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Abstract

Background—Studies have shown that in the United States (US) about one-half of women 

screened with annual mammography have 1 false-positive test after ten screens. The estimate for 

European women screened ten times biennially is much lower. However, these estimates were 

found in different organizations and used different statistical methods. This study evaluates to what 

extent screening interval, mammogram type and statistical methods can explain the reported 

discrepancies between United States and Europe.

Patients and methods—We used data from US Breast Cancer Surveillance Consortium 

(BCSC), and from two population-based mammography screening programs in Denmark. We 

included all screens from women first screened at age 50–69 in 1996–2010 in BCSC (1–13 

screens/ woman), in 1991–2012 in Copenhagen (1–8 screens/ woman), and in 1993–2013 in 

Funen (1–10 screens/ woman). Empirical cumulative risks were stratified by screening interval and 

mammogram type. Model-based cumulative risks were computed for the entire sample using two 

statistical methods (Hubbard, Njor) previously used to estimate false-positive risks in US and 

Europe, respectively.

Results—We included 99,455 screens from BCSC, 230,452 from Copenhagen and 400,204 from 

Funen. Empirical cumulative risk of 1 false-positive test after eight (annual or biennial) screens 
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was 41.9% in BCSC, 16.1% in Copenhagen and 7.4% in Funen. Variation in screening interval 

and mammogram type did not explain the differences in cumulative false-positive risk by country. 

We only found small differences between model-based and empirical cumulative false-positive 

risks and between estimates using the two different statistical methods. Using the Hubbard 

method, model-based cumulative risks after eight screens was 45.1% in BCSC, 9.6% in 

Copenhagen, and 8.8% in Funen. Using the Njor method these risks were estimated to be 43.6%, 

11.2%, 8.0%.

Conclusion—Choice of statistical method, screening interval and mammogram type does not 

explain the substantial differences in cumulative false-positive risk between US and Europe.
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introduction

False-positive tests are an unavoidable consequence of mammography screening.

Information on the burden of false-positive tests expected from screening is needed for 

women in order to make informed decisions about screening participation. From the 

woman’s perspective, it is not only the risk of a false-positive test after attending one screen 

that is important, but her expected risk of a false-positive test after participating in the 

multiple rounds of screens called for by a screening program.

Studies from the United States (US), following women with ten years of annual 

mammography screening, have reported cumulative false-positive risks ranging from 43% to 

63% [1–4]. Studies from European mammography screening programs report considerably 

lower risks, ranging from 8% to 21% after ten biennial screens [5–8]. When comparing 

estimates of false-positive tests differences in screening organization and choice of statistical 

methods should be taken into account since these can affect the estimates. Organization of 

mammography screening differs considerably between the US and Europe. In the US, there 

are conflicting guidelines [9,10] for screening, so that age at first screen, screening interval 

and number of screens in a woman’s lifetime vary significantly. European screening 

programs typically offer biennial screening, but also vary in age range, organization and 

overall program performance [11].

To our knowledge, this is the first study to compare cumulative false-positive risk of 

mammography screen between the US and Europe using standardized definitions and 

statistical methods and long-term follow-up. This study had two objectives: to compare 

empirical cumulative false-positive risk in different settings and to evaluate whether choice 

of statistical model results in differences in model-based cumulative false-positive risk. To 

do this, we applied standard definitions and analysis methods to data from the National 

Cancer Institute-funded Breast Cancer Surveillance Consortium (BCSC) in the US and from 

the two long-standing, organized, population-based mammography screen programs in 

Denmark.
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materials and methods

The National Cancer Institute-funded Breast Cancer Surveillance Consortium (BCSC, http://

breastscreening.cancer.gov/) [12] is a collaborative network of seven regional 

mammography registries, with catchment representative of the US female population of 

mammography screening age. The BCSC reflects screening practice in the US and contains 

data from slightly more than 5% of the female population of screening age [13].

The organized, population-based screening programs in Copenhagen [14] and Funen [14] 

started in 1991 and 1993, respectively, inviting women aged 50–69 years to biennial 

screening. Women covered by the two screening programs constitute 20% of Danish women 

50–69 years. Unlike in the US, all service, including assessment and treatment for Danish 

women, is free of charge.

Data from both countries were collected at facilities at the time of screening. In BCSC, 

breast cancers were obtained by linking mammography data to one or more of three sources: 

regional Surveillance, Epidemiology, and End Results (SEER) registries, state cancer 

registries, and pathology databases. Completeness of cancer ascertainment is estimated to be 

>94.3% [15]. In Copenhagen and Funen, breast cancers were obtained by linking 

mammography data to the Danish Cancer Registry, the Danish Breast Cancer Cooperative 

Group, and the Danish Pathology Register. Reporting cancer diagnoses to the Danish Cancer 

Registry is mandatory by law in Denmark and the registry is almost 100% complete [16].

study population

We included women who had their first screen at age 50–69 years during 1996–2010 in 

BCSC, 1991–2012 in Copenhagen and 1993–2013 in Funen. This covered 1–13 screens in 

BCSC, 1–10 screens in Copenhagen and 1–10 screens in Funen. We excluded screens from 

women with breast implants, a previous mastectomy or diagnosis of invasive breast 

carcinoma or ductal carcinoma in situ (BCSC: n=31,111 women, Copenhagen: n=3,511 

women, Funen: n=3,025). In the Danish data, women with breast implants were only 

excluded if screening was not technically possible, as data on breast implants were not 

available.

definitions

According to the BCSC’s standard definition, a mammograms was classified as a screening 

mammogram based on the indication reported by the radiologist [17]. To avoid 

misclassifying diagnostic mammograms as screening mammograms, we excluded 

mammograms that were unilateral or obtained within 270 days after a radiological 

examination. In Denmark, all program mammograms were classified as screening 

mammogram. Based on the women’s screening history, screens were divided into first 

screens including only the first screen for a given woman, and subsequent screens including 

all other screens.

To classify a screen as positive or negative, BCSC radiologists use the American College of 

Radiology’s Breast Imaging Reporting and Data System (BI-RADS) [18]. Screens are coded 

as BI-RADS 0–5, indicating the level of suspicion of malignancy, and were considered 
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positive if the initial BI-RADS assessment was 0 (needs additional imaging evaluation), 4 

(suspicious abnormality), 5 (highly suggestive of malignancy), or 3 (probably benign 

finding) when accompanied by a recommendation for immediate evaluation [18], and 

negative if the initial BI-RADS assessment was 1 (negative), 2 (benign finding), or 3 

(probably benign finding) without a recommendation for immediate evaluation.[18] 

Denmark does not use BI-RADS, therefore all screens that lead to recall for further 

assessment were referred to as positive screens without further specification.

A false-positive test was defined as a positive screen where no invasive breast carcinoma or 

ductal carcinoma in situ was diagnosed within one year or prior to the next screen (if this 

took place before one year).

Subsequent screens were stratified by time since last screen into screening intervals 9–17 

months (annual ), 18–30 months (biennial) and >30 months (triennial).

statistical analysis

We computed empirical false-positive risks as the proportion of false-positive tests for each 

number of completed screens. Empirical cumulative risk of 1 false-positive were computed 

as the proportion of 1 false-positive among women who had completed 1–10 screens in 

BCSC and Funen, and 1–8 screens in Copenhagen. Proportions were stratified by screening 

interval (annual or biennial) and mammogram type (film or digital). Data were censored for 

four reasons: 1) information about time since last screen differed from self-reported 

information by 6 months (to censor screens in women who were screened outside BCSC); 2) 

time since last screen was >36 months; 3) BI-RADS assessment or result were missing; 4) 

when stratifying by screening interval we censored screens where the screening interval 

differed from previous screen intervals. Similarly, when stratifying data by mammogram 

type, we censored screens with a different mammogram type compared to previous screens.

Model-based cumulative false-positive risks were estimated using two methods, one 

developed by Hubbard et al. [4], allowing for variation in false-positive risk among women 

choosing to attend versus not attend mammography screen, and another method developed 

by Njor et al. [6] not allowing for this variation. In contrast to the Hubbard method [4], the 

Njor method [6] assumes independence between screens; meaning, a woman with a false-

positive test has the same false-positive risk at the next screen as women without a false-

positive test. This assumption only makes sense if radiologists learn from previous 

mammograms and therefore do not evaluate a new mammogram as suspicious based on 

findings that have previously caused a false-positive test. The Hubbard method censors 

women after the first false-positive test. Although the Njor method does not require 

censoring at first false-positive test, we obtained estimates both with and without censoring 

at first false-positive test in order to ensure that this did not bias our estimates.

For empirical false-positive risk estimates, 95% confidence intervals (CI) were computed 

using a normal approximation to the binomial distribution. 95% CI for cumulative risks from 

the Hubbard and Njor methods are based on 2.5th and 97.5th percentiles of the cumulative 

risk computed for 1,000 bootstrapped samples. Data were analyzed using SAS (version 9.3 

and 9.4) © SAS Institute Inc. and R statistical software (version 3.0.3).
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results

Our study included 730,111 screens. Of those, 221,737 were first screens (30.4%). In all 

three areas, the majority of mammograms were film, but Funen had a smaller rate of film 

mammograms than BCSC and Copenhagen. Age distribution did not differ much between 

the three areas. Among first screens at ages 50–69, women in the Danish areas were younger 

than women from BCSC. The distribution of number of screens varied considerably between 

the populations, as 78.6% of women in BCSC only had one or two screens compared to 

48.5% in Copenhagen and 33.4% in Funen. (Table 1a).

The most frequent screening interval was annual (9–17 months) in BCSC (64.6% of 

subsequent screens) and biennial (18–30 months) in Danish settings (88.8% of subsequent 

screens in Copenhagen and 96.4% of subsequent screens in Funen. (Table 1a).

Biennial screens in BCSC had a slightly larger proportion of film mammograms, a younger 

population, and a larger proportion of women with only one screen compared to biennial 

screens in the Danish areas. Annual screens in BCSC had a larger proportion of film 

mammograms, an older population, and a smaller proportion of women with only one screen 

compared to annual screens in the Danish areas (Table 1b, supplementary appendix).

Of 99,455 screens in BCSC 11,967 were false-positives (12.0%). In Copenhagen 5,347 of 

230,452 screens were false-positives (2.3%) and 4,752 of 400,204 screens in Funen were 

false-positives (1.2%). In all areas false-positive risk at subsequent screens were 

significantly lower compared to first screens. False positive risk decreased slightly after the 

second screen In BCSC and Copenhagen; this was not seen in Funen. False-positive risks 

were significantly higher at all screen rounds in BCSC compared to Copenhagen and Funen 

(Table 2).

Empirical cumulative false-positive risk after 8 completed screens, the highest number 

available for comparison, was 41.9% in BCSC, more than twice the estimate for 

Copenhagen (16.1%) and more than five times that for Funen (7.4%) (Table 2). Stratifying 

by screening interval only slightly changed cumulative false-positive risks. However we 

were only able to estimate risks for up to six screens for biennial screens in BCSC and three 

screens for annual screens in Copenhagen and Funen. Film mammograms had a slightly 

lower cumulative false-positive risk in BCSC and Funen and a higher cumulative false-

positive risk in Copenhagen, compared to digital mammograms (Table 3a–3b).

Model-based versus empirical cumulative false-positive risks differed most for Copenhagen. 

This is due to a considerably higher proportion of false-positives in the first invitation rounds 

of the Copenhagen screen program [6]. These keep affecting the empirical cumulative 

estimates especially for higher number of completed screens where women who participated 

in the first invitation rounds constitute a high proportion. When excluding first invitation 

round (1991–93) empirical cumulative false-positive risk for eight screens decreased from 

16.1% (95% CI:14.6%–17.6%) to 10.0 % (95%CI: 2.4–17.6%), much closer to the model-

based estimate. In BCSC and Funen the opposite trend was seen, probably reflecting a 

slightly lower proportion of false-positives in early invitation rounds.
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When estimating model-based cumulative false-positive risk we only found minor 

differences between the Hubbard [4] and the Njor methods [6] (Figure 1). Computing Njor 

[6] estimates without censoring for first false-positive resulted in non-significantly increased 

estimates for BCSC, while this did not affect estimates from Danish areas (data not shown).

Discussion

Differences in screening interval and mammogram type cannot explain the substantial 

differences in cumulative false-positive risk between BCSC and Copenhagen or Funen. 

Empirical cumulative false-positive risk, for women entering screening at age 50–69 years 

and participating in 8 screens, was considerably higher for BCSC compared to Copenhagen 

and Funen. Women aged 50–69 years when entering BCSC screening, had a higher 

proportion of annual screens and film mammograms than women of similar age entering 

screen in Copenhagen or Funen. Two statistical methods previously used for estimating 

cumulative false-positive risks in the US and Europe provided fairly similar estimates.

Previous studies have estimated cumulative false-positive risks from the US [1–4,19] and 

Europe [5–8,20–22]. Elmore et al. [3] studied US women aged 40–69 years at entry and 

estimated a cumulative false-positive risk of 49.1% after ten annual screens [3]. Hubbard et 

al. [1] reported an estimate of 61.3% after 10 years of annual screen for women age 50 years 

at first examination and an estimate of 41.6% for women of the same age screened 

biennially for ten years. Another US study [19] based on 359 women participating in ten 

screens reported a substantially lower risk of 29.2% [19]. Hubbard et al. [1] note that their 

higher estimates may be due to underestimation of false-positive risks in prior studies, which 

used data only from the sub-group of women who completed all ten screens. Our study and 

the Hubbard et al. study are based on an overlap of women from the same seven BCSC 

registries. However, this study includes a larger cohort of women due to the addition of more 

years of screen. The lower estimate of false-positive risk in our study could be due to a 

higher specificity in BCSC in recent years, e.g. due to a higher proportion of comparison 

mammograms available. Furthermore, our estimate is based on both annual and biennial 

screens. Studies from Europe that include women from screen organizations similar to 

Copenhagen and Funen reported cumulative false-positive risks in the range 7.3%–20.4%.

Comparison of false-positives between studies is challenging due to a wide-variety of factors 

that differ between countries, e.g. underlying risk, technology, program organization, 

screening interval and ages. Prior studies have found that risk is highest in younger women 

[1], biennial screen tends to lower cumulative false-positive risks after 10 years [1,23], and 

the absence of previous mammograms tends to increase the risk [1,24,25]. Moreover, studies 

have demonstrated considerable variation in false-positive risks depending on individual risk 

factors [2,26].

Our comparisons were based on populations of similar age with no history of breast cancer, 

similar definitions and similar methods for estimation of false-positive risks. Another 

strength is the large study population, with longitudinal follow-up. This allowed us to obtain 

empirical false-positive estimates and compare those with model-based estimates over a 
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period of screens similar to that called for in some screening recommendations and used by 

most European mammography screening programs.

However, organization and delivery of screening in the US and Denmark differ considerably. 

Stratifying by annual versus biennial screening interval and digital versus film 

mammography did not explain the differences in cumulative risks between BCSC and 

Denmark. Importantly, these comparisons are based on relatively small sample sizes, 

especially in the Danish areas. Comparison of women who choose different screening 

patterns might be confounded, as e.g. women who have a family history of breast cancer and 

women who have heterogeneously dense breasts have a higher false positive risk [1], and 

might choose annual screening more often than other women.

Differences in populations being studied might remain, as we were not able to adjust for 

hormone use, breast density, family history of breast cancer and race, which might influence 

false-positive risks [27–31]. We have no reason to believe that breast density and family 

history of breast cancer differ between the US and Denmark. However, during the study 

period hormone therapy use was considerably higher among American compared to Danish 

women [32]. False-positive risk in BCSC could be affected by the fact that mammography 

screen and follow-up is not free in the US, and many women are not covered by insurance. 

This might lower the number of women with a positive screen who return for the 

recommended diagnostic evaluation in BCSC, leading to misclassification of true-positive as 

false-positive tests. However, given the relative frequency of cancer diagnoses compared to 

false-positive tests, this probably only had a minor influence on our results. In the Danish 

data, the number of women not receiving recommended follow-up is very small.

The majority of US participants start screen before age 50 years, while we only included 

women who started screen after age 50 in this study. These groups of women might differ 

according to false-positive risks. However, Hubbard et al. [4] found that , in the US women, 

starting screen at 50 years was only associated with a higher false-positive risk at first screen 

compared to starting at age 40 years. Overall estimates for starting at age 40 or 50 years did 

not differ. Another factor that might influence estimates is that only a minor subset of the 

population contributed to the higher number of completed screens, especially in the BCSC 

population. Estimates of cumulative false-positive risk were fairly similar using the Hubbard 

method and the Njor method. The Hubbard method allows for an association between false 

positive risk and censoring time due to external factors (e.g. family history of breast cancer). 

In a study from Virginia, US, Wilson et al. [33] found that daughters of mothers with breast 

cancer were significantly more likely to have had mammography screen compared to women 

from a more general population. This indicates that there is an association between false 

positive risk and censoring time due to family history of breast cancer in US. Whether there 

is a similar association in Denmark is unknown. The Hubbard method [4] assumes 

conditional independence between screens, while the Njor method [6] assumes 

unconditional independence between screens. It has previously been shown by Njor et al. 

[6], that it is reasonable to assume independence between subsequent screens in the Danish 

programs. It might be that independence between screens is a more acceptable assumption in 

Europe, where the use of previous mammograms for comparison is more frequent compared 
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to the US. Nevertheless, in this study we found little variation in risk estimates regardless of 

the method used.

In conclusion, we found that the considerable difference in false-positive risk between the 

US and Europe reported in prior studies is not due to choice of statistical method, difference 

in screening interval or mammogram type. Furthermore, we demonstrated that both 

statistical models appear appropriate for these cohorts, as model-based and empirical 

estimates were highly similar.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key message

Cumulative false-positive risk during eight (annual or biennial) mammography screens is 

more than three times higher in the United States compared to Denmark. Choice of 

statistical method, different screening intervals and mammogram type does not explain 

the substantial difference in cumulative false-positive risk between the United States and 

Denmark.
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Figure 1. 
Model-based estimates for cumulative false-positive risks (%) by screen number namong 

women age 50–69 years at their first screen in the Breast Cancer Surveillance Consortium 

(BCSC), United States (US), Copenhagen and Funen, Denmark.

The following censoring mechanisms are used: 1) if information about time since last 

mammogram from database differs from self-report information; 2) if time since last 

mammogram >36 months; 3) if the mammogram had a missing BI-RADS assessment or 

result; 4) at the first false-positive test.

The Hubbard method is adjusted for mammography registry.

95% CI: Confidence interval are based on the 2.5th and 97.5th percentiles of cumulative risk 

computed from1,000 bootstrapped samples.
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