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Background

Computer-aided detection identifies suspicious findings on mammograms to assist 
radiologists. Since the Food and Drug Administration approved the technology in 
1998, it has been disseminated into practice, but its effect on the accuracy of inter-
pretation is unclear.

Methods

We determined the association between the use of computer-aided detection at mam-
mography facilities and the performance of screening mammography from 1998 
through 2002 at 43 facilities in three states. We had complete data for 222,135 wom-
en (a total of 429,345 mammograms), including 2351 women who received a diagno-
sis of breast cancer within 1 year after screening. We calculated the specificity, sen-
sitivity, and positive predictive value of screening mammography with and without 
computer-aided detection, as well as the rates of biopsy and breast-cancer detection 
and the overall accuracy, measured as the area under the receiver-operating-charac-
teristic (ROC) curve.

Results

Seven facilities (16%) implemented computer-aided detection during the study period. 
Diagnostic specificity decreased from 90.2% before implementation to 87.2% after 
implementation (P<0.001), the positive predictive value decreased from 4.1% to 3.2% 
(P = 0.01), and the rate of biopsy increased by 19.7% (P<0.001). The increase in sensi-
tivity from 80.4% before implementation of computer-aided detection to 84.0% after 
implementation was not significant (P = 0.32). The change in the cancer-detection rate 
(including invasive breast cancers and ductal carcinomas in situ) was not significant 
(4.15 cases per 1000 screening mammograms before implementation and 4.20 cases 
after implementation, P = 0.90). Analyses of data from all 43 facilities showed that the 
use of computer-aided detection was associated with significantly lower overall accu-
racy than was nonuse (area under the ROC curve, 0.871 vs. 0.919; P = 0.005).

Conclusions

The use of computer-aided detection is associated with reduced accuracy of interpre-
tation of screening mammograms. The increased rate of biopsy with the use of com-
puter-aided detection is not clearly associated with improved detection of invasive 
breast cancer.
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Computer-aided detection was de-
veloped to assist radiologists in the in-
terpretation of mammograms.1 Detection 

programs analyze digitized mammograms and 
identify suspicious areas for review by the radiolo-
gist.2 Promising studies of the application of com-
puter-aided detection in mammogram test sets 
led to its approval by the Food and Drug Admin-
istration (FDA) in 1998,3-5 and Medicare and many 
insurance companies now reimburse for the use 
of computer-aided detection. Within 3 years after 
FDA approval, 10% of mammography facilities in 
the United States had adopted computer-aided de-
tection,6 and undoubtedly more have done so since. 
The gradual adoption of digital mammography 
may foster even broader dissemination of comput-
er-aided detection, since a digital platform facili-
tates its use. Analogous use of computer-aided de-
tection for computed tomography of the lung and 
colon are at earlier stages of development and dis-
semination.7,8

Studies of the use of computer-aided detection 
in actual practice are limited by small numbers of 
patients or facilities, inability to control for con-
founding covariates associated with patients or 
radiologists, and lack of longitudinal follow-up to 
ascertain cancer outcomes, which precludes the 
estimation of sensitivity, specificity, and overall 
accuracy.9-14 Using data for a large, geographically 
diverse group of patients, we assessed the effect of 
computer-aided detection on the performance 
of screening mammography in community-based 
settings. We evaluated the sensitivity, specificity, 
positive predictive value, cancer-detection rate, bi-
opsy rate, and overall accuracy of screening mam-
mography with and without the use of computer-
aided detection. By combining data for patients 
with independent survey data from radiologists 
and facilities, we could adjust for characteristics of 
all three groups in our analyses.

Me thods

Study Design

We linked data from surveys that were mailed to 
mammography facilities and affiliated radiologists 
to data on mammograms and cancer outcomes for 
women screened between 1998 and 2002 at Breast 
Cancer Surveillance Consortium facilities. The fed-
erally funded consortium facilitates research by 
linking mammogram registries to population-
based cancer registries.15 Three consortium regis-
tries participated in our study: the Group Health 

Cooperative Breast Cancer Surveillance System, a 
Washington State health plan with more than 
100,000 female enrollees over the age of 40 years; 
the New Hampshire Mammography Network, 
which captures data for more than 85% of screen-
ing mammograms in New Hampshire; and the 
Colorado Mammography Program, which captures 
data for approximately half the screening mam-
mograms in regional Denver. Study procedures 
were approved by institutional review boards at the 
University of Washington and the Group Health 
Cooperative in Seattle, Dartmouth College in New 
Hampshire, and the Cooper Institute in Colorado.

Study Data

The methods used to survey the facilities and ra-
diologists have been described previously.6,16-18 
In brief, the surveys measured factors that may 
affect the interpretation of mammograms (e.g., 
procedures used in reading the images, use of 
computer-aided detection, years of experience 
of radiologists in mammography, and number of 
mammograms interpreted by radiologists in the 
previous year). Surveys and informed-consent ma-
terials were mailed in early 2002.

The consortium developed the methods for col-
lecting and assessing the quality of mammograph-
ic and patient data.15 We included bilateral mam-
mograms designated by radiologists as obtained 
for “routine screening” of women 40 years of age 
or older who did not have a history of breast can-
cer. Mammographic data included assessments of 
the Breast Imaging Reporting and Data System 
(BI-RADS), recommendations by radiologists for 
further evaluation, ages of patients, breast density, 
time since most recent mammography, and the 
incidence of biopsy after screening (collected by 
two of the three registries). BI-RADS assessments 
were coded as follows: 0, additional imaging 
evaluation needed; 1, negative; 2, benign abnor-
mality; 3, abnormality that is probably benign; 
4, suspicious abnormality; or 5, abnormality high-
ly suggestive of cancer.19 We ascertained newly 
diagnosed invasive breast cancers and ductal car-
cinomas in situ through December 31, 2003, 
through linkage with regional Surveillance, Epi-
demiology, and End Results registries or with local 
or statewide tumor registries.

Performance Measures and Data 
Classification

We calculated specificity, sensitivity, positive pre-
dictive value, and overall accuracy. We defined 
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mammograms with BI-RADS assessment scores 
of 0, 4, or 5 as positive and mammograms with 
BI-RADS assessment scores of 1 or 2 as negative. 
Mammograms with a BI-RADS assessment score 
of 3 were defined as positive if the radiologist 
also recommended immediate evaluation and as 
negative otherwise.20 Specificity was defined as 
the percentage of screening mammograms that 
were negative among patients who did not receive 
a diagnosis of breast cancer within 1 year after 
screening. Sensitivity was defined as the percent-
age of screening mammograms that were posi-
tive among patients who received a diagnosis of 
breast cancer within 1 year after screening. The 
positive predictive value was defined as the prob-
ability of a breast-cancer diagnosis within 1 year 
after a positive screening mammogram.19 Overall 
accuracy was assessed with the use of a receiver-
operating-characteristic (ROC) curve, which plots 
the true positive rate (sensitivity) against the false 
positive rate (1 − specificity). The area under the 
ROC curve (AUC) estimates the probability that 
two hypothetical mammograms, one showing can-
cer and one not, will be classified correctly as posi-
tive and negative, respectively.21 We also measured 
the recall rate (the percentage of screening mam-
mograms that were positive) and the rates of bi-
opsy and cancer detection (per 1000 screening 
mammograms).

After the initial survey, each registry provided 
additional information in 2005 regarding the use 
of computer-aided detection at affiliated facilities 
from 1998 through 2002. For facilities that used 
computer-aided detection, registry staff ascer-
tained the date of implementation, the brand of 
computer-aided detection software used, and the 
estimated percentage of screening mammograms 
that were interpreted with the use of computer-
aided detection after it was implemented. Among 
facilities that implemented computer-aided detec-
tion, all but one reported using computer-aided 
detection for 100% of screening mammograms 
after implementation. Thus, we represented the 
use of computer-aided detection as a binary vari-
able, indicating whether or not it was used at fa-
cilities during each study month.

Women were classified on the basis of demo-
graphic and clinical covariates known to be associ-
ated with the accuracy of mammography,17,22,23 
including age (in 5-year categories), breast densi-
ty, and months since the most recent mammog-
raphy. Facilities were classified according to aca-
demic affiliation, relative frequencies of screening 

and diagnostic imaging, interpretation of screen-
ing mammograms in batches of 10 or more, avail-
ability of interventional services (e.g., core biopsy), 
number of radiologists who specialized in breast 
imaging, interpretation of screening mammo-
grams by more than one radiologist (i.e., double-
reading), and the frequency of feedback about 
performance and the method used to review it. 
Radiologists were classified on the basis of years 
of experience with mammography and the annual 
number of mammograms interpreted, which was 
self-reported rather than collected from registry 
data because radiologists may interpret mammo-
grams at nonconsortium facilities. Other charac-
teristics of radiologists have not been associated 
with performance, so they were not included in the 
analyses.17,18

Statistical Analysis

We performed descriptive analyses to characterize 
facilities that did and those that did not implement 
computer-aided detection, as well as the patients 
and radiologists at these facilities. We used chi-
square tests to compare unadjusted performance 
measures for screening mammography at facili-
ties that adopted computer-aided detection with 
those that did not. Among the facilities that im-
plemented computer-aided detection, we compared 
the performance of screening mammography be-
fore and after implementation. We examined the 
overall cancer-detection rates (per 1000 screening 
mammograms) as well as the rates of detection 
for invasive cancers and ductal carcinomas in situ.

To adjust for covariates associated with pa-
tients, facilities, or radiologists, we used mixed-
effects logistic-regression analysis to model spec-
ificity, sensitivity, and positive predictive value as 
functions of the use of computer-aided detection, 
mammography registry, characteristics of patients 
(age, breast density, and time since most recent 
mammography), characteristics of radiologists 
(years of experience interpreting mammograms 
and number of mammograms interpreted annu-
ally), and four characteristics of facilities that were 
individually associated with specificity, sensitivity, 
or positive predictive value in separate analyses 
(P<0.10). For specificity, we modeled the odds of 
a true negative screening mammogram. For sen-
sitivity, we modeled the odds of a true positive 
screening mammogram. For positive predictive 
value, we modeled the odds of a cancer diagnosis 
within 1 year after a positive screening mammo-
gram. Models included a random effect at the fa-
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cility level to account for correlation of mammog-
raphy outcomes within each facility. We reran each 
model with an interaction term between the use 
of computer-aided detection and the study month 
to assess whether the effect of computer-aided 
detection on performance changed over time.

We used mixed-effects ordinal-regression anal-
ysis to fit an ROC model that included covariates 
associated with patients, radiologists, facilities, 

and registries as fixed effects and two random 
effects for the facility-level “threshold” (the likeli-
hood that a mammogram would be interpreted as 
positive) and “accuracy” (the ability to discriminate 
cancer from noncancer).24 We tested for a signifi-
cant difference between the AUCs with and those 
without computer-aided detection, using a likeli-
hood-ratio test. Hypothesis tests were two-sided, 
with an alpha level of 0.05.

Table 1. Unadjusted Performance of Screening Mammography from 1998 to 2002, According to Characteristics  
of Patients.

Variable

Mammograms
 for 222,135

 Patients

Mammograms
for 220,886 

Patients without 
Breast Cancer*

Mammograms
for 2351 Patients 

with Breast  
Cancer Specificity† Sensitivity‡ PPV§

no. of mammograms (%) percent

All mammograms 429,345 426,994 (100) 2351 (100) 89.2 83.1 4.1

Age at mammography

40–44 yr 62,637 62,486 (14.6) 151 (6.4) 87.2 72.2 1.3

45–49 yr 71,709 71,455 (16.7) 254 (10.8) 87.6 80.3 2.2

50–54 yr 79,221 78,870 (18.5) 351 (14.9) 88.6 82.3 3.1

55–59 yr 57,451 57,110 (13.4) 341 (14.5) 89.4 83.9 4.5

60–64 yr 41,737 41,464 (9.7) 273 (11.6) 90.0 84.6 5.3

65–69 yr 37,156 36,879 (8.6) 277 (11.8) 90.6 86.6 6.5

70–74 yr 33,928 33,643 (7.9) 285 (12.1) 91.6 84.6 7.9

≥75 yr 45,506 45,087 (10.6) 419 (17.8) 92.0 84.5 8.9

Breast density

Almost entirely fat 41,203 41,084 (9.6) 119 (5.1) 95.2 91.6 5.2

Scattered fibroglandular tissue 184,714 183,786 (43.0) 928 (39.5) 90.6 87.9 4.5

Heterogeneously dense 166,303 165,212 (38.7) 1091 (46.4) 86.6 80.8 3.8

Extremely dense 37,125 36,912 (8.6) 213 (9.1) 87.7 69.0 3.1

Time since most recent mam-
mogram

No previous mammogram 16,862 16,763 (3.9) 99 (4.2) 81.3 86.9 2.7

9–15 mo 193,006 192,062 (45.0) 944 (40.2) 90.5 77.3 3.9

16–20 mo 45,718 45,486 (10.7) 232 (9.9) 89.6 81.0 3.8

21–27 mo 105,507 104,852 (24.6) 655 (27.9) 89.5 88.2 5.0

≥28 mo 68,252 67,831 (15.9) 421 (17.9) 87.0 88.4 4.0

* Some women without breast cancer received a diagnosis of the disease later in the study period.
† Specificity was defined as the percentage of screening mammograms that were negative (had a BI-RADS assessment 

score of 1 or 2, or of 3 with a recommendation of normal or short-interval follow-up) among patients who did not re-
ceive a diagnosis of breast cancer within 1 year after screening.

‡ Sensitivity was defined as the percentage of screening mammograms that were positive (had a BI-RADS assessment 
score of 0, 4, or 5, or of 3 with a recommendation for immediate workup) among patients who received a diagnosis of 
breast cancer within 1 year after screening. 

§ The positive predictive value (PPV) was defined as the probability of a breast-cancer diagnosis within 1 year after a pos-
itive screening mammogram.
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R esult s

Study Data

Of 51 facilities that contributed mammographic 
data to registries in the period from 1998 through 
2002, 43 (84%) responded to the survey. Within 
these 43 facilities, there were 159 radiologists who 
interpreted mammograms, of whom 122 (77%) 
provided complete responses and written informed 
consent for linkage to mammography and facility 
data. Radiologists who did and those who did not 
respond had similar performance measures for 
screening mammography.17 Complete mammo-
graphic data were available for 222,135 women 
(a total of 429,345 screening mammograms), in-
cluding 2351 women who received a diagnosis of 
breast cancer within 1 year after screening (Ta-
ble 1). As in previous studies,22,23 age, breast den-
sity, and time since most recent mammography 
for patients were associated with specificity, sen-
sitivity, and positive predictive value.

Of the 43 facilities that responded to the sur-
vey, 7 (16%) implemented computer-aided detec-
tion during the study period. These seven facilities 
were staffed by 38 radiologists and used computer-
aided detection for a total of 124 facility-months 
(mean, 18 months; range, 2 to 25), during which 
31,186 screening mammograms (7% of the total) 
were interpreted, including 156 mammograms for 
women who received a diagnosis of breast cancer 
within 1 year after screening. Six of the seven fa-
cilities reported using computer-aided detection 
for all screening mammograms after implemen-
tation; the remaining facility reported using it for 
80% of all screening mammograms. All facilities 
used the same commercial computer-aided de-
tection product (ImageChecker system, R2 Tech-
nology).

Women screened at the 36 facilities that did not 
implement computer-aided detection during the 
study period were older, had denser breasts, and 
were less likely to have undergone mammography 
within the previous 9 to 20 months than those 
screened at the 7 facilities that implemented com-
puter-aided detection (Table 2), implying a higher 
overall risk of breast cancer among the women 
screened at the nonimplementing facilities.25 On 
average, radiologists at facilities that did not im-
plement computer-aided detection had more years 
of experience with mammography than did radi-
ologists at facilities that implemented computer-

aided detection. Characteristics of patients and 
radiologists at the facilities that adopted computer-
aided detection were similar before and after its 
implementation. Facilities that did and those that 
did not implement computer-aided detection were 
similar across a range of characteristics, including 
the presence or absence of radiologists who spe-
cialized in breast imaging (Table 3).

Use of Computer-Aided Detection  
and Unadjusted Performance

Differences in characteristics of patients and radi-
ologists (Table 2) would predict lower specificity, 
higher recall rates, and higher sensitivity at facili-
ties that never implemented computer-aided detec-
tion than at facilities that did.17,22,26 Indeed, at the 
36 facilities that never implemented computer-

Table 2. Characteristics of Patients and Radiologists at Mammography 
Facilities, According to Use or Nonuse of Computer-Aided Detection (CAD).*

Characteristic
CAD Never

Implemented CAD Implemented

Before 
Implementation

After
 Implementation

Patients†

Age (yr) 57.8±12.1 55.1±10.9 55.4±11.1

High breast density (%)‡ 49.3 41.5 44.2

Mammography within pre-
vious 9–20 mo (%)

49.1 71.8 76.7

Radiologists§

Experience performing 
mammography (%)

<10 yr 16.6 29.9 26.8

10–19 yr 57.0 54.2 53.2

≥20 yr 26.4 15.9 20.0

No. of mammograms in-
terpreted in previ-
ous year (%)

≤1000 11.9 8.0 7.9

1001–2000 30.1 45.1 40.9

>2000 58.0 46.9 51.2

* Plus–minus values are means ±SD. All characteristics differed significantly 
(P<0.001) across categories of CAD implementation.

† Characteristics of patients are provided for 429,345 mammograms (398,159 
performed without CAD and 31,186 performed with CAD).

‡ High density was defined as either heterogeneously or extremely dense.
§ These characteristics are provided for 332,869 mammograms interpreted 

(308,099 without CAD and 24,770 with CAD) by radiologists who responded 
to a mailed survey and gave informed consent for linkage to mammographic 
data.
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aided detection, specificity was significantly lower 
(P<0.001) and recall rates were significantly high-
er (P<0.001) than at the 7 facilities that adopted 
computer-aided detection but had not yet imple-
mented it (Table 4). After these 7 facilities imple-
mented computer-aided detection, the opposite was 
true: the specificity was significantly lower and the 
recall rate was significantly higher than at the 36 
facilities that never implemented computer-aided 
detection (P<0.001 for both comparisons), even 
though characteristics of patients and radiologists 
remained stable (Table 2).

As expected from characteristics of patients and 
radiologists, sensitivity was slightly higher at fa-
cilities that never implemented computer-aided 

detection than at facilities that adopted computer-
aided detection but had not yet implemented it 
(Table 4). Although sensitivity increased from 
80.4% before implementation to 84.0% after im-
plementation, the change was not significant (P =  
0.32). The positive predictive value was similar at 
facilities that never implemented computer-aided 
detection and facilities that adopted computer-
aided detection but had not yet implemented it. 
After implementation at these facilities, the 
positive predictive value decreased significantly 
(P = 0.01).

Before the adoption of computer-aided detec-
tion at the 7 facilities, the biopsy rate was similar 
to that at the 36 facilities that never implemented 
computer-aided detection. After the seven facili-
ties implemented computer-aided detection, the 
biopsy rate increased by 20% (from 14.7 biopsies 
per 1000 screening mammograms before imple-
mentation to 17.6 biopsies after implementation, 
P<0.001). As anticipated from risk factors of pa-
tients (i.e., older age, denser breasts, and less re-
cent mammography) at the 36 facilities that never 
implemented computer-aided detection,22,25 the 
cancer-detection rate was significantly higher at 
these facilities than at the 7 facilities that adopted 
computer-aided detection but had not yet imple-
mented it (P = 0.03). Before and after the imple-
mentation of computer-aided detection at the seven 
facilities, the cancer-detection rate was similar 
(4.15 and 4.20 cases per 1000 screening mammo-
grams, respectively; P = 0.90), but the proportions 
of detected invasive cancers and ductal carcinomas 
in situ changed: the rate of detection of invasive 
breast cancer decreased by 12% (from 2.98 cases 
per 1000 screening mammograms before imple-
mentation to 2.63 cases after implementation, 
P = 0.32), whereas the rate of detection of ductal 
carcinomas in situ increased by 34% (from 1.17 to 
1.57 cases per 1000 screening mammograms, P =  
0.09). The percentage of detected cases of cancer 
that were ductal carcinomas in situ increased sig-
nificantly after implementation of computer-aid-
ed detection as compared with before implemen-
tation (37.4% vs. 28.1%, P = 0.049).

Adjusted Performance

Of the 429,345 mammograms in this analysis, 
332,869 (78%) were interpreted by participating 
radiologists and thus could be included in analy-
ses that adjusted simultaneously for characteris-
tics of patients, facilities, and radiologists. After 

Table 3. Characteristics of 43 Mammography Facilities, According to Use  
or Nonuse of Computer-Aided Detection (CAD).

Facility Characteristic

CAD Never
Implemented

(N = 36)

CAD
Implemented

(N = 7)

no. (%)

General

Associated with academic center 7 (19) 2 (29)

One or more staff radiologists specializing 
in breast imaging

13 (36) 3 (43)

For-profit 21 (58) 3 (43)

Feedback provided to a radiologist  
on performance

Once a year 15 (42) 2 (29)

Twice or more a year 14 (39) 5 (71)

Uncertain 7 (19) 0

Interpretation of mammograms

Usually interpreted in batches of 10  
or more

27 (82)* 5 (83)†

Usually interpreted at another facility 15 (42) 2 (29)

Sometimes interpreted by >1 radiologist 20 (56) 2 (33)†

Diagnostic and screening services

Diagnostic mammograms offered 26 (72) 6 (86)

Screening mammograms as a proportion 
of all mammograms

1–74% 16 (44) 2 (29)

75–79% 7 (19) 4 (57)

80–100% 13 (36) 1 (14)

Interventional services offered‡ 19 (54)† 6 (86)

* Data were missing for three facilities.
† Data were missing for one facility.
‡ Interventional services included core biopsy, fine-needle aspiration, and other 

invasive procedures.
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adjustment, the use of computer-aided detection as 
compared with nonuse remained associated with 
significantly lower specificity and positive pre-
dictive value, as well as nonsignificantly greater 
sensitivity (Table 5). Because mammograms are 
usually correctly interpreted, odds ratios do not ac-
curately estimate percent changes in specificity, 
sensitivity, or positive predictive value. Thus, among 

women with breast cancer, the 46% greater adjust-
ed odds of a positive mammogram with the use 
of computer-aided detection as compared with 
nonuse (odds ratio, 1.46) is consistent with the ab-
solute increase in sensitivity of 3.6% associated 
with the implementation of computer-aided detec-
tion in unadjusted analyses (from 80.4% before 
implementation to 84.0% after implementation).

Table 4. Unadjusted Performance of Screening Mammography, Breast Biopsy, and Cancer Detection, According to Use or Nonuse  
of Computer-Aided Detection (CAD).

Variable CAD Never Used
Before CAD  

Implementation P Value*
After CAD  

Implementation P Value†

Screening mammograms

Total no. performed 313,259 84,900 31,186

No. performed in patients without breast 
cancer

311,502 84,462 31,030

No. performed in patients with breast  
cancer

1757 438 156

Invasive cancer 1420 326 103

Ductal carcinoma in situ 337 112 53

Performance measure — % (95% CI)

Specificity‡ 89.2 (89.1–89.3) 90.2 (90.0–90.4) <0.001 87.2 (86.8–87.5) <0.001

Recall rate§ 11.2 (11.1–11.4) 10.1 (9.9–10.3) <0.001 13.2 (12.8–13.6) <0.001

Sensitivity¶ 83.7 (81.9–85.4) 80.4 (76.3–84.0) 0.09 84.0 (77.3–89.4) 0.32

PPV‖ 4.2 (4.0–4.4) 4.1 (3.7–4.5) 0.71 3.2 (2.7–3.8) 0.01

Breast biopsy

Total no. performed 3166 1248 550

No. performed per 1000 screening mam-
mograms (95% CI)

14.3 (13.8–14.8)** 14.7 (13.9–15.5) 0.41 17.6 (16.2–19.2) <0.001

No. of cancers detected per 1000 screening 
mammograms (95% CI)

All cancers 4.70 (4.46–4.94) 4.15 (3.72–4.60) 0.03 4.20 (3.51–4.98) 0.90

Invasive cancers 3.71 (3.50–3.93) 2.98 (2.62–3.37) 0.002 2.63 (2.09–3.26) 0.32

Ductal carcinomas in situ 0.98 (0.88–1.10) 1.17 (0.95–1.42) 0.14 1.57 (1.16–2.08) 0.09

Percentage of all cancers that were ductal 
carcinoma in situ

20.9 (18.9–23.1) 28.1 (23.5–33.1) 0.004 37.4 (29.1–46.3) 0.049

* P values were calculated with the use of the chi-square test for the comparison between facilities that never implemented CAD and those 
that adopted CAD but had not yet implemented it. 

† P values were calculated with the use of the chi-square test for the comparison, among facilities that adopted CAD, between values before 
implementation and those after implementation.

‡ Specificity was defined as the percentage of screening mammograms that were negative (had a BI-RADS assessment score of 1 or 2,  
or of 3 with a recommendation of normal or short-interval follow-up) among patients who did not receive a diagnosis of breast cancer 
within 1 year after screening.

§ The recall rate was defined as the percentage of screening mammograms that were positive.
¶ Sensitivity was defined as the percentage of screening mammograms that were positive (had a BI-RADS assessment score of 0, 4, or 5,  

or of 3 with a recommendation for immediate work-up) among patients who received a diagnosis of breast cancer within 1 year after 
screening.

‖ The positive predictive value (PPV) was defined as the probability of a breast-cancer diagnosis within 1 year after a positive screening 
mammogram.

** The number of biopsies per 1000 screening mammograms at facilities that never implemented CAD was calculated on the basis of data 
from the two registries that maintain biopsy data (221,399 mammograms).
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In secondary analyses, associations were gen-
erally similar to those in our principal analysis 
(Table 5). However, the association between the 
use of computer-aided detection and sensitivity 
was weaker when the analysis was restricted to 
women with invasive breast cancer and was stron-
ger when restricted to women with ductal carci-
noma in situ. The observed associations were 
similar to those in the principal analysis after 
the exclusion of mammograms that were inter-
preted within 3 months after the implementa-
tion of computer-aided detection, and interaction 
terms for time and use of computer-aided detec-
tion were nonsignificant, suggesting that the ob-
served changes in performance with computer-
aided detection persisted over time.

As shown in Figure 1, the modeled AUC was 

0.919 without the use of computer-aided detection 
but was 0.871 with its use (P = 0.005). Because ac-
curacy increases as the AUC approaches 1.0, the 
use of computer-aided detection was associated 
with significantly lower overall accuracy than was 
nonuse.

Discussion

The use of computer-aided detection in clinical 
practice has increased since the FDA approved the 
technology and Medicare began reimbursing for 
its use. In our observational study of large numbers 
of community-based mammography facilities and 
patients, the use of computer-aided detection was 
associated with increases in potential harms of 
screening mammography, including higher recall 

Table 5. Adjusted Relative Performance of Screening Mammography, According to Use of Computer-Aided Detection (CAD) as Compared 
with Nonuse.

Analysis*
No. of 

Mammograms

No. 
of Patients
with Breast 

Cancer Specificity Sensitivity PPV

Odds Ratio
 (95% CI)† P Value

Odds Ratio 
(95% CI)‡ P Value

Odds Ratio 
(95% CI)§ P Value

Principal analysis 332,869 1822 0.68 (0.64–0.72) <0.001 1.46 (0.81–2.63) 0.20 0.75 (0.58–0.97) 0.03

Secondary analysis

Including mammo-
grams interpreted  
by nonparticipating 
radiologists, without 
adjustment for  
radiologist charac-
teristics

429,345 2351 0.72 (0.68–0.75) <0.001 1.27 (0.77–2.12) 0.34 0.75 (0.59–0.94) 0.02

Excluding mammo-
grams interpreted 
during first 3 months 
of CAD implementa-
tion at each facility

328,094 1800 0.62 (0.58–0.66) <0.001 1.61 (0.84–3.09) 0.15 0.72 (0.54–0.95) 0.02

Detection of breast-cancer 
subtypes

Invasive cancer 332,869 1427 — — 1.18 (0.60–2.29) 0.62 — —

Ductal carcinoma in situ 332,869 395 — — 2.88 (0.54–15.2) 0.21 — —

* Except where noted, models were adjusted for characteristics of patients (age, breast density, and time since previous mammography) and 
of radiologists (number of years interpreting mammograms and number of mammograms interpreted in the past year), mammography reg-
istry, and four facility-level covariates that were associated (P<0.10) with one or more performance measures in preliminary analyses: the 
percentage of screening mammograms that are interpreted in batches of 10 or more, availability of diagnostic mammography, frequency of 
feedback about performance, and the method of review of the feedback.

† The odds ratio gives the relative odds of a negative mammogram (one with a BI-RADS assessment score of 1 or 2, or of 3 with a recom-
mendation of normal or short-interval follow-up) among patients who did not receive a diagnosis of breast cancer within 1 year after  
screening.

‡ The odds ratio gives the relative odds of a positive mammogram (one with a BI-RADS assessment score of 0, 4, or 5, or of 3 with a recom-
mendation for immediate workup) among patients who received a diagnosis of breast cancer within 1 year after screening.

§ The odds ratio gives the relative odds of a breast-cancer diagnosis within 1 year after a positive screening mammogram.
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and biopsy rates, and was of uncertain clinical 
benefit.

As others have reported,9,11-14 we found that the 
use of computer-aided detection was associated 
with higher recall rates than nonuse, implying that 
rates of false positive results were also higher with 
use, since most recalls do not result in a diagno-
sis of cancer. Increased recall rates and rates of 
false positive results may be logical consequenc-
es of the design of computer-aided detection soft-
ware. With the goal of alerting radiologists to 
overlooked suspicious areas, computer-aided de-
tection programs insert up to four marks on the 
average screening mammogram.13,27,28 Thus, for 
every true positive mark resulting from computer-
aided detection that is associated with an under-
lying cancer, radiologists encounter nearly 2000 
false positive marks.29

Increased recall rates could be a necessary cost 
of improved cancer detection. The use of comput-
er-aided detection was associated with a nonsig-
nificant trend toward increased sensitivity but 
with no substantive change in the overall detec-
tion of cancer. Use of the technology was, how-
ever, more strongly associated with the detection 
of ductal carcinoma in situ than with the detec-
tion of invasive breast cancer, a finding that may 
stem from the propensity of computer-aided detec-
tion software to mark calcifications.5,30-32 To the 
extent that ductal carcinoma in situ is a precursor 
to invasive cancer,33 the greater percentage of can-
cers found that were ductal carcinomas in situ af-
ter the implementation of computer-aided detec-
tion than before implementation may be viewed 
optimistically as a shift toward detecting breast 
cancer at an earlier stage with the use of computer-
aided detection. On the other hand, the natural 
history of ductal carcinoma in situ is certainly 
more indolent than that of invasive cancer,34 and 
the effect of computer-aided detection on mortal-
ity from breast cancer may be limited if it chiefly 
promotes the identification of ductal carcinoma 
in situ rather than invasive cancer.35

No single measure is sufficient to judge the ef-
fect of computer-aided detection on interpretive 
performance.36 Rather, the benefits of true posi-
tive results must be weighed against the conse-
quences of false positive results, including associ-
ated economic costs. Our results suggest that 
approximately 157 women would be recalled (and 
15 women would undergo biopsy) owing to the use 
of computer-aided detection in order to detect one 

additional case of cancer, possibly a ductal carci-
noma in situ (see the Supplementary Appendix, 
available with the full text of this article at www.
nejm.org). After accounting for the additional fees 
for the use of computer-aided detection37 and the 
costs of diagnostic evaluations after recalls result-
ing from the use of computer-aided detection,38 
we calculated that system-wide use of computer-
aided detection in the United States could increase 
the annual national costs of screening mammog-
raphy by approximately 18% ($550 million) (see the 
Supplementary Appendix).

Facilities that adopted computer-aided detec-
tion had performance measures before its imple-
mentation that differed from those at facilities 
that never adopted computer-aided detection; these 
differences were consistent with differences in the 
characteristics of patients and radiologists at the 
two groups of facilities. The use of computer-aided 
detection may have caused a regression toward 
mean levels of performance among radiologists 
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Figure 1. Overall Accuracy of Screening Mammogra-
phy, According to the Use of Computer-Aided Detec-
tion (CAD).

Overall accuracy was assessed with the use of receiver-
operating-characteristic (ROC) curves for 332,869 
mammograms interpreted (308,099 without the use of 
CAD and 24,770 with the use of CAD) by participating 
radiologists. These curves plot the true positive rate of 
screening mammography (sensitivity) against the false 
positive rate (1 − specificity). The ROC curves and esti-
mates of the areas under the curve (AUCs) were ad-
justed for patient, radiologist, and facility characteris-
tics, as well as for mammography registry. The AUC 
was 0.919 for nonuse of CAD and 0.871 for use of CAD 
(P = 0.005).
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whose interpretations of mammograms tended 
to differ from those of most radiologists, but its 
implementation was associated with changes in 
specificity and recall rates that overshot levels at 
facilities that never implemented computer-aided 
detection. Moreover, the use of computer-aided 
detection remained significantly associated with 
decreased specificity, decreased positive predictive 
value, and decreased overall accuracy in analyses 
that adjusted for differences in characteristics of 
patients, radiologists, and facilities. Nevertheless, 
the association between the use of computer-aided 
detection and the observed changes in perfor-
mance could be explained by factors we did not 
measure.

Although six of the seven facilities that adopted 
computer-aided detection reported using it for 
100% of mammograms after implementation, we 
did not measure the use of computer-aided detec-
tion at the level of the individual mammogram. 
In this respect, our estimates of the effects of 
computer-aided detection on performance may be 
conservative. All facilities that implemented com-
puter-aided detection used the same commercial 
product. The manufacturer has updated its detec-
tion software since 2002, but we are unaware of 
any community-based studies that have found im-
proved detection of breast cancer with recent ver-
sions of the software. 

Even in our large study, only 156 cases of can-
cer developed during the study among women 
screened at facilities using computer-aided detec-
tion, resulting in wide confidence intervals around 
estimates of sensitivity and cancer-detection rates 
after implementation. Because of the rarity of 
breast cancer in community samples, very large 
samples would be needed to study the effect of 
the use of computer-aided detection on sensitivity 
with high statistical power (approximately 750,000 

mammograms interpreted in total, half with the 
use of computer-aided detection and half without).

In conclusion, we found that, among large 
numbers of diverse facilities and radiologists, the 
use of computer software designed to improve the 
interpretation of mammograms was associated 
with significantly higher false positive rates, recall 
rates, and biopsy rates and with significantly lower 
overall accuracy in screening mammography than 
was nonuse. The nonsignificant trend toward 
greater sensitivity with the use of computer-aided 
detection as compared with nonuse may be largely 
explained by increased detection of ductal carci-
noma in situ. As an FDA-approved technology 
whose use can be reimbursed by Medicare, com-
puter-aided detection has been incorporated quick-
ly into mammography practices, despite tentative 
evidence of clinical benefits. Now that computer-
aided detection is used in the screening of mil-
lions of healthy women, larger studies are needed 
to judge more precisely whether benefits of rou-
tine use of computer-aided detection outweigh its 
harms.
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