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Abstract

Objective—Earlier studies of diagnostic mammography found wide unexplained variability in 

accuracy among radiologists. We assessed patient and radiologist characteristics associated with 

the interpretive performance of two types of diagnostic mammography.

Materials and Methods—Radiologists interpreting mammograms in seven regions of the 

United States were invited to participate in a survey that collected information on their 

demographics, practice setting, breast imaging experience, and self-reported interpretive volume. 

Survey data from 244 radiologists were linked to data on 274,401 diagnostic mammograms 

performed for additional evaluation of a recent abnormal screening mammogram or to evaluate a 

breast problem, between 1998 and 2008. These data were also linked to patients' risk factors and 

follow-up data on breast cancer. We measured interpretive performance by false-positive rate, 

sensitivity, and AUC. Using logistic regression, we evaluated patient and radiologist 

characteristics associated with false-positive rate and sensitivity for each diagnostic mammogram 

type.

Results—Mammograms performed for additional evaluation of a recent mammogram had an 

overall false-positive rate of 11.9%, sensitivity of 90.2%, and AUC of 0.894; examinations done to 

evaluate a breast problem had an overall false-positive rate of 7.6%, sensitivity of 83.9%, and 

AUC of 0.871. Multiple patient characteristics were associated with measures of interpretive 
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performance, and radiologist academic affiliation was associated with higher sensitivity for both 

indications for diagnostic mammograms.

Conclusion—These results indicate the potential for improved radiologist training, using 

evaluation of their own performance relative to best practices, and for improved clinical outcomes 

with health care system changes to maximize access to diagnostic mammography interpretation in 

academic settings.
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Women who undergo a diagnostic mammogram have 10 times the likelihood of receiving a 

diagnosis of breast cancer compared with women who undergo screening mammograms [1]. 

Optimizing the accuracy of interpretation of these examinations with a high pretest 

probability of breast cancer is important. Another necessary component of accuracy is 

minimizing the anxiety, morbidity, and expense of additional evaluation of false-positive 

results. Patient and radiologist characteristics associated with the accuracy of screening 

mammography have been extensively evaluated [2–9], but data informing their relationship 

to interpretation of diagnostic mammography are more limited [10 –12].

Diagnostic mammograms are performed either for additional evaluation of a recent 

abnormal screening mammogram or to evaluate a breast problem. Only one prior study by 

the Breast Cancer Surveillance Consortium [10] assessed the interpretive performance of 

both types of diagnostic mammograms. That analysis focused on 107 radiologists to assess 

the role of interpretive volume and accuracy, and it did not report patient or radiologist 

characteristics, besides interpretive volume, that might be associated with accuracy [10]. 

Two other prior studies within the Breast Cancer Surveillance Consortium evaluated both 

patient and radiologist characteristics associated with the accuracy of diagnostic 

mammography to evaluate a breast problem [11, 12] and found that breast density, previous 

mammography, self-reported breast lump, and radiologists with academic affiliation were 

associated with interpretive performance. The larger and more recent of these studies 

included 123 radiologists and 35,885 diagnostic mammograms all performed before 2004 

[11]. All of the studies within the Breast Cancer Surveillance Consortium incorporate some 

overlap of mammography data, including the cumulative larger dataset presented here.

Because of the Mammography Quality Standards Act, radiologists have specific educational 

and interpretive volume requirements [13, 14], and technology has changed in the 5–10 

years since the previous Breast Cancer Surveillance Consortium reports, with the advent of 

digital mammography and computer-aided detection [15]. In this study, we expand on prior 

Breast Cancer Surveillance Consortium data by more than doubling the number of 

radiologists studied to 244, and we include more recent and a much larger number of 

diagnostic mammography interpretations (104,115 for additional evaluations of a recent 

mammogram and 170,286 to evaluate a breast problem). We assess both patient and 

radiologist characteristics associated with two types of diagnostic mammograms: those for 

additional evaluation of a recent screening mammogram and those to evaluate a breast 

problem.
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Materials and Methods

Data Sources, Radiologist Survey, and Mammography Data

All radiologists interpreting screening mammograms in seven Breast Cancer Surveillance 

Consortium sites in 2005–2006 were invited to participate in a mailed self-administered 

survey. The Breast Cancer Surveillance Consortium registries (San Francisco Bay Area, 

Colorado, North Carolina, New Mexico, New Hampshire, Vermont, and Washington) 

include data on patient characteristics and mammography examinations performed on 

women 18 years old and older, linked to Surveillance Epidemiology and End Results tumor 

registries, state tumor registries, or pathology databases to identify breast cancer diagnoses, 

details of which have been previously reported [16, 17].

The radiologist survey included demographic information (age and sex), affiliation with an 

academic medical center, breast imaging experience (fellowship training, years of 

mammography interpretation, percentage of time spent in breast imaging, and malpractice 

experience), and self-reported annual interpretive volume (screening and diagnostic). 

Surveys were mailed between January 1, 2006, and September 30, 2007, and of the 364 

eligible radiologists contacted, 257 (71%) consented to participation and completed the 

survey. One radiologist filled out a survey, but linkage information to mammography data 

were not available, and 12 radiologists interpreted zero diagnostic mammograms, resulting 

in 244 radiologists included in the analysis. Additional survey details have been published 

elsewhere [7].

Mammography data included breast cancer diagnoses and outcomes, as well as a woman's 

age, time since last mammographic evaluation, BI-RADS mammographic breast density 

[18], first-degree family history of breast cancer, and self-reported breast symptoms. Only 

diagnostic mammograms with 1 year of complete follow-up data in which the presence of a 

breast cancer diagnosis could be ascertained were included. Women with a history of breast 

cancer were included, and multiple diagnostic mammograms could be linked to the same 

cancer diagnosis if the diagnosis occurred within 12 months of both. We excluded 

mammograms performed on women with breast augmentation.

Institutional Review Board Approval

Each registry and the Statistical Coordinating Center received institutional review board 

approval for either active or passive consenting processes or a waiver of consent to enroll 

participants, link data, and perform analytic studies. All procedures are HIPAA compliant, 

and all registries and the Statistical Coordinating Center have received a Federal Certificate 

of Confidentiality and other protection for the identities of women, physicians, and facilities 

who are subjects of this research.

Breast Cancer Cases and Interpretive Performance Outcome Measures

Mammograms were classified as positive or negative using standard Breast Cancer 

Surveillance Consortium definitions based on the final BI-RADS assessment and 

recommendations assigned by the radiologist at the end of imaging workup [17]. Final 

assessments of BI-RADS category 4 or 5 were defined as positive. Assessments of BI-
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RADS category 0 or 3 with a recommendation of biopsy, fine-needle aspiration, or surgical 

consultation were also defined as positive. An assessment of BI-RADS category 1 or 2 was 

defined as negative. An assessment of BI-RADS category 3 without a recommendation for 

biopsy was also considered negative, such as those with a short-interval follow-up 

recommendation. A BI-RADS assessment of category 0 with a recommendation for 

additional imaging, nonspecified work-up, or missing recommendation were considered to 

be missing the final result. All remaining assessments of BI-RADS category 0 were 

negative. Women were considered to have breast cancer if a diagnosis of invasive carcinoma 

or ductal carcinoma in situ occurred within 1 year of the diagnostic mammogram.

The false-positive rate was defined as the percentage of diagnostic examinations with 

findings interpreted as positive among all women who did not receive a diagnosis of breast 

cancer within the 1-year follow-up period. Sensitivity was defined as the percentage of 

diagnostic examinations interpreted as positive among all women who received a diagnosis 

of breast cancer within the follow-up period.

Statistical Analysis

All statistical procedures were performed separately by type of diagnostic mammogram: 

additional evaluations of a recent mammogram or to evaluate a breast problem. Univariate 

and multi-variate associations between outcome (false-positive rate or sensitivity) and 

patient and radiologist characteristics were determined using logistic regression models 

estimated via generalized estimating equations with an exchangeable correlation structure to 

adjust for the correlation within radiologist characteristics. We also estimated ROCs for 

unadjusted radiologist-specific sensitivity versus false-positive rate within the observed 

range of false-positive rates for interpretation of diagnostic mammograms.

Patient or radiologist characteristics univariately associated with a performance measure at a 

p ≤ 0.10 level were included in multivariable models for that outcome and type of diagnostic 

mammogram. In a posthoc analysis, models were first adjusted for radiologist characteristics 

only (significant at the p ≤ 0.10 level), then for both patient and radiologist characteristics, 

and finally for patient and radiologist characteristics except for academic affiliation to assess 

the effect of potential multicolinearity between this variable and other covariates. All models 

except univariate were adjusted for Breast Cancer Surveillance Consortium registry. All 

analyses were performed using SAS software (version 9.3, SAS Institute).

Results

Between January 1, 1998, and December 31, 2008, 244 radiologists interpreted 274,401 

diagnostic mammograms. Of these, 104,115 were performed for additional evaluation of a 

recent mammogram (4663 with cancer) and 170,286 were performed for evaluation of a 

breast problem (7007 with cancer). For radiologists with at least one diagnostic 

mammogram with and one without cancer, the mean number of diagnostic mammograms 

performed for additional evaluation of a recent mammogram with cancer was 23 (median, 

11 mammograms; range, 1–231 mammograms), and the mean number of diagnostic 

mammograms performed to evaluate a breast problem was 32.4 (median, 14.5 

mammograms; range, 1–631 mammograms).
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A total of 28.7% (70 of 244) radiologists were female, and 42% of diagnostic mammograms 

were interpreted by women (see Table S1, which can be viewed in the AJR electronic 

supplement to this article, available at www.ajronline.org). A total of 19.1% of radiologists 

had an adjunct or primary academic affiliation and they interpreted 32.4% of the additional 

evaluations of a recent mammogram and 36.9% of the diagnostic mammograms for 

evaluations of a breast problem.

Diagnostic mammograms performed for evaluation of a recent abnormal screening 

mammogram had a false-positive rate of 11.9% and sensitivity of 90.2%; for examinations 

to evaluate a breast problem, the false-positive rate was 7.6% and sensitivity was 83.9% (see 

Table S2, which can be viewed in the AJR electronic supplement to this article, available at 

www.ajronline.org). In univariate models for additional evaluations of a recent 

mammogram, many patient characteristics were associated with a false-positive rate, 

whereas higher sensitivity was associated with older age and breasts that are not 

heterogeneously dense (Table S2). For radiologist characteristics, a higher false-positive rate 

was univariately associated only with fellowship training, whereas higher sensitivity was 

associated with female sex, academic affiliation, fellowship training, 10–19 years of 

mammography interpretation, greater percentage of time spent in breast imaging, and greater 

screening and diagnostic interpretive volume.

For examinations done to evaluate a breast problem in univariate analyses, multiple patient 

characteristics were associated with both false-positive rate and sensitivity (Table S2). When 

the indication for the diagnostic mammogram was a breast lump, compared with nipple 

discharge or pain, interpretations were more likely to be false-positives and have higher 

sensitivity (Table S2). Radiologist characteristics associated with higher false-positive rates 

included younger radiologist age, female sex, academic affiliation, and fewer years 

interpreting mammograms; higher sensitivity was associated with female sex, academic 

affiliation, fellowship training, 10–19 years of mammography interpretation, and having 

never been named in a malpractice suit (Table S2).

ROC curves showing the unadjusted radiologist-specific sensitivity versus false-positive rate 

for additional evaluations of a recent mammogram yielded an AUC of 0.894, and for 

evaluation of a breast problem the AUC was 0.871 (Figs. 1A and 1B). The figures show a 

wide range of variability among radiologists, such that for a given false-positive rate, 

sensitivity varied widely.

Patient and radiology characteristics associated with false-positive rate and sensitivity for 

diagnostic mammograms performed for additional evaluation of a recent abnormal 

mammogram in multiply adjusted logistic regression models are shown in Figure 2, and 

those for diagnostic mammograms performed to evaluate a breast problem are shown in 

Figure 3. The only radiologist characteristic associated with sensitivity for both types of 

mammograms was primary academic affiliation.

The odds ratios describing the relationship between radiologist characteristics and 

interpretive performance remained unchanged when patient characteristics were also 

adjusted for, with the exception of academic affiliation, which resulted in an increased odds 
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of greater than 20% for sensitivity of both types of diagnostic mammograms. When we 

estimated full models with all patient and radiologist characteristics (see Fig. 3 for list of all 

variables), except for academic affiliation, we did not see a meaningful change in the odds 

ratios of other radiologist characteristics for any outcome (data not shown).

Discussion

To our knowledge, this study represents the most comprehensive evaluation to date of the 

relationships among patient and radiologist characteristics and interpretive accuracy of two 

indications for diagnostic mammograms. We found that radiologists who are female and in 

academic practice interpret a greater relative proportion of diagnostic mammograms 

compared with male and nonacademic radiologists. The accuracy of interpretation of 

diagnostic mammograms is higher than that in an earlier study of diagnostic mammography 

[11] and higher than that of screening mammography [7]. Multiple patient characteristics 

were associated with false-positive rates and sensitivity for both indications for diagnostic 

mammograms, but we did not identify any radiologist characteristics associated with false-

positive rates. Academic affiliation was the only radiologist factor associated with increased 

sensitivity for both types of diagnostic mammograms, whereas radiologists practicing for 

10–19 years had higher sensitivity when interpreting additional evaluations of a recent 

mammogram. Most factors inherent to women are not readily modifiable, and academic 

radiologists cannot realistically interpret all diagnostic mammograms, but these results may 

inform future training and policy in diagnostic mammography interpretation.

Radiologists who affiliate with an academic center are more likely to have received 

fellowship training in breast imaging and to receive referrals, including more complex cases, 

from outside institutions [11]. Because of this increased exposure and specialization in 

breast imaging and specifically diagnostic mammography, it is perhaps not surprising that 

their cancer detection ability is greater than that of nonacademic radiologists. The purpose of 

analyses such as these is to identify modifiable opportunities to improve the accuracy of 

diagnostic tests, and because academic radiologists interpret only 6.5% of all diagnostic 

mammograms [11], a dramatic increase in their volume is not the answer. Short of that, 

these results suggest that a curricular review of training in academic settings for core content 

might be standardized and made available to all radiologists. This could be attained by 

applying core content to residency and fellowship curricula and to the 15 hours of 

continuing medical education in breast imaging per 36 months that all radiologists who 

interpret mammograms are required by the Mammography Quality Standards Act to take 

[14]. Recent adoption of Maintenance of Certification programs by the American Board of 

Medical Specialties offers a venue for self-evaluation of radiologists' own practices relative 

to best practice and their peers. Maintenance of Certification modules for diagnostic 

mammography interpretation could incorporate core content, as determined and 

standardized by leading academic radiologists, and could compare it with best practices in 

academic centers. This iterative self-reflecting environment may be able to more closely 

approximate the learning process in academic settings. Academic radiologists' support in 

improving systems and training for all radiologists who interpret breast imaging could 

improve the already high accuracy of diagnostic mammography in the United States.
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Another tactic to improve accuracy based on this result could be to develop systems for 

maximizing access to academic interpretation, particularly because medical systems are 

coordinating services as Accountable Care Organizations. Geography, in a large country like 

the United States, has been a barrier compared with European countries, where this approach 

is already used [19], but digital and teleradiology could facilitate this process by referring 

diagnostic mammograms for a second opinion to breast specialists in academic or high-

volume centers. Policy implications of potential models in which diagnostic mammograms 

were routinely interpreted by high-volume or academic centers would need to address issues 

regarding reimbursement when cases are passed between medical centers. In addition, if 

academic institutions dramatically increase their volume of diagnostic mammogram 

interpretation, there is potential for them to become centers specifically for diagnostic 

mammography interpretation and thus become less diversified. We expect that with the 

evolution of Accountable Care Organizations, medical delivery systems will be looking for 

opportunities to improve quality of care while keeping costs down. High-volume academic 

radiologists who are more accessible to geographically distant patients, by digital 

examinations and teleradiology, may be desired by these systems for improving the care of 

women.

By adjusting for patient characteristics, we were able to assess how the interpretive accuracy 

of radiologist characteristics changed once factors inherent to women were accounted for 

statistically. Despite many radiologist attributes being univariately associated with 

interpretive performance, once patient characteristics were added to statistical models, no 

radiologist factors were associated with false-positive rate, and only academic affiliation and 

10–19 years of interpretive experience remained associated with sensitivity. Adjusting for 

case mix only served to strengthen the association between academic affiliation and 

sensitivity, and when academic affiliation was removed from the models, none of the other 

radiologist characteristics became statistically significantly associated with accuracy 

measures. Accounting for patients' characteristics when assessing variability is important, 

and for diagnostic mammography it appears to account for a large part of variability in 

interpretive accuracy. Measuring health care quality across institutions and among 

providers, as is occurring across many medical disciplines, should attempt to adequately 

account for patient characteristics, as challenging as this may prove to be.

Our results for the overall accuracy of diagnostic mammograms are higher than those 

reported in prior studies; an earlier report on a cohort of Breast Cancer Surveillance 

Consortium radiologists from three of the seven registries estimated a lower AUC of 0.80 

[11]. It is possible that overall accuracy of diagnostic mammography interpretation has 

improved over time or that the additional registries included in our study have higher 

performance. Arguing for improvement over time, we did find that radiologists with 10–19 

years of experience interpreting mammography had higher sensitivity for additional 

evaluations of a recent mammogram than those who had been interpreting for 20 years or 

longer. Ten to 19 years represents the period since 1992 when the Mammography Quality 

Standards Act was passed, and it is possible that with increased standardization of breast 

imaging training, accuracy has improved. Other changes over time include the adoption of 

digital mammography and computer-aided detection; however, studies suggest that 
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increased false-positive results hinder the potential benefit of computer-aided detection 

technology on overall accuracy [20].

For women with a history of breast biopsy, screening mammograms are more likely to have 

lower specificity [21], a finding that we also found for both types of diagnostic 

mammograms. Given that cancer yield for biopsies is about 25% in the United States 

compared with 50–75% in Europe [22], this study reinforces the need to reduce the 

frequency of unnecessary benign breast biopsies, because women in the United States are at 

higher risk of a false-positive result compared with women in Europe.

Prior work suggests that the use of hormone therapy increases the false-positive rate and 

decreases sensitivity of screening mammograms [23–25], an association potentially 

mediated by an effect on breast density [3]. We found that, after adjustment for breast 

density, women using hormone therapy had lower false-positive rates than did nonusers for 

examinations performed to evaluate a breast problem. These results are reassuring that after 

adjustment for breast density, hormone therapy use is not associated with higher false-

positive results for diagnostic mammograms.

One strength of this study is the opportunity to adjust for many patient characteristics that 

have been associated with the accuracy of screening examinations and to assess them in 

relation to radiologist factors. Compared with prior results, relationships among breast 

density, prior mammography, and the presence of a lump were associated with sensitivity 

and specificity in consistent patterns in this current analysis [11, 12]. This study benefits 

from the large volume and comprehensive outcome data available from the Breast Cancer 

Surveillance Consortium database. Community sampling of the largest number to date of 

radiologists from multiple geographic areas across the United States increases the 

generalizability of the findings. The breadth of patient and radiologist attributes available 

enhanced our ability to account for a wide variety of variables known to influence the 

accuracy of screening mammography but not yet applied to diagnostic examinations. We 

also looked at two commonly performed indications for diagnostic mammograms, because 

examinations for an additional evaluation of a recent examination had not been previously 

studied in relation to patient and radiologist characteristics.

Study limitations include the self-report of multiple patient and radiologist characteristics, 

though similar measures have been used in prior studies. These analyses did not validate 

radiologists' self-reported interpretive volume by confirming the numbers of studies 

performed at facilities outside the Breast Cancer Surveillance Consortium, as was done in 

the detailed study by Haneuse et al. [10]. In addition, we do not have detailed information 

about specific breast symptoms for diagnostic mammograms, and many women reported 

“none.” This is consistent with prior data within the Breast Cancer Surveillance Consortium 

[1] and likely includes women who had a history of breast cancer, biopsy, or abnormal 

mammogram. The mammograms included in this study were all performed before 2009; 

however, the technology and process of diagnostic mammography interpretation has been 

relatively stable, with the exception of the addition of digital imaging.
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In conclusion, the overall accuracy of diagnostic mammography is high, and multiple patient 

characteristics are associated with interpretive performance. We did not identify any 

radiologist characteristic associated with false-positive rates, but academically affiliated 

radiologists had greater sensitivity. Potential implications for training, based on curricula for 

those who go in to academia, and approaches that maximize access to diagnostic 

mammography interpretation in academic settings might be considered on the basis of these 

results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Observed (unadjusted) radiologist-specific sensitivity versus false-positive rate and 

corresponding ROC within observed range of false-positive rates for interpretation of 

diagnostic mammograms.

A and B, Graphs show data for additional evaluation of recent mammogram (A) and 

evaluation of breast problem (B). Area of each circle is proportional to number of 

mammograms from patients with diagnosis of breast cancer that were interpreted by that 

radiologist. One radiologist with false-positive rate of 60% (based on six diagnostic 

mammograms, five without cancer during follow-up) was excluded from these figures, but 

data were included in all other analyses.
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Fig. 2. 
Association between patient and radiologist characteristics and false-positive and true-

positive (sensitivity) diagnostic mammogram performed for additional evaluation of recent 

mammogram. Asterisk denotes radiologist self-reported average number of screening or 

diagnostic mammograms per year over past 5 years. Each model includes all variables listed 

(within specific column) and also adjusts for mammography registry and correlation within 

radiologist. OR = odds ratio.
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Fig. 3. 
Association between patient and radiologist characteristics and false-positive and true-

positive (sensitivity) diagnostic mammogram performed for evaluation of breast problem. 

Asterisk denotes patient self-reported breast symptoms and radiologist self-reported average 

number of screening or diagnostic mammograms per year over past 5 years. Each model 

includes all variables listed (within specific column) and also adjusts for mammography 

registry and correlation within radiologist. OR = odds ratio.
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