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Although interpretive performance varies substantially among radiologists, such variation has not been
examined among mammography facilities. Understanding sources of facility variation could become a

In this cross-sectional study conducted between 1996 and 2002, we surveyed 53 facilities to evaluate asso-
ciations between facility structure, interpretive process characteristics, and interpretive performance of
screening mammography (ie, sensitivity, specificity, positive predictive value [PPV1], and the likelihood of
cancer among women who were referred for biopsy [PPV2]). Measures of interpretive performance were
ascertained prospectively from mammography interpretations and cancer data collected by the Breast
Cancer Surveillance Consortium. Logistic regression and receiver operating characteristic (ROC) curve
analyses estimated the association between facility characteristics and mammography interpretive perfor-

Of the 53 eligible facilities, data on 44 could be analyzed. These 44 facilities accounted for 484463 screen-
ing mammograms performed on 237669 women, of whom 2686 were diagnosed with breast cancer dur-
ing follow-up. Among the 44 facilities, mean sensitivity was 79.6% (95% confidence interval [Cl] = 74.3%
to 84.9%), mean specificity was 90.2% (95% CI = 88.3% to 92.0%), mean PPV1 was 4.1% (95% Cl = 3.5% to
4.7%), and mean PPV2 was 38.8% (95% Cl = 32.6% to 45.0%). The facilities varied statistically significantly
in specificity (P<.001), PPV1 (P<.001), and PPV2 (P =.002) but not in sensitivity (P=.99). AUC was higher
among facilities that offered screening mammograms alone vs those that offered screening and diagnos-
tic mammograms (0.943 vs 0.911, P =.006), had a breast imaging specialist interpreting mammograms vs
not (0.932 vs 0.905, P = .004), did not perform double reading vs independent double reading vs consen-
sus double reading (0.925 vs 0.915 vs 0.887, P =.034), or conducted audit reviews two or more times per

Background
foundation for improving interpretive performance.
Methods
mance or accuracy (area under the ROC curve [AUC]). All P values were two-sided.
Results
year vs annually vs at an unknown frequency (0.929 vs 0.904 vs 0.900, P = .018).
Conclusion

Mammography interpretive performance varies statistically significantly by facility.
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Given that more than 27 million women have a screening mam-
mogram each year, there is growing interest in evaluating and
improving radiologists’ interpretive performance of mammogra-
phy (1). Two major groups of factors are known to influence the
interpretation of mammograms: the characteristics of the women
who are being screened (eg, breast density, age, and time-since-last
mammogram) (2-4) and the characteristics of the interpreting
radiologists (eg, number of years of experience in mammography
interpretation and reading volume) (5-7). However, although
patient and radiologist characteristics influence measures of inter-
pretive performance, the characteristics that have been examined
to date account for only 10% of the measured variation in perfor-
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mance (7). Furthermore, even if such characteristics accounted for
a greater percentage of the variation, some cannot be modified (eg,
patient age) and some cannot be easily ascertained by a woman
who is having a mammogram (eg, radiologist reading volume).
Although interpretive performance varies substantially among
radiologists (8), such variation has not, to our knowledge, been
examined among mammography facilities. Knowledge of the
sources of such variation among facilities is relevant to people who
are concerned about the accuracy of mammography interpretation,
including health plan leaders, health-care policy-makers, radiolo-
gists, women who are undergoing screening mammography, and
the physicians who are ordering the tests. For example, women and
their referring physicians could choose facilities that have specific
characteristics or use practices that have been shown to be associ-
ated with better interpretive performance. In addition, such
knowledge could inform the facilities themselves about practice
changes they could make to improve interpretive performance.
We therefore examined whether interpretive performance and
accuracy vary across mammography facilities after accounting for
known determinants of mammography interpretive performance.

Methods

Study Design, Setting, and Population

The data for this cross-sectional study were contributed by three
geographically dispersed mammography registries of the Breast
Cancer Surveillance Consortium (BCSC; http://breastscreening.
cancer.gov/) (9): Group Health’s Breast Cancer Surveillance
System, a nonprofit health plan in the Pacific Northwest that
includes more than 100000 women aged 40 years or older (10); the
New Hampshire Mammography Network (11), which provides
mammography to more than 85 % of the women in New Hampshire;
and the Colorado Mammography Advocacy Program (9), which
provides mammography to approximately half of the women who
reside in the six-county metropolitan area of Denver, CO. As
described in more detail below, these three registries collect data on
women’s characteristics, radiologists’ mammography interpreta-
tions, and breast cancer diagnoses to evaluate mammography per-
formance. Cancer ascertainment for the seven BCSC sites has been
estimated to exceed 94.3% (12).

The study protocol was approved by the Human Subject
Review Committees of the University of Washington School Of
Medicine, Group Health, Dartmouth College, Northwestern
University, and the Colorado Mammography Advocacy Program.

Mammography Registry Data

Each mammography registry provided data on every mammogra-
phy examination that was performed at participating facilities from
January 1, 1996, through December 31, 2001, including the date of
the interpretation, the patient’s age and breast density, and the date
of her most recent previous mammogram. The mammography
interpretation and breast density estimate were both collected
according to the American College of Radiology Breast Imaging
Reporting and Data System (BI-RADS) (13). The facility where the
mammography was performed and the interpreting radiologist
were also noted for each mammogram. A screening mammogram
was one that the facility designated as having been performed for
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CONTEXT AND CAVEATS

Prior knowledge

Mammography interpretive performance is known to be influenced
by characteristics of the women who are being screened and of the
interpreting radiologists. However, the extent to which screening
mammography interpretive performance varies by facility-level
characteristics is unclear.

Study design

A cross-sectional survey-based study that examined whether inter-
pretive performance and accuracy vary across mammography
facilities after accounting for known determinants of mammogra-
phy interpretive performance and included 44 facilities, 484463
screening mammograms performed on 237669 women, and 2686
breast cancer diagnoses.

Contribution

Mammography interpretive accuracy was higher among facilities
that offered screening mammograms alone vs those that offered
screening and diagnostic mammograms; had a breast imaging
specialist interpreting mammograms vs not; did not perform dou-
ble reading vs independent vs consensus double reading; or con-
ducted audit reviews two or more times per year vs annually or at
an unknown frequency.

Implications

Understanding how facility characteristics influence interpretive
accuracy could allow women and physicians to choose a mam-
mography facility based on characteristics that are more likely to
be associated with higher quality. Radiologists could also change
the facilities’ structures or processes to include practices that
improve interpretive accuracy.

Limitations

Characterization of double reading of mammograms was limited.
Unmeasured variation among women and radiologists may
account for some of the variation associated with facilities. Some
facilities were excluded from the analyses because of missing data.
Associations were assessed at a single point in time. A number of
selection biases may have affected the results.

routine screening. To insure that our study focused on screening
mammography, we excluded mammograms that were performed
on women who had a history of breast cancer, had breast implants,
or had undergone breast imaging within the previous 9 months. We
ascertained breast cancer outcomes through December 31, 2002, by
linkage with regional Surveillance, Epidemiology, and End Results
registries; local tumor registries; and/or breast pathology databases
that were maintained by the mammography registries.

Surveys

We used two mailed surveys in this study—a facility survey and a
radiologist survey—that were developed by a multidisciplinary
panel of experts in mammography, physics, economics, health ser-
vices research, and epidemiology. The facility survey concerned the
policies and practices of mammography facilities and was based on
a conceptualization of factors that are known or suspected to influ-
ence mammography interpretation, including characteristics of the
patient, of the radiologist, and of the facility (14-16). Drafts of this
survey were pilot tested extensively for accuracy and reproducibility
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of responses at three facilities that did not participate in the three
study registries but were located in the same geographic regions as
those that did. Cognitive interviewing of respondents to the pilot
surveys led to iterative improvements in the survey and resulted in
a final survey that required approximately 15 minutes to complete.
We mailed the facility survey to the designated contact person
at each facility in December 2001; data collection was completed
by September 2002. If we received no response after a second mail-
ing, we sought a response by telephone or through site visits. The
facility surveys were completed by one or more of the following
employees at each facility: a technologist, a radiologist, the radiol-
ogy department manager, and/or the facility business manager.
The radiologist survey was mailed to all radiologists (n = 168)
who interpreted mammograms at the facilities that had responded
to the first survey (n = 43); this survey was completed and returned
by 128 radiologists (76%) who were still practicing in 2002 (see
Figure 1). Detailed results of the radiologist survey are reported
elsewhere (14). The radiologist and facility surveys are available at
http://breastscreening.cancer.gov/collaborations/favor.html.

Specification of Study Variables

Outcome Variables. The primary outcomes were the sensitivity,
specificity, positive predictive value (PPV; calculated as described
below), and the area under the receiver operating characteristic
(ROC) curve (AUC) of a screening mammogram. Mammography
interpretations were recorded using the numerical value for each
BI-RADS assessment according to the version in use at the time
(13). To calculate the performance measures, we defined a negative
interpretation as BI-RADS 1 (negative), BI-RADS 2 (benign find-
ing), or BI-RADS 3 (probably benign) when the latter category of
interpretation was associated with a recommendation for short-
interval follow-up (eg, 6 months) but not when it was associated
with a recommendation for immediate work-up. Rarely, a BI-RADS
category 3 interpretation was associated with a normal follow-up
interval (1 or 2 years), and we counted those as negative interpreta-
tions as well, although it was an incorrect use of the BI-RADS lexi-
con. A mammogram was classified as positive if it was given a
BI-RADS category of 0 (additional imaging required), 4 (needs
evaluation), or 5 (highly suggestive of malignancy). For the main
analysis, we categorized mammograms that had a BI-RADS
category of 3 and a recommendation for immediate follow-up as a
BI-RADS 0 interpretation (13). For each screening mammogram,
we determined whether breast cancer was diagnosed within 1 year
of the examination or anytime before the next screen (follow-up
period). Women who had a screening examination performed
between 9 months and 1 year after their previous screen were con-
sidered to be cancer free, and their follow-up periods were trun-
cated on the date of the subsequent screening mammogram.
Sensitivity was defined as the proportion of all mammograms with
a positive interpretation at the time of screening and a breast cancer
during the follow-up period. Specificity was defined as the propor-
tion of all mammograms with a negative interpretation and no
breast cancer diagnosed during the follow-up period. For positive
predictive value, we used two definitions that were consistent with
those recommended by the American College of Radiology for
medical audits (13). Positive predictive value 1 (PPV1) was defined
as the proportion of screens that were associated with a breast
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cancer diagnosis within the follow-up period among those with a
positive interpretation as noted above for the main analysis. Positive
predictive value 2 (PPV2) was defined as the number of mammo-
grams that were associated with a breast cancer diagnosis during
follow-up among those with a recommendation for biopsy, surgical
consultation, or fine-needle aspiration (BI-RADS 4,5).

We used ROC analysis to determine whether facility character-
istics were associated with the overall accuracy of screening inter-
pretations, as measured by the AUC. We chose the AUC because
it compares sensitivity against 1—specificity over a range of values
for these two measures and therefore incorporates both measures
of interpretive performance in a single analysis. AUC values can
range from 0 to 1, but only values greater than 0.5 reflect interpre-
tive accuracy that is greater than chance alone. A higher AUC
reflects an increased ability to discriminate between mammograms
that do and do not show the presence of a cancer (ie, better accu-
racy). Nonetheless, because the AUC is computed from a curve
that varies over the entire range of possible values for sensitivity
and specificity, we also considered whether these values were in an
acceptable range for screening mammography by dichotomizing
the ordinal BI-RADS scale and reporting sensitivity and specificity
as described above.

Independent Variables. Because interpretive performance is
influenced by characteristics of both the patient and the radiologist,
we built logistic regression models of facility performance measures
that included covariates for patients and radiologists and therefore
accounted for these factors. For each patient, we included charac-
teristics that were associated with variation in interpretive perfor-
mance of mammography in other studies, that is, age at the time of
the mammogram (in 5-year intervals) (4,17), BI-RADS breast den-
sity category (3), and the number of months since the previous
mammogram (4). For each radiologist, we included the self-
reported number of years spent interpreting mammograms and the
facility-reported number of screening mammograms recorded
in the registry in the year before the survey (2001) because these
variables have been found to be associated with variation in
performance measures (5,8).

To be included in this analysis, each facility had to have con-
ducted at least 300 screening mammography examinations with no
missing data on patient characteristics during the study period. We
evaluated two groups of facility characteristics that could affect all
radiologists: 1) structural and organizational characteristics, which
included whether the facility had a financial incentive (profit vs
not-for-profit) or an affiliation with an academic medical center
(yes/no), the type of breast imaging offered (screening only vs
screening and diagnostic), and the annual facility volume of mam-
mograms (<1500, 1501-2500, 2501-6000, or >6000, computed
from registry data) and 2) characteristics of the interpretive pro-
cess, which included the presence of a breast imaging specialist (ie,
a radiologist who spent at least 50% of his or her time doing breast
imaging), the percentage of mammograms read off-site at other
facilities (0%, 1%-79%, or 80%-100%), the percentage of screens
that were “batch read” in groups of 10 or more (0%—50% vs 51%—
100%), whether mammograms were read by two or more radiolo-
gists (ie, double reading; yes/no), whether double reading was done
with or without knowledge of the other reader’s results (consensus
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vs independent), the number of times per year that feedback (audit
data) was provided to radiologists about their interpretive perfor-
mance (once vs two or more times per year), and the method of
reviewing audit results (together with other radiologists, with a
manager only, by the radiologist alone, or unknown). Reviewing
together with other radiologists could occur in a variety of ways
that were not specified. The usual approach to these group reviews
was that definitions of the measures were given; the individual per-
formance measures and group means were also reported. A review
of the images of specific troublesome cases might also have
occurred. The categories for volume, batch reading, and propor-
tion of films read off-site were chosen based on the distributions of
the data and in an attempt to have the facilities distributed as evenly
as possible across the values. The data for the proportion of mam-
mograms read at other facilities were severely skewed to either end
of the distribution (ie, 0% and 80%-100%). Twelve facilities were
missing a response to two survey questions related to audit data
(two were missing data on the frequency of audits, five were miss-
ing data on the method of audit review, and five were missing both
kinds of data). To avoid having to exclude these facilities from the
analysis, we created a separate category (unknown) for these survey
questions and included that variable value in the analysis.

We hypothesized that increased facility volume, presence of
consensus double reading of mammograms, and reviewing audit data
together in a meeting would be associated with increased accuracy
but suspected that trade-offs in sensitivity and specificity would occur
with other facility characteristics and that the other facility character-
istics might not lead to a net change in accuracy. We expected that a
high facility volume would be associated with improved accuracy
through increased experience and an emphasis on screening
mammography. We expected consensus double reading and review-
ing audit results as a group to be associated with improved accuracy
because social learning theory suggests that people learn from each
other’s behavior and from the behavior of role models (18).

Statistical Analysis

Analysis of Sensitivity, Specificity, and Positive Predictive
Value. For each performance measure, we initially fit a multivari-
able model that included patient characteristics, radiologist charac-
teristics, and an individual effect for facility (statistically called a
random effect), but we did not include other facility factors as covari-
ates. The purpose of these models was to determine whether statisti-
cally significant variation in each performance measure was associated
with an individual facility after adjusting for patient and radiologist
characteristics. The variance in each performance measure due to the
facility was tested to determine whether this variation across facilities
was greater than that expected by chance alone. For each facility, we
computed the mean values and 95% confidence intervals (Cls) for
sensitivity, specificity, PPV1, and PPV2. We then built multivariable
models for each performance measure using facility characteristics
that were relevant to our hypotheses (ie, facility volume, method of
double reading, method of audit review) or that were associated with
any outcome in univariate analyses at a P value of .1 or lower. We
removed variables that were highly related to other variables in the
model (presence of double reading, offering interventional proce-
dures, and percentage of screening mammograms) or that were no
longer statistically significant at a Plevel of .1 or lower (eg, affiliation

jnci.oxfordjournals.org

with academic medical center). The final model for each perfor-
mance measure therefore included patient characteristics, radiologist
characteristics, and the facility characteristics that were part of our
principal hypotheses or that remained associated with at least one
performance measure at a P level of .1 or lower. Screens that were
missing any of these factors were excluded; the final models included
360149 screening mammograms (see Figure 1). All screening exami-
nations that met the above criteria were included in the models; thus,
multiple mammograms per woman could be included until a cancer
was diagnosed.

The models for sensitivity examined the probability of a posi-
tive screen among screens with a cancer diagnosis during follow-
up. The models for specificity estimated the probability of having
a negative screen among those without a cancer diagnosis during
follow-up. The models for PPV estimated the probability of hav-
ing a cancer diagnosis given a positive screen, with the definition
of positive screen differing for PPV1 and PPV2 as noted above.
These mixed-effect logistic regression models were fit using the
SAS procedure NLMIXED (19).

Receiver Operating Characteristic Analysis. We also used the
SAS procedure NLMIXED (19) to perform ROC analysis, which
was used to summarize the association between facility characteris-
tics and the overall interpretive accuracy of screening mammogra-
phy. We used the BI-RADS assessment codes as an ordinal
response: 1, 2, 3 with no immediate work-up, 3 with immediate
work-up, 0, 4, and 5. We then fit ordinal regression models with
two random effects and covariates for patient and radiologist char-
acteristics. The two random effects adjusted for the radiologist’s
likelihood of calling the mammogram positive and his or her ability
to discriminate between mammograms with and without cancer
present. The multivariable models enabled us to estimate ROC
curves and the AUC associated with specific facility characteristics
while adjusting for patient and radiologist characteristics. The
actual AUC value is computed from the estimates associated with
covariates. Confidence intervals are available for those estimates
but are not routinely computed for AUC values, which are only
summary statistics and primarily descriptive. Additional detail
regarding the method of fitting the ROC curves is available in an
earlier publication (5). Likelihood ratio statistics were used to
determine whether each facility factor was statistically significantly
associated with accuracy (P <.05). All P values are two-sided.

Results

Of the 53 facilities that were eligible for inclusion in this study, 45
(85%) completed a facility survey. One facility had conducted fewer
than 300 screens and was excluded (Figure 1). The remaining 44
facilities provided data for the main analysis. Among the 44 facilities,
24 (54.6%) were structured for profit, 11 (25%) did not offer diagnos-
tic mammograms, 17 (38.6%) had a radiologist on staff who special-
ized in breast care, and 19 (43.2%) provided radiologists with audit
data two or more times per year (Table 1). These 44 facilities
accounted for 484463 screening mammograms performed on 237 669
women, of whom 2686 were diagnosed with breast cancer during
follow-up (Figure 1). The mean number of cancers diagnosed in
patients who were seen at the 44 facilities was 61 (median = 28, range
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Figure 1. Data collection for the analysis of
mammography performance.

| >3 Eligible facilities | 8 Facilities did not respond

to facility survey

1 Facility did not have 300 or
L »more screens for 19962001
A

44 Facilities with data for 1996-2001:

Cohort for main facility-level analysis
No. of mammograms 484,463
No. of patients 237,669
No. of cancers 2,686

Facility analysis adjusted for patient and
radiologist factors

1 Facility missing survey
response about double-reading

A4

43 Facilities with 168 radiologists who read
mammograms in 2001 and who were mailed a

survey in 2002

Radiologist responded to
radiologist survey?

Yes

No. of radiologists
No. of mammograms 360,149
No. of patients
No. of cancers

Facility characteristics analysis
adjusted for patient and radiologist
factors

No

128
No. of radiologists 40

202,852 No. of mammograms 57,860
1,972 No. of patients 19,362
No. of cancers 308

= 0-342). The mean number of radiologists who interpreted mam-
mograms at the 44 facilities was 20 (median = 18, range = 3-54).

Figure 2 shows the adjusted performance measures from the
first multivariable models, which included a facility random effect
and patient and radiologist factors, for each of the 44 facilities dur-
ing this time period. Among the 44 facilities, mean sensitivity was
79.6% (95% CI = 74.3% to 84.9%; median = 81.9%, range = 0%—
100%), mean specificity was 90.2% (95% CI = 88.3% to 92.0%;
median = 90.8%, range = 55.6%-96.6%), mean PPV1 was 4.1%
(95% CI = 3.5% to 4.7%; median = 4.0%, range = 0%-10.7%),
and mean PPV2 was 38.8% (95% CI = 32.6% to 45.0%; median =
36.5%, range = 7.2%-100%). The 44 facilities varied statistically
significantly in specificity (P < .001), PPV1 (P < .001), and PPV2
(P =.002) but not in sensitivity (P = .99).

The multivariable analysis was intended to more closely exam-
ine the factors associated with variation in facility performance, but
not all the facilities provided the necessary data, and such facilities
were omitted from this analysis. One facility was missing data on
the double reading of mammograms and was excluded from the
subanalysis that adjusted for radiologist characteristics, leaving 43
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facilities. Of the 168 radiologists who worked at these 43 facilities,
128 (76%) responded to the radiologist survey. The models that
accounted for radiologist characteristics were therefore based on
data from 43 facilities, 128 radiologists, and 360149 screening
mammograms in 202852 women, of whom 1972 were diagnosed
with breast cancer during the follow-up period (Figure 1). Only one
of the three performance measures—specificity—differed statisti-
cally significantly between radiologists who worked in facilities that
responded to the facility survey and radiologists who worked in
facilities that did not respond to the facility survey (mean sensitiv-
ity: 81.2% vs 84.9%, difference = 3.7%, 95% CI = —0.92% to
8.33%, P = .14; mean specificity: 89.4% vs 90.2%, difference =
0.8%,95% CIL=0.52% to 1.03%, P < .001; mean PPV1: 3.97% vs
3.73%, difference = 0.24%, 95% CI = —0.28% t0 0.75%, P = .38).

We examined the variation in performance measures among the
facilities by looking more closely at the characteristics of the prac-
tice procedures based on data from the facility surveys (Table 1).
Outcomes (performance measures) associated with a facility
characteristic at a statistical significance level of less than .1 are
shown in boldface in the table. Having a breast imaging specialist

Vol. 100, Issue 12 | June 18, 2008



Table 1. Facility-reported practice procedures and performance measures (N = 44 facilities with 484463 screening

mammography examinations)*

Specificityt, % Sensitivityt, % PPV1§, % PPV2||, %
Facility characteristic No. (%) (95% ClI) (95% CI) (95% CI) (95% CI)
Facility structure and organization
Is your mammography facility for-profit or
not-for-profit?
Not-for-profit 20 (45.5) 91.0(89.6t092.4) 82.2(77.8t086.7) 4.9(4.0t05.8) 42.5(34.5to0 50.6)
For-profit 24 (54.6) 89.5(86.1t092.8) 77.3(67.9t086.7) 3.5(2.7t04.3) 355 (25.7 t0 45.2)
Is this facility associated with an academic
medical center?
No 34 (77.3) 90.2(879t092.6) 78.8(72.31t085.2) 4.3(3.6t05.00 41.4(33.9 to 48.8)
Yes 10 (22.7) 89.9(86.81093.0) 82.7(7491t090.6) 3.6(2.1t05.2) 28.6(22.2to 35.0)
Facility volume (average no. of mammograms
per year)q
<1500 9(20.5) 93.4(91.3t095.6) 64.6(38.2t091.0) 4.1(1.5t06.7) 32.7(19.6 to 45.7)
1501-2500 12 (27.3) 87.1(80.41t093.8) 87.5(79.91t095.0) 3.6(23t04.9 24.9(16.3 to 33.6)
2501-6000 12 (27.3) 89.7(88.2t091.3) 83.1(78.8t087.4) 4.1 (3.41t04.9) 47.6(36.6to 58.6)
>6000 11(25.00 91.2(89.4t093.1) 78.1(73.1t083.0) 4.7 (4.0to5.5 46.4(31.3 to 61.6)
What percentage of your mammograms are
screening mammograms?
1-74 15(34.1) 89.9(88.1t091.7) 822(77.4t087.00 3.9(3.0t04.7) 47.9(34.6 to 61.2)
75-79 13(29.5) 88.0(81.9t094.1) 84.2(77.7t090.8) 4.3(3.3t05.4) 30.9(21.6 to 40.1)
80-100 16 (36.4) 92.2 (90.51t093.8) 73.6 (60.5t086.6) 4.2(2.8t05.6) 36.9 (27.3 to 46.5)
What percentage of the screening
mammograms done at your facility are
interpreted at another facility ?#
0 27 (61.4) 90.5(89.2t091.8) 82.4(78.71t086.1) 4.6(3.8t05.3) 40.5(34.1 to 46.9)
80-100 17 (38.6) 89.6(849t094.4) 749(61.5t088.3) 3.4(2.4to04.5) 356 (21.11t050.1)
What percentage of screening mammograms
are interpreted in groups of 10 or more?
0-50 7(17.5) 88.1(74.6t0101.7) 77.6(57.8t097.4) 46(1.5t07.7) 35.8(19.4to0 52.3)
51-100 33(82.5) 90.4(89.3t091.4) 80.0(73.91t086.1) 3.9(3.3t04.5) 40.7(33.11t048.4)
Missing 4
Does this facility offer diagnostic
mammograms?
No 11(25.00 92.0(89.8t094.1) 68.6 (47.91t089.4) 3.2(1.8to4.5) 47.6(25.21t070.1)
Yes 33(75.0) 89.5(87.11t092.0) 82.9(79.4t086.4) 4.5(3.8t0o5.1) 36.6 (30.51t042.7)
Does this facility offer interventional services
(FNA, core or vacuum-assisted biopsy, cyst
aspirations, needle localization or other
procedures)?
No 17 (39.5) 89.2(845t093.9) 76.8(65.0t088.7) 3.5(2.5t04.6) 39.7 (25.4 to 54.0)
Yes 26 (60.5) 90.6(89.3t091.9) 83.1(79.21t086.9) 4.6(3.9t05.4) 38.3(32.1to44.5)
Missing 1
Interpretive and audit processes
Are any screening mammograms performed
at your facility interpreted by radiologist(s)
who specialize in breast care?
No 27 (61.4) 88.9(86.0to 91.9) 84.2 (80.5 to 87.8) 4.6 (3.8t0 5.3) 34.5(27.4 to 41.6)
Yes 17 (38.6) 92.1(90.9 to 93.3) 71.9 (59.1to0 84.7) 3.5(2.5to 4.5) 47.7 (35.6 to 59.8)
Are any screening mammograms from your
facility interpreted by more than one
radiologist?
No 21(48.8) 89.6(85.8t093.3) 84.2(77.5t090.8) 4.3(3.2t05.3) 33.4(25.4to 41.5)
Yes 22 (51.2) 90.8(89.3t092.4) 74.9(66.4to 83.5) 4.0(3.2t04.8 45.3(36.0 to 54.6)
Missing 1
How are decisions made for mammograms
interpreted by more than one radiologist?
Double readings not performed 21(48.8) 89.6(85.81093.3) 84.2(77.5t090.8) 4.3(3.2t05.3) 33.4(25.4t041.5)
Independently 19 (44.2) 90.9(89.21t092.6) 74.0(64.0t084.0) 3.8(29t04.7) 46.3(35.41057.2)
By consensus 3(7.0) 90.4 (80 to 100.8)  80.6 (567.1 to 104.2) 5.2 (2.9to 7.5) 39.8(14.9 to 64.6)
Missing 1

(Table continues)
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Table 1 (continued).

Specificityt, % Sensitivityt, % PPV18, % PPV2||, %
Facility characteristic No. (%) (95% Cl) (95% Cl) (95% Cl) (95% Cl)
How often is individual radiologist-level
performance data shared with radiologists?
Once a year 18 (40.9) 89.9 (88.3t091.5) 80.5(69.3t091.7) 3.7(29t0o4.5) 33.4(25.31t041.5)
Two or more times per year 19 (43.2) 91.9(90.5t0934) 786(756.0t082.2) 4.7(3.6t05.8) 39.2(29.1t049.3)
Unknown 7 (15.9) 85.9(73.3t098.6) 79.9(60.0t099.9) 3.8(1.9t05.6) 52.1(27.41t076.9)
How is this information reviewed?
Reviewed together (with other radiologists) 21 (47.7) 89.9(8851t091.2) 81.8(77.3t086.3) 4.4(3.8t05.0) 36.3 (26.3 t0 46.4)
in a meeting
Reviewed by facility or department manager 8(18.2) 92.3(90.9t093.8) 77.2(71.0t083.4) 3.8(2.2t05.4) 41.9(33.9to 50.0)
or by lead radiologist alone
Reviewed by each radiologist alone 5(11.4) 93.6(89.9t097.3) 84.6(71.41t097.8) 5.9(1.5to 10.4) 40.4 (26.2 to 54.6)
Unknown 10(22.7) 87.3(79.0t095.7) 74.1(51.4t096.7) 3.0(1.7to04.3) 41.8(21.91t061.6)

*

predictive value 2; FNA = fine-needle aspiration; BI-RADS = American College of Radiology Breast Imaging Reporting and Data System.

—+

tion of normal or short-interval follow-up) among those that did not have a breast cancer diagnosis during the follow-up period.

+

Outcomes in bold have an overall P level of .1 or lower for a univariate association. Cl = confidence interval; PPV1 = positive predictive value 1; PPV2 = positive
Specificity was defined as the percentage of screening examinations that were given a negative BI-RADS assessment (BI-RADS 1, 2, or 3 with a recommenda-

Sensitivity was defined as the percentage of screening mammograms that were given a positive BI-RADS assessment (BI-RADS 0, 4, 5, or 3 with a recommen-

dation for immediate work-up) among those that had a diagnosis of invasive breast cancer or ductal carcinoma in situ during the follow-up period.

w

RADS assessment.

=

Based on registry data.

e

No facilities reported that 1%-79% of the screening mammograms done at the facility were interpreted at another facility.

PPV1 was defined as the percentage of screens that were associated with a breast cancer diagnosis within 1 year of follow-up among those with a positive BI-

PPV2 was defined as the percentage of screens that were associated with breast cancer diagnosis during follow-up among those with a BI-RADS assessment of
4 or 5 and a recommendation for biopsy, surgical consultation, or FNA.

A 100 - I T ¢ B 100, . .
90 - [ { ¢ *t L et S . s
eo-{ { { { { T { { { if w1+ et L5 stete *" ‘° ’ ‘*igi

& E 3
70 - { ¢ 80 | ¢ :

2 60 2

2 S

2 50 £ 70
04 |7 ) 601 .

20 5
10
0 - 40

C 20- D 100 - IS B
18 - [T
16 - 80 - - )

*
14 i ¢
12 1 a0 ! ]
S 0l 7 Z 2 ol e ¢
& o *
s 40
< B
j;i{ { {{ { 3 { { {{{{ {{{{§{ - {{ 20 - - { { * ) { -
oLl : 0 3

Figure 2. Screening mammography performance measures for the 44 facilities. A) Sensitivity. B) Specificity. C) Positive predictive value of any
additional evaluation (PPV1). D) PPV of referral for biopsy (PPV2). Diamonds indicate mean values; error bars correspond to 95% confidence inter-
vals. The 44 facilities varied statistically significantly in specificity (P < .001), PPV1 (P < .001), and PPV2 (P = .002) but not in sensitivity (P =.99).
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who interpreted screening mammograms was the only facility
characteristic that was associated with all four performance mea-
sures in the univariate analyses at a P level less than .1. Facilities
that provided performance data to their radiologists two or more
times per year had a higher specificity than those that provided
performance data only once a year (mean specificity: 91.9% vs
89.9%, difference = 2%, 95% CI = 0.01% to 4.05%, P = .056).

Facility affiliation with an academic medical institution was not
associated with sensitivity, specificity, or PPV1 ata P level of .1 or
lower; thus, it was not included in the multivariable models.
Several facility-level characteristics were associated with differ-
ences in measures of interpretive performance in multivariable
models that controlled for patient and radiologist characteristics
(Table 2). Specificity decreased with increasing facility volume

Table 2. Mixed-effects modeling of sensitivity, specificity, and positive predictive value 1 by facility characteristics with adjustment for
patient and radiologist characteristics and mammography registry (N = 43 facilities with 360 149 screening mammography examinations)*

Odds of having a negative
mammogram given no
cancer diagnosis (specificity)

Odds of having a positive
mammogram given a cancer
diagnosis (sensitivity)

Odds of having a cancer
diagnosis given a positive
mammogram (PPV1)

Facility characteristic OR (95% CI) Overall P OR (95% Cl) Overall P OR (95% Cl) Overall P
Facility structure and organization
Facility volume (average no. of
mammograms per year)T
<1500 1.00 (referent) .002 1.00 (referent) .097 1.00 (referent) .202
1501-2500 0.65 (0.48 to0 0.88) 2.77 (1.15 to 6.65) 1.04 (0.70 to 1.55)
2501-6000 0.66 (0.49 to 0.89) 2.29 (1.05 to 5.03) 0.84 (0.58 to 1.21)
>6000 0.563 (0.38 to 0.74) 2.63 (1.17 to 5.44) 0.99 (0.68 to 1.43)
Is your mammography facility for-profit
or not-for-profit?
Not-for-profit 1.00 (referent) 315 1.00 (referent) .324 1.00 (referent) .057
For-profit 0.88 (0.67 to 1.14) 1.26 (0.79 to 2.01) 0.82 (0.66 to 1.01)
Does this facility offer diagnostic
mammograms?
No 1.00 (referent) .003 1.00 (referent) .883 1.00 (referent) <.001
Yes 0.66 (0.50 to 0.86) 0.95 (0.50 to 1.83) 0.63 (0.49 to 0.82)
Interpretive and audit process
Are any screening mammograms
performed at your facility interpreted
by a radiologist who specializes in
breast care?
No 1.00 (referent) .083 1.00 (referent) .652 1.00 (referent) .039
Yes 1.26 (0.97 to 1.63) 0.90 (0.57 to 1.42) 1.23 (1.01 to 1.50)
What percentage of the screening
mammograms done at your facility are
interpreted at another facility?+
0 1.00 (referent) .002 1.00 (referent) .093 1.00 (referent) .072
80-100 0.70 (0.56 to 0.87) 1.59 (0.92 to 2.72) 0.82 (0.66 to 1.02)
How are decisions made for mammograms
interpreted by more than one
radiologist?
Double reads not performed 1.00 (referent) 77 1.00 (referent) 779 1.00 (referent) .005
Independent double reads 0.84 (0.68 to 1.03) 0.90 (0.63 to 1.30) 0.90 (0.78 to 1.03)
Double reads by consensus 0.76 (0.49 to 1.16) 1.03 (0.53 to 2.01) 0.62 (0.48 to 0.82)
How often is individual radiologist-level
audit data given back to radiologists
on their performance?
Once a year 1.00 (referent) <.001 1.00 (referent) 291 1.00 (referent) .050
Two or more times per year 1.54 (1.23 to 1.94) 0.74 (0.50 to 1.09) 1.23 (1.03 to 1.47)
Unknown 0.81 (0.61 to 1.06) 1.08 (0.60 to 1.96) 1.13 (0.91 to 1.40)
How is this audit information reviewed?
Reviewed together (with other 1.00 (referent) .001 1.00 (referent) .609 1.00 (referent) <.001

radiologists) in meeting
Reviewed by facility or department
manager or by lead radiologist alone
Reviewed by each radiologist alone
Unknown

0.60 (0.44 to 0.84)

1.32 (0.94 t0 1.83)
0.70 (0.53 to 0.92)

1.22 (0.61 to 2.44)

1.20 (0.49 t0 2.93)
1.38 (0.83 to 2.30)

0.94 (0.69 to 1.27)

1.07 (0.73 to 1.58)
0.65 (0.54 to 0.79)

* OR = odds ratio; Cl = confidence interval; PPV1 = positive predictive value 1.

—+

Based on registry data.

+
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No facilities reported that 1%-79% of the screening mammograms done at the facility were interpreted at another facility.
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Table 3. Facility characteristics and area under the receiver
operating characteristic curve

AUC* P, T

accuracy

Characteristic

Facility structure and organization
Facility volume (average no. of mammograms

per yearn)t
<1500 0.916 117
1501-2500 0.937
2501-6000 0.912
>6000 0.911
Is your mammography facility for-profit or
not-for-profit?
Not-for-profit 0.913 .534
For-profit 0.919
Does this facility offer diagnostic
mammograms?
No 0.943 .006
Yes 0.911
Interpretive and audit processes
Are any screening mammograms performed
at your facility interpreted by radiologists
who specialize in breast care?
No 0.905 .004
Yes 0.932
What percentage of the screening
mammograms done at your facility are
interpreted off-site at another facility?8
0 0.917 139
80-100 0.900
How are decisions made for mammograms
interpreted by more than one radiologist?
Double reads not performed 0.925 .034
Independent double reads 0.915
Double reads by consensus 0.887
How often is individual radiologist-level audit
data given back to radiologists on their
performance?
Once a year 0.904 .018
Twice or more per year 0.929
Unknown 0.900
How is this audit information reviewed?
Reviewed together with other radiologists 0.918 .158
in meeting
Reviewed by facility or department 0.915
manager or by lead radiologist alone
Reviewed by each radiologist alone 0.937
Unknown 0.899

* AUC = area under the receiver operating characteristic curve.
T Based on a likelihood ratio statistic.

1 Based on registry data.

w

No facilities reported that 1%-79% of the screening mammograms done at
the facility were interpreted at another facility.

(P = .002), but sensitivity did not vary with facility volume (P =
.097). Facilities that offered diagnostic mammograms had lower
specificity (odds ratio [OR] = 0.66, 95% CI = 0.5 to 0.86; P = .003)
and lower PPV1 (OR = 0.63,95% CI = 0.49 to0 0.82; P <.001) than
facilities that did not. Having a breast imaging specialist who inter-
preted screening mammograms was associated with slightly higher
specificity (OR =1.26, 95% CI = 0.97 to 1.63; P = .83) and higher
PPV1 (OR =1.23,95% CI = 1.01 to 1.50; P = .39), although nei-
ther association was statistically significant. Facilities that sent
mammograms off-site for interpretation had statistically signifi-
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cantly lower specificity than those that did not (OR = 0.70, 95%
CI = 0.56 to 0.87; P = .002). The profit status of the facility was
not associated with any measure of interpretive performance.

Compared with no double reading of mammograms, the
method of double reading was not associated with differences in
specificity (P = .177) or sensitivity (P = .779) but was associated
with a lower PPV1 (P = .005) (Table 2). Among the 23 facilities
that reported double reading of mammograms, only four did so for
all readings; 13 facilities double read 2%-30% of mammograms,
and six did not report the percentage that were double read.
Providing audit data to radiologists two or more times per year was
associated with higher specificity and PPV1 than providing data
only once per year. Reviewing audit information alone vs together
with other radiologists was associated with lower specificity. None
of the facility structure or interpretive process variables was associ-
ated with differences in PPV2 (data not shown).

The ROC analysis and comparison of AUCs showed that four
facility characteristics were associated with higher overall accuracy
of mammography after controlling for patient and radiologist
characteristics (T'able 3): AUC was higher among facilities offering
screening mammograms alone than among those that offered both
screening and diagnostic mammograms (0.943 vs 0.911, P = .006),
among facilities having a breast imaging specialist interpreting
mammograms vs not having one (0.932 vs 0.905, P = .004), among
facilities not performing double reading vs independent vs consen-
sus double reading (0.925 vs 0.915 vs 0.887, P = .034), and among
facilities conducting audit reviews two or more times per year
compared with annual or unknown frequency (0.929 [2/year] vs
0.904 [1/year] vs 0.900 [unknown], P = .018). Contrary to our
hypotheses, neither higher mammogram volume in the facility
(P = .117) nor reviewing audits together (P = .158) was associated
with improved accuracy. Moreover, contrary to our expectation
that consensus double reading would be associated with improved
accuracy, we found that any method of double reading was associ-
ated with decreased accuracy (P = .034).

Discussion

To our knowledge, this is the first study to demonstrate that after
controlling for radiologists’ and patients’ characteristics, screening
mammography interpretive performance (specificity, PPV, AUC)
varies by facility and is associated with facility-level characteristics.
Variation in interpretive performance across radiologists is well
recognized (8,17), but our findings suggest that interpretive perfor-
mance also varies according to characteristics of the facilities where
the radiologists work. The facility characteristics can be summa-
rized in a way that distinguishes the facility structures and interpre-
tive processes from each other and identifies facilities that are more
likely to have a higher interpretive performance. These findings are
important because a referring physician or the patient herself is
much more likely to have the opportunity to choose the facility
where the mammogram is performed and interpreted than they are
to choose the radiologist who will interpret the mammogram.
Among the four interpretive performance measures, specificity
and PPV1 were the most consistently associated with facility-level
differences. We did not find facility-level differences in sensitivity.
Whether higher sensitivity or higher specificity best identifies
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higher quality is somewhat controversial because choosing one or
the other as an indicator depends on a value judgment about
whether finding more cancers or avoiding false-positive examina-
tions is more important. To avoid this controversy, we used a
single measure of accuracy that accounts for both sensitivity and
specificity, the AUC. Using this summary measure, we showed that
offering screening examinations only, not doing double readings,
including a breast imaging specialist on staff, and conducting
audits two or more times per year were associated with increased
accuracy. If these findings are replicated in other studies, they
could provide the basis for developing policy that examines and
reports mammography performance at a facility level.

Although we used the AUC as our summary measure, its calcu-
lation depends on a distribution of interpretations across an ordi-
nal scale with at least three values. Because radiologists’ clinical
recommendations for subsequent actions could be construed as
dichotomous (eg, normal interval follow-up or further evalution),
there could be concern that radiologists do not use the full ordinal
scale needed to calculate the AUC. To confirm that the ordinal
scale of BI-RADS interpretations met this assumption, in a previ-
ous study (5), we examined cancer rates across the full ordinal
scale. In that study, we showed that our ordering of the BI-RADS
assessment codes was associated with cancer rates that increased
with each increase in the code, even though some of these
BI-RADS codes (eg, BI-RADS 1 and 2) would result in the same
management recommendation (ie, normal interval follow-up).
The cancer rates per 1000 mammograms were as follows: 0.83 for
BI-RADS 1, 1.43 for BI-RADS 2, 7.48 for BI-RADS 3 with no
immediate work-up, 14.54 for BI-RADS 3 with immediate work-
up, 32.25 for BI-RADS 0, 165.68 for BI-RADS 4, and 839.66 for
BI-RADS 5 (5). Using the entire ordinal scale for ROC analysis is
therefore justified and prevents loss of information compared with
other methods of classifying BI-RADS interpretations. We there-
fore include ROC analysis in our evaluation and suggest that it
offers an important estimate of performance.

Contrary to our hypotheses, neither annual facility volume nor
the method of audit review was associated with greater interpretive
accuracy. This lack of association does not, however, mean that
these factors are unimportant. In this study, we conducted a nested
analysis that controlled for some characteristics of women and
radiologists. In this nested analysis, we examined facility volume
after accounting for the radiologists’ volume. The lack of associa-
tion between facility volume and interpretive performance in our
analysis means that a low-volume reader performs the same
regardless of the volume of the facility. There was no additional
effect of facility volume beyond that accounted for at the radiolo-
gist level. However, we still need to understand the effect of vol-
ume on radiologists’ interpretations. A report from the Institute of
Medicine (20) noted that persistent questions remain about the
influence of volume on mammography interpretive performance.
Our analysis does not change that.

Another surprise in our findings is that double reading was
associated with lower accuracy. This finding is inconsistent with
published results of randomized trials of independent and consen-
sus double reading (21,22). However, the literature on double
reading demonstrates a variety of approaches within each of the
two broad categories of consensus and independent double read-
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ing, and we did not capture those differences in our survey. The
negative association we observed between double reading and
accuracy may mean that double reading is not implemented effec-
tively in practice or that our characterization of double reading
obscured the benefit of the double reading methods that work. An
examination of double reading using a better characterization of
the method is needed to identify whether the benefits of double
reading demonstrated in trials are being realized in practice.

Our limited characterization of double reading was only one of
the limitations of this observational study. It had other limitations
as well. Although we accounted for important variation due to
characteristics of women (breast density, age, and time-since-last
mammogram) and radiologists (years of experience, reading vol-
ume), there is some risk that unmeasured variation in women and
radiologists accounts for some of the variation we associated with
facilities. We also had missing data for some questions and there-
fore had to exclude some facilities from analyses. For example, the
data in Table 1 are based on screens from facilities that filled out
the facility survey only, whereas the data in Table 2 are based on
screens from facilities that filled out both a facility survey and a
radiologist survey. The latter screens were a subset of the former,
and the difference in which patients and radiologists were included
in the analysis for Table 2 could have affected the results. It is also
possible that facilities that employ a breast imaging specialist or
perform diagnostic mammography may have placed an emphasis
on treating breast disease, which resulted in a population of
women whose characteristics were not accounted for by our
model. These are limitations that cannot be completely avoided in
observational research. Thus, we have emphasized that variation
exists at the facility level rather than focusing on which factors
might account for it. More work needs to be done to explain the
variation, but we have shown that variation exists, and we suggest
that it may be possible to explain some of the variation in terms of
identifiable facility characteristics.

Understanding how facility characteristics influence interpre-
tive accuracy is important because it could allow women and physi-
cians to choose a mammography facility based on characteristics
thatare more likely to be associated with higher quality. Radiologists
could also change the facilities’ structures or processes to include
practices that improve interpretive accuracy. For example, a facil-
ity might decide to include a breast imaging specialist in the prac-
tice if it was clear that such individuals would improve the facility’s
interpretive performance. It will also be important to determine
exactly how breast imaging specialists make a difference in a facili-
ty’s interpretive performance because of the limited number of
breast imaging specialists that are available. In this study, a breast
imaging specialist was defined based on the amount of time
devoted to breast imaging. More information about qualifications,
training, and the breast imaging specialists’ interactions with other
radiologists would provide greater insight into his/her effect on
the interpretive performance of a facility. There is some evidence
that radiologists who specialize in breast imaging have better inter-
pretive skills than those who do not (23); it would be interesting to
determine if the better interpretive performance we noted in
facilities with a breast imaging specialist was a direct consequence
of the interpretive skills of the breast imaging specialist or an
indirect consequence of the specialist’s professional interactions
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with other radiologists at the facility during group interpretations
of mammographic images.

Another facility practice that might be considered to identify
high-quality facilities or to improve mammography performance is
the use of double reading. Although this technique is discussed in
the radiology literature and clinical practice, there are conflicting
reports about its contribution to mammography interpretive per-
formance (21,22). Our findings are consistent with a small negative
effect of double reading on overall accuracy in that the AUC was
lower for either double reading technique than for no double read-
ing at all, but this negative effect on accuracy is largely the result
of the effect of double reading on specificity (Table 2). Although
we classified double reading as “independent” or “consensus” dou-
ble reading, many subclassifications are possible—whether the
radiologists are aware of the first reader’s interpretation, required
to commit to an interpretation before seeing the first reader’s
interpretation, required to always involve a third party when two
radiologists disagree regarding an interpretation, or required to
make a recommendation based on the most abnormal interpreta-
tion—all of which will affect performance measures and are differ-
ences that we did not ascertain. Furthermore, the facilities used
double reading for varying proportions of their screening mam-
mograms. Given the substantial potential variation in double read-
ing practice and the weak negative association between the reading
strategy and interpretive accuracy, it does not appear that facilities
should be differentiated from each other based on whether or how
they perform double reading until the different strategies and their
effects are more clearly demonstrated in practice.

A final facility practice that might be considered to identify
high-quality facilities or to improve mammography performance is
whether the radiologists review their interpretive performance two
or more times per year. This is the first report, to our knowledge,
to examine the association between audit frequency and per-
formance, but it is still too early to draw definitive conclusions.
To understand how audits work and which activities improve
accuracy, future studies should explore how audit information is
provided to radiologists, whether radiologists review cases based
on their audit reports every time they receive an audit, and what
advantages are afforded by more frequent review.

This study has one additional limitation. Our results may also
be affected by a number of selection biases; not all radiologists
returned the survey and not all facilities reported their characteris-
tics. Thus, the question remains whether our results are represen-
tative of all radiologists and facilities that could have participated.
To address the effect of facility survey response bias, we compared
the interpretive performance of radiologists practicing in facilities
that responded to the facility survey and radiologists who practiced
in facilities that did not respond to the facility survey. Only speci-
ficity differed statistically significantly between these two groups of
radiologists. We suspect that including radiologists with this
slightly higher specificity would have introduced more variation
among the facilities but would not have changed our conclusions.
Because this was a large study that included facilities from geo-
graphically diverse settings, it is unlikely that variation in interpre-
tive performance was due to response bias alone. Therefore, we are
confident that our findings show that facilities vary measurably in
their performance and accuracy.
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In summary, we found that interpretive performance differed
statistically significantly across mammography facilities. We also
found that higher interpretive accuracy of screening mammogra-
phy was seen at facilities that offered screening examinations alone,
that included a breast imaging specialist on staff, that did single
reading (eg, did not do double reading), and that reviewed inter-
pretive audits two or more times each year. These cross-sectional
associations require prospective evaluation as we strive to improve
the accuracy of mammography. It is possible that women and phy-
sicians could choose mammography facilities based on facility
characteristics and that facilities could change their structure and
processes to maximize quality. Identifying facility structures and
processes that influence interpretive performance could be a foun-
dation for improving the quality of mammography interpretive
performance and choices among mammography facilities.
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