomosynthesis screening may reduce overdiagnosed/treated cancers 

[15]. Modern mammography technology that reduces false positives, increases cancer 

detection, and shifts cancers diagnosed from DCIS to invasive cancers may support more 

effective screening programs for a larger population of women. In our study, we found that 

similar reductions in false-positive proportions and small increases in cancer detection rates 

would be sufficient to achieve implicit USPSTF quantitative thresholds for recommending 

breast cancer screening beyond biennial screening in women greater than 50 years old. The 

development of newer technologies, including contrast-enhanced mammography [16] and 

machine learning algorithms [17], offers the possibility of reducing false-positive rates and 

increasing cancer detection rates, particularly of more biologically aggressive cancers.

Limitations of our study include inherent assumptions under revealed preference theory and 

assumptions about the estimates our analysis is based on. Revealed preference theory 

assumes constant preferences over time, an assumption which may not be valid, given 

changing opinions about breast cancer screening [18]. Nevertheless, our analysis attempts to 

provide a quantitative evaluation of current thinking regarding the benefits and harms of 

breast cancer screening.

Our study was also limited by inherent subjectivity underlying thresholds for recommending 

breast cancer screening. While the USPSTF emphasizes harms of breast cancer screening in 

recommending biennial breast cancer screening starting at age 50, the American Cancer 

Society notes that women are more likely to present with more aggressive breast cancers 
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before menopause and therefore recommends annual screening starting at age 45. 

Alternatively, the American College of Radiology and the Society of Breast Imaging 

recommend annual mammography screening starting at age 40, because this strategy is 

associated with the largest decreases in breast cancer mortality. Although our study provides 

quantitative estimates about the USPSTF’s implicit threshold for recommending routine 

screening mammography, similar analyses can be performed for other guideline producing 

organizations and for other types of cancer screening. If we had conducted similar analyses 

using other societies’ recommendations for screening mammography, we would expect even 

lower thresholds for recommending screening mammography as other guidelines 

recommend screening mammography at earlier ages and higher frequency screening 

intervals compared with the USPSTF.

Additionally, the USPSTF emphasizes false positives as one of the primary quantitative 

harms of screening mammography; however, there is limited evidence that false positives 

inflict long-term damage on patients. Randomly selected participants in the Digital 

Mammographic Imaging Screening Trial (DMIST) surveyed after screening mammography 

were found to have increases in short-term anxiety after false positives but no long-term 

changes in anxiety or declines in health status [19]. Additionally, as the vast majority of 

false-positive recalls from screening mammography do not result in biopsies, some authors 

have suggested that benign biopsy rates would be a much more accurate measure of the 

harms of screening mammography [20]. Using benign breast biopsy rates as an alternative 

benchmark to false positives would suggest a much lower frequency of harms from 

screening mammography.

Finally, thresholds for evaluating the benefits and risks of screening mammography were 

derived mostly from studies that included negligible proportions of racial/ethnic minorities 

[6]. Prior studies have found that black women develop breast cancer at an earlier age and 

are much more likely to die from breast cancer [21]. Subgroup analyses evaluating benefit/

harm ratios of breast cancer screening should consider the possibility that black women may 

benefit from starting breast cancer screening at an earlier age and more frequent screening 

interval, as they are much more likely to die from breast cancer at an earlier age.

In summary, revealed preference analysis suggests that reductions of false-positive 

proportions between 31 and 74% would be required for USPSTF guideline makers to 

recommend routine screening mammography annually or starting at age 40. These 

reductions are consistent with abnormal interpretation (recall) rates at the lower end of 

recommended abnormal interpretation rates (3.0–8.0%) and are consistent with wider 

adoption of tomosynthesis. Clinicians and policy makers should continue to develop and 

evaluate new technologies for breast cancer screening that will increase the detection of 

early stage breast cancers and reduce false-positive results.
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Fig. 1. 
Percentage reductions in false positives required to achieve USPSTF revealed preference 

threshold for recommending different mammography screening schedules. This figure 

characterizes the percentage reductions in false positives required in order to achieve the 

USPSTF revealed preference threshold for recommending routine screening mammography 

by age group and screening interval. For each screening strategy, the dark grey bar (left) 

represents the ratio of false positives for each breast cancer death averted and the light grey 

bar (right) represents the USPSTF revealed preference threshold for recommending routine 

screening (525 false positives for every 1 breast cancer death averted). Above the two bars is 

the percentage reduction in false positives required to achieve the USPSTF threshold. For 

example, the USPSTF’s implicit threshold (revealed preference) for recommending routine 

screening mammography is 1 breast cancer death prevented for every 525 false positives—

the ratio of harm to benefit associated with biennial screening in women 50–59 

(recommended screening schedule by the USPSTF). Achieving this threshold for biennial 

screening in women starting at age 40 would require a decrease in the cumulative false-

positive proportion of 62.1% [(1387 false positives—525 false positives)/1387 false 

positives]
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