
Diagnostic Accuracy of Digital Screening Mammography with 
and without Computer-aided Detection

Constance D. Lehman, M.D. Ph.D.,
Department of Radiology and the Seattle Cancer Care Alliance, University of Washington Medical 
Center, Seattle, WA

Robert D. Wellman, M.S.,
Group Health Research Institute, Seattle, WA

Diana S.M. Buist, Ph.D.,
Group Health Research Institute, Seattle, WA

Karla Kerlikowske, M.D.,
Departments of Medicine and Epidemiology and Biostatistics, University of California, San 
Francisco, San Francisco, CA

Anna N. A. Tosteson, Sc.D., and
Norris Cotton Cancer Center, Geisel School of Medicine at Dartmouth, Dartmouth College, 
Lebanon, NH

Diana L. Miglioretti, Ph.D.
Group Health Research Institute, Seattle, WADepartment of Public Health Sciences, School of 
Medicine, University of California, Davis, CA

for the Breast Cancer Surveillance Consortium*

Abstract

Importance—After the Food and Drug Administration (FDA) approved computer-aided 

detection (CAD) for mammography in 1998, and Centers for Medicare and Medicaid Services 

(CMS) provided increased payment in 2002, CAD technology disseminated rapidly. Despite 

sparse evidence that CAD improves accuracy of mammographic interpretations, and costs over 

$400 million dollars a year, CAD is currently used for the majority of screening mammograms in 

the U.S.

Objective—To measure performance of digital screening mammography with and without 

computer-aided detection in U.S. community practice.

Design, Setting and Participants—We compared the accuracy of digital screening 

mammography interpreted with (N=495,818) vs. without (N=129,807) computer-aided detection 
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from 2003 through 2009 in 323,973 women. Mammograms were interpreted by 271 radiologists 

from 66 facilities in the Breast Cancer Surveillance Consortium. Linkage with tumor registries 

identified 3,159 breast cancers in 323,973 women within one year of the screening.

Main Outcomes and Measures—Mammography performance (sensitivity, specificity, and 

screen detected and interval cancers per 1,000 women) was modeled using logistic regression with 

radiologist-specific random effects to account for correlation among examinations interpreted by 

the same radiologist, adjusting for patient age, race/ethnicity, time since prior mammogram, exam 

year, and registry. Conditional logistic regression was used to compare performance among 107 

radiologists who interpreted mammograms both with and without computer-aided detection.

Results—Screening performance was not improved with computer-aided detection on any metric 

assessed. Mammography sensitivity was 85.3% (95% confidence interval [CI]=83.6–86.9) with 

and 87.3% (95% CI 84.5–89.7) without computer-aided detection. Specificity was 91.6% (95% 

CI=91.0–92.2) with and 91.4% (95% CI=90.6–92.0) without computer-aided detection. There was 

no difference in cancer detection rate (4.1/1000 women screened with and without computer-aided 

detection). Computer-aided detection did not improve intra-radiologist performance. Sensitivity 

was significantly decreased for mammograms interpreted with versus without computer-aided 

detection in the subset of radiologists who interpreted both with and without computer-aided 

detection (OR 0.53, 95%CI=0.29–0.97).

Conclusions and Relevance—CAD does not improve diagnostic accuracy of mammography 

and may result in missed cancers. These results suggest that insurers pay more for computer-aided 

detection with no established benefit to women.

Introduction

Computer-aided detection (CAD) for mammography is intended to assist radiologists in 

identifying subtle cancers that might otherwise be missed. CAD marks potential areas of 

concern on the mammogram and the radiologist determines whether the area warrants 

further evaluation. Although CAD for mammography was approved by the Food and Drug 

Administration (FDA) in 1998 (1), by 2001, less than 5% of screening mammograms were 

interpreted with CAD in the United States. However, in 2002, the Centers for Medicare and 

Medicaid Services (CMS) increased reimbursement for CAD, and by 2008, 74% of all 

screening mammograms in the Medicare population were interpreted with CAD (2,3).

Measuring the true impact of CAD on the accuracy of mammographic interpretation has 

proved challenging. Findings on potential benefits and harms are inconsistent and 

contradictory (4–19). Study designs include reader studies of enriched case sets; (4–7) 

prospective “sequential reading” clinical studies in which a radiologist records a 

mammogram interpretation without CAD assistance, then immediately reviews and records 

an interpretation with CAD assistance; (8–12) and retrospective observational studies using 

historical controls (13–16). One large European trial used a randomized clinical trial design 

to compare mammographic interpretations by a single reader with CAD compared to double 

readings without CAD (17).

Comparisons of mammography interpretations with versus without CAD in U.S. community 

practice have not supported improved performance with CAD (18,19). However, these 
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studies were limited by relatively small numbers and a focus on older women. Another 

limitation was that CAD technology was studied relatively early in its adoption, so 

examinations were interpreted during the early part of radiologists’ learning curves and 

included examinations with outdated film screen mammography. Our study addresses these 

limitations by using a large database of more than 495,000 full-field digital screening 

mammograms interpreted with CAD, accounting for radiologists’ early learning curves, and 

adjusting for patient and radiologist variables. We also assessed performance within a subset 

of radiologists who interpreted with and without CAD during the study period.

Methods

Data Source

Data were pooled from five mammography registries that participate in the Breast Cancer 

Surveillance Consortium (BCSC) (20) funded by the National Cancer Institute: (1) San 

Francisco Mammography Registry; (2) New Mexico Mammography Advocacy Project; (3) 

Vermont Breast Cancer Surveillance System; (4) New Hampshire Mammography Network; 

and (5) Carolina Mammography Registry. Each mammography registry links women to a 

state tumor registry or regional Surveillance Epidemiology and End Results program that 

collects population-based cancer data. Each registry and the BCSC Statistical Coordinating 

Center have 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 Health Insurance Portability and Accountability Act 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 

that participate in this research.

Participants

We included digital screening mammography examinations interpreted by 271 radiologists 

with (N=495,818) or without CAD (N=129,807) between January 1, 2003 and December 31, 

2009 among 323,973 women aged 40 to 89 years with information on race, ethnicity, and 

time since last mammogram. Of the radiologists, 82 never used CAD, 82 always used CAD, 

and 107 sometimes used CAD. The latter 107 radiologists contributed 45,990 exams 

interpreted without using CAD and 337,572 interpreted using CAD. The median percentage 

of exams interpreted using CAD among the 107 radiologists was 93% and the interquartile 

range was 31%.

Data Collection

Methods used to identify and assess screening mammograms, patient characteristics, and 

outcomes have been described previously (20,21). Briefly, screening mammograms were 

defined as bilateral mammograms designated as “routine screening” by the radiologist. 

Mammographic assessments followed the Breast Imaging Reporting and Data System (BI-

RADS) of 0=additional imaging, 1=negative, 2=benign finding, 3=probably benign findings, 

4=suspicious abnormality, or 5=abnormality highly suspicious for malignancy (22).
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Woman-level characteristics including menopausal status, race/ethnicity, and first-degree 

family history were captured through self-administered questionnaires at each examination. 

Breast density was recorded by the radiologist at the time of the mammogram using the BI-

RADS standard terminology of almost entirely fat, scattered fibroglandular densities, 

heterogeneously dense, and extremely dense (23).

Outcomes

We calculated sensitivity, specificity, cancer detection rates, and interval cancer rates. We 

defined positive mammograms as those with BI-RADS assessments of 0, 4 or 5, or 3 with a 

recommendation for immediate follow-up. Negative mammograms were defined as BI-

RADS 1 or 2, or 3 without a recommendation for immediate follow-up. All women were 

followed for breast cancer from their mammogram up until their next screening 

mammogram or 12 months, whichever came first. Breast cancer diagnoses included ductal 

carcinoma in situ (DCIS) or invasive breast cancer within this follow-up period.

False-negative examinations were defined as mammograms with a negative assessment but a 

breast cancer diagnosis within the follow-up period. True-positive examinations were 

defined as those with a positive examination and breast cancer diagnosis. False-positive 

examinations were examinations with a positive assessment but no cancer diagnosis. True-

negative examinations had a negative assessment and no cancer diagnosis. Sensitivity was 

calculated as the number of true-positive mammograms over the total number of breast 

cancers. For calculations of sensitivity, radiologists who interpreted no mammograms 

associated with cancer during the study period (n=136) were excluded. Specificity was 

calculated as the number of true-negative mammograms over the total number of 

mammograms without a breast cancer diagnosis. Cancer detection rate was defined as the 

number of true-positive exams over the total number of mammograms, and interval cancer 

rate was the number of false-negative examinations over the total number of mammograms, 

reported per 1000 mammograms (24).

Statistical Analysis

All analyses were conducted using the screening examination as the unit of analysis and 

allowing women to contribute multiple examinations during the study period; however, only 

one screening examination was associated with a breast cancer diagnosis. Distributions of 

breast cancer risk factors, demographic characteristics of exams, and mammographic density 

and assessments were computed separately by CAD use versus no use.

We evaluated the diffusion of digital screening mammography with and without CAD in the 

larger BCSC population from 2002–2012 including 5.2 million screening mammograms.

Mammography performance measures were modeled using logistic regression including 

normally distributed, radiologist-specific random effects to account for the correlation 

among exams read by the same radiologist. Random effects were allowed to vary by CAD 

use or non-use during the reading. Performance measures were estimated at the median of 

the random effects distribution. Adjusted, radiologist-specific relative performance was 

measured by an odds ratio (OR) with 95% confidence intervals (CI) comparing CAD use to 
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no CAD, adjusting for patient age at diagnosis, time since last mammogram and year of 

exam, and the BCSC registry.

Receiver operating characteristic (ROC) curves were estimated from 135 radiologists who 

interpreted at least one mammogram associated with a cancer diagnosis using a hierarchical 

logistic regression model that allowed the threshold and accuracy parameters to depend on 

whether CAD was used during exam interpretation. We assumed a constant accuracy among 

radiologists for exams interpreted under the same condition (with or without CAD) and 

allowed the threshold for recall to vary across radiologists through normally distributed, 

radiologist-specific random effects that varied by whether the radiologist used CAD or not 

during the reading (25). We estimated the normalized partial area under the summary ROC 

curves across the observed range of false-positive rates from this model (26). We plotted the 

true-positive rate versus the false-positive rate and superimposed the estimated ROC curves.

Two separate main sensitivity analyses were conducted in subsets of total exams: 1) To 

account for a possible learning curve for using CAD, we excluded the first year of each 

radiologist’s CAD use; and 2) To estimate the within-radiologist effect of CAD, we limited 

analysis to the 107 radiologists who interpreted mammograms during the study period with 

and without CAD, using conditional logistic regression and adjusting for patient age, time 

since last mammogram, and race/ethnicity.

Two-sided statistical tests were used with P values less than 0.050 considered statistically 

significant. All analyses were conducted by R.W. using SAS® software v9.2 (SAS Institute 

Inc., Cary, NC, USA) for Windows 7.

Results

Digital screening mammography and CAD use increased from 2000 to 2012. In 2003, only 

5% of all screening mammograms in the BCSC were digital with CAD; by 2012, 83% of all 

screening mammograms were acquired digitally and interpreted with CAD assistance 

(Figure 1).

Among 323,973 women aged 40 to 89, 625,625 digital screening mammography exams 

were performed (495,818 interpreted with CAD and 129,807 without CAD) between 2003 

and 2009 by 271 radiologists. Breast cancer was diagnosed in 3,159 women within 12 

months of the screening mammogram and prior to the next screening mammogram. Women 

undergoing screening mammography with and without CAD assistance were similar in age, 

menopausal status, family history of breast cancer, time since last mammogram, and breast 

density. Women undergoing screening mammography with CAD were more likely to be 

non-Hispanic white than women whose mammograms were interpreted without CAD (Table 

1).

Performance Measures for Mammography Interpreted with and without CAD

Overall—Diagnostic accuracy was not improved with CAD on any performance metric 

assessed. Sensitivity of mammography was 85.3% (95% confidence interval [CI]=83.6–

86.9) with and 87.3% (95% CI=84.5–89.7) without CAD. Sensitivity of mammography for 
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invasive cancer was 82.1% (95% CI=80.0–84.0) with and 85.0% (95% CI=81.5–87.9) 

without CAD; for DCIS, sensitivity was 93.2% (95% CI=91.1–94.9) with and 94.3% (95% 

CI=89.4–97.1) without CAD. Specificity of mammography was 91.6% (95% CI=91.0–92.2) 

with and 91.4% (95% CI=90.6–92.0) without CAD. There was no difference in overall 

cancer detection rate (4.1 cancers per 1000 women screened with CAD and without CAD) 

or in invasive cancer detection rate (2.9 vs 3.0 per 1000 women screened with CAD and 

without CAD). However, DCIS detection rate was higher in patients whose mammograms 

were assessed with CAD compared to those whose mammograms were assessed without 

CAD (1.2 vs 0.9 per 1000; 95% CI=1.0–1.9; p<0.03) (Table 2).

To allow for the possibility that performance improved after the first year of CAD use by a 

radiologist, and to account for any possible learning curve, we excluded the first year of 

mammographic interpretations with CAD for individual radiologists and found no 

differences for any of our performance measurements (data not shown).

From the ROC analysis, the accuracy of mammographic interpretations with CAD was 

significantly lower than for those without CAD (P=0.0023). The normalized partial area 

under the summary ROC curve was 0.84 for interpretations with CAD and 0.88 for 

interpretations without CAD (Figure 2). In this subset of 135 radiologists who interpreted at 

least one mammogram associated with a cancer diagnosis, sensitivity of mammography was 

84.9% (95% confidence interval [CI]=82.9–86.9) with and 89.3%% (95% CI=86.9–91.7) 

without CAD. Specificity of mammography was 91.1% (95% CI=90.4–91.8) with and 

91.3% (95% CI=90.5–92.1) without CAD.

By age, breast density, menopausal status, time since last mammogram—We 

found no differences in diagnostic accuracy of mammographic interpretations with and 

without CAD in any of the subgroups assessed, including patient age, breast density, 

menopausal status and time since last mammogram (Table 3).

Intra-radiologist Performance Measures for Mammography with and without 
CAD—Among 107 radiologists who interpreted mammograms both with and without CAD, 

intra-radiologist performance was not improved with CAD, and CAD was associated with 

decreased sensitivity. Sensitivity of mammography was 83.3 (95% confidence interval 

[CI]=81.0–85.6) with and 89.6%% (95% CI=86.0–93.1) without CAD. Specificity of 

mammography was 90.7% (95% CI=89.8–91.7) with and 89.6% (95% CI=88.6–91.1) 

without CAD. The OR for specificity between mammograms interpreted with CAD and 

those interpreted without CAD by the same radiologist was 1.02 (95% CI=0.99–1.05). 

Sensitivity was significantly decreased for mammograms interpreted with versus without 

CAD in the subset of radiologists who interpreted both with and without CAD assistance 

(OR 0.53, 95%CI=0.29–0.97).

Discussion

We found no evidence that CAD applied to digital mammography in U.S. community 

practice improves screening mammography performance on any performance measure or in 

any subgroup of women. In fact, mammography sensitivity was decreased in the subset of 
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radiologists who interpreted mammograms with and without CAD. This study builds on 

prior studies (18–19) by demonstrating that radiologists’ early learning curve and patient 

characteristics do not account for the lack of benefit from CAD.

Whether CAD provides added value to women undergoing screening mammography is a 

topic of strong debate (27–36). The lack of consensus may be partly explained by wide 

variation in CAD use and inherent biases in the methods used to study the impact of CAD 

on screening mammography. Early studies supporting the efficacy of CAD were laboratory 

based and measured the ability of CAD programs to mark cancers on selected 

mammograms. The reported “high sensitivities” of CAD from these studies did not translate 

to higher cancer detection in clinical practice. In clinical practice, the vast majority of 

positive marks by CAD must be reviewed and discounted by a radiologist to avoid 

unacceptably high rates of false-positive exams and unnecessary biopsies, and to practice 

within acceptable performance parameters recommended by the American College of 

Radiology (24). The most optimistic view of CAD is that it improves mammography 

sensitivity by 20% (8,28,30,32). If this were true, cancer detection rates of 4–5 per 1000 

without CAD would increase to 5–6 per 1000 with CAD. In other words, for every 1000 

women whose screening mammograms were interpreted with CAD, one cancer would be 

identified that was missed by the unassisted radiologist interpretation. To achieve that single 

true-positive CAD marking in 1000 women, CAD would render between 2000 and 4000 

false-positive marks. Thus, under this scenario, a radiologist would need to recommend 

diagnostic evaluation for the single CAD mark of the otherwise missed cancer, while 

discounting thousands of false-positive CAD marks.

Consistent with reports of a prior BCSC cohort study (18) and SEER-Medicare data (2) 

which primarily evaluated film-screen mammography, we found higher rates of DCIS 

lesions detected with CAD on digital mammography, but no differences in sensitivity for 

cancer (whether for DCIS or invasive) and no differences in rates of invasive cancers 

detected. A meta-analysis in 2008 of 10 studies of CAD applied to screening mammography 

concluded that CAD significantly increased recall rate with no significant improvement in 

cancer detection rates compared to readings without CAD (37). The largest recent reader 

study of digital mammography obtained during the Digital Mammography Imaging 

Screening Trial (DMIST) found no impact of CAD on radiologist interpretations of 

mammograms (5). In that report, the authors concluded that radiologists overall were not 

influenced by CAD markings and CAD had no impact, either beneficial or detrimental, on 

mammography interpretations.

Our study had sufficiently large numbers to compare interpretations of mammograms read 

by radiologists who practiced at some sites with CAD and at other sites without CAD. We 

are concerned that, in these comparisons, sensitivity was lower in CAD-assisted 

mammograms. Prior reports have confirmed that not all cancers are marked by CAD, and 

that cancers are overlooked more often if CAD fails to mark a visible lesion. In a large 

reader study, Taplin et al. (7) reported that visible, non-calcified lesions that went unmarked 

by CAD were significantly less likely to be assessed as abnormal by radiologists. However, 

our finding of lower sensitivity with CAD was in a subgroup analysis and should be 

interpreted with caution.
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Given the observational methods of our study, we could not compare mammography 

performance among women who had their mammograms interpreted both with and without 

CAD. It is possible that CAD was used preferentially in women whose mammograms were 

more challenging. However, given the large sample size we were able to control for multiple 

key factors known to influence mammography performance including patient age, breast 

density, menopausal status and time since last mammogram. We also were not able to 

control for radiologist characteristics, such as experience, and thus compared performance 

with and without CAD in the same radiologists, to address across-radiologist variability.

Our study found no beneficial impact of CAD on mammography interpretation. However, 

CAD may offer advantages beyond interpretation, such as improved workflow or reduced 

search time for faint calcifications. Future research on potential applications of CAD may 

emphasize the contribution of CAD to guide decision-making about management of a 

radiologist-detected lesion, with the worthy goals of reducing unnecessary biopsy of a 

mammography lesion with specific benign features or supporting biopsy of a lesion with 

specific malignant features. Finally, CAD might improve mammography performance when 

appropriate training is provided on how to use it to enhance performance. Nevertheless, 

given that the evidence of the current application of CAD in community practice does not 

show an improvement in diagnostic accuracy, we question the policy of continuing to charge 

for a technology that provides no established benefits to women.

Gross et al. reported that the costs of breast cancer screening exceed $1 billion annually in 

the Medicare fee-for-service population (38). Consistent with our findings, they found wide 

variation in CAD use and very limited effectiveness, and encouraged attention to more 

appropriate and evidence-based application of new technologies in breast cancer screening 

programs. Despite its overall lack of improvement on interpretive performance, CAD has 

become routine practice in mammography interpretations in the United States. Seventeen 

years have passed since the FDA approved the use of CAD in screening mammography and 

14 years have passed since Congress mandated Medicare coverage of CAD. Ten years ago, 

the Institute of Medicine stated that more information on CAD applied to mammography 

was needed before making conclusions about its effect on interpretation (39). The U.S. FDA 

estimates that 38.8 million mammograms are performed each year in the United States. In 

the BCSC database, 80% of mammograms are performed for screening and by 2012, 83% of 

screening mammograms in the BCSC were digital examinations interpreted with CAD. 

Current CMS reimbursement for CAD is roughly $7 per exam and many private insurers pay 

over $20 per exam for CAD, translating to over $400 million per year in current U.S. 

healthcare expenditures, with no added value and in some cases decreased performance.

In the era of Choosing Wisely® and clear commitments to support technology that brings 

added value to the patient experience, while aggressively reducing waste and containing 

costs, (40) CAD is a technology that does not appear to warrant added compensation beyond 

coverage of the mammographic examination. The results of our comprehensive study lend 

no support for continued reimbursement for CAD as a method to increase mammography 

performance or improve patient outcomes.
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Figure 1. Screening Mammography Patterns from 2000–2012 in U.S. Community Practices in the 
Breast Cancer Surveillance Consortium (5.2 million mammograms)
Data are provided from the larger BCSC population including all screening mammograms 

for the indicated time period.
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Figure 2. 
Receiver operating characteristic curves for digital screening mammography with and 

without the use of computer-aided detection (CAD), estimated from 135 radiologists who 

interpreted at least one exam associated with cancer. Each circle represents the true-positive 

or false-positive rate for a single radiologist, for exams interpreted with (red) or without 

(black) CAD. Circle size is proportional to the number of mammograms associated with 

cancer interpreted by that radiologist with or without CAD. PAUC = partial area under the 

curve.
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