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Background: Full-field digital mammography (FFDM) has been accepted as a superior modality for breast cancer screening com-
pared with conventional screen-film mammography (SFM), especially in women younger than 50 years or with dense breasts.

Purpose: To evaluate the accuracy of FFDM for breast cancer screening.

Materials and Methods: Data from January 1, 2011 to December 31, 2013 in the database from a nationwide breast cancer screening
program linked with the national cancer registry were retrospectively analyzed. The study included Korean women aged 40-79
years who had undergone screening mammography with SFM, computed radiography (CR), or FFDM. The sensitivity, specificity,
positive predictive value (PPV), and absolute and relative differences among these modalities were calculated, followed by pairwise
comparison tests with multiple testing corrections. The areas under the receiver operating characteristic curve (AUCs) were also esti-
mated and compared by using the DeLong method with Bonferroni correction.

Results:  Among the 8482803 women included (mean age, 55 years = 10), 34.4% (2920279 of 8482803), 51.7% (4385807

of 8482803), and 13.9% (1176717 of 8482803) underwent SEM, CR, and FEFDM, respectively. The sensitivity and PPV were
higher for FFDM than for SEM (adjusted odds ratio, 1.77 [95% confidence interval {CI}: 1.62, 1.95] for sensitivity and 1.36 [95%
CI: 1.29, 1.43] for PPV) and CR (adjusted odds ratio, 1.70 [95% CI: 1.56, 1.85] for sensitivity and 1.26 [95% CI: 1.20, 1.32] for
PPV), whereas specificity was lower with FFDM. The overall AUC for FFDM was 0.80 (95% CI: 0.80, 0.81), which was higher
than that for SEM (0.75 [95% CI: 0.75, 0.76]) and CR (0.76 [95% CI: 0.75, 0.76]). P < .05 was found for differences in sensitiv-
ity, PPV, and AUC among modalities overall and in most of the subgroups of age, breast density, and screening round.

Conclusion:  Full-field digital mammography allows better discrimination or prediction of breast cancer in the general female popula-
tion than screen-film mammography or computed radiography, regardless of age, breast density, or screening round.

©RSNA, 2019

Online Je | material is

PF

ilable for this article.

Many studies have demonstrated that the performance
of digital mammography is at least equal to that of
film-based mammography (1-13), which has demon-
strated a reduction in breast cancer mortality in multiple
randomized trials. A few comparative studies have reported
that digital mammography is more accurate than screen-
film mammography (SFM) (1,2). However, those studies
had various limitations, and the results were valid only in
certain conditions. First, they regarded two different sys-
tems—oflline computed radiography (CR) and full-field
digital mammography (FFDM)—as a single digital mam-
mography system and performed combined estimations;
second, the results were confined to women with dense
breasts and to specific age groups. Although a 2013 meta-
analysis (14) compared the summary receiver operating
characteristic (ROC) curves and concluded that FFDM

had better accuracy than SFM, those results were limited
to women younger than 50 years; the study showed com-
parable accuracy in the overall female population.

The 2016 U.S. Preventive Services Task Force recom-
mendation statement (15) also suggests digital mammog-
raphy as a preferred screening modality because it has a
higher sensitivity than SFM, and, like a conclusion of the
previous study, the suggestion is that it is indicated for
women younger than 50 years. It should be noted, how-
ever, that most of the studies based on U.S. cohorts did
not treat CR and FFDM systems separately, which could
have revealed obvious differences in their screening perfor-
mances (3,16). Therefore, it is necessary to reevaluate CR
and FFDM separately to achieve more precise test results
among the different systems (17). Moreover, most studies
involving digital mammography systems were performed
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Abbreviations

ACR = American College of Radiology, AUC = area under the ROC
curve, BI-RADS = Breast Imaging Reporting and Data System, CI =
confidence interval, CR = computed radiography, FFDM = full-field
digital mammography, NCSP = National Cancer Screening Program,
PPV = positive predictive value, ROC = receiver operating characteristic,
SEM = screen-film mammography

Summary

Full-field digital mammography had higher sensitivity and superior
screening accuracy than screen-film mammography and computed
radiography, despite its slightly lower specificity.

Key Results

= In this study of 8482803 mammograms, full-field digital mam-
mography (FFDM) showed an overall sensitivity of 73% and an
area under the receiver operating characteristic curve (AUC) of
0.80; in contrast, screen-film mammography (SFM) had a sen-
sitivity of 61% and an AUC of 0.75 (P < .001 for comparison),
and values for computed radiography (CR) were similar (sensitiv-

ity, 62%; AUC, 0.76).

= FEDM was superior to SEM (adjusted odds ratio for sensitivity
was 1.77; P < .001 was found for differences in both sensitivity
and AUC) and CR (adjusted odds ratio for sensitivity was 1.70;
P < .001 was found for differences in both sensitivity and AUC)
in the general female population, regardless of age, breast density,
or screening round.

with data from the early 2000s. Because the technology had re-
cently been introduced, the overall performance and accuracy
indicators may have been affected by nonstandardization of the
mammography equipment or the radiologists’ lack of experience
with the new systems. However, it has been more than 10 years
since the implementation of digital mammography systems, and
their reliability has increased. The equipment has been standard-
ized, and the reading skills of the radiologists have improved and
are more consistent. These changes may produce results signifi-
cantly different from those of prior studies, but current research
is lacking.

We hypothesized that FFDM compared with other modali-
ties would now exhibit superior accuracy in the general popula-
tion. This study aimed to investigate and compare the screening
accuracy of FFDM with that of other mammography systems
(CR and SFM) for breast cancer screening in the general Korean
female population, regardless of age or breast density.

Materials and Methods

Study Population

Since 2002, all Korean women aged 40 years or older receive
biennial invitations for mammographic screening through the
National Cancer Screening Program (NCSP). A detailed expla-
nation of the NCSP is available elsewhere (18). We retrospec-
tively reviewed the data of breast cancer screening participants
from 2011-2013 collected from nationwide screening units by
the National Health Insurance Service. There were 3380461
mammograms from 2288 screening units in 2011, 3346958
mammograms from 2404 units in 2012, and 3322971 mam-
mograms from 2469 units in 2013. We excluded women with
a history of breast cancer, those who were older than 80 years
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at the time of screening, and those with incomplete screen-
ing results. We also excluded mammograms from screening
units that did not fulfill the quality control standard for each
year (165 units in 2011, 178 units in 2012, and 183 units in
2013) and those with inadequate information regarding the
mammography equipment used. Of 10050 390 mammograms
(from 2828 screening units) obtained from 2011-2013 by the
NCSP, 8482803 (from 2379 screening units) were included in
the analysis (Fig 1).

Of the 2379 screening units included in the 2011-2013
national cancer screening data, 1511 institutions participated
in all 3 years, 452 institutions participated in 2 years, and 416
institutions were involved in only 1 year. For when the annual
average reading volume was calculated from the total number of
examinations performed at each screening unit, the distribution
is shown in Figure 2. Approximately two-thirds of the institu-
tions (screening units) had an annual average number of mam-
mographic screenings of less than 1000, and the remaining one-
third of the screening units (ie, units with 1000 or more annual
average mammograms) accounted for about 20% of the total
number of annual mammographic screening examinations. The
average number of mammograms or reading volume per year
was 1303 for all the screening units included.

'The participants consented to use of their data for public pur-
poses; the requirement for written informed consent was waived.
These NCSP data included information regarding age; screening
round; screening results; screening units where mammography
was performed; and socioeconomic status, classified into Medi-
cal Aid Program recipients and National Health Insurance Ser-
vice beneficiaries (divided into two groups according to income
bracket). Approval was obtained from the institutional review
board of the National Cancer Center.

Mammography Equipment and Cancer Identification

All participants underwent breast cancer screening with one
of three mammography systems (SFM, CR, or FFDM), de-
pending on the screening unit and time of the examination.
Information regarding the mammography equipment used at
each screening unit was obtained from the Korean Institute
for Accreditation of Medical Images 2011-2015 database of
mammography. The data were collected through the medical
imaging quality control program in Korea (19), which gath-
ers equipment information from each screening unit every
year. The mammography equipment information was linked
to patient information by screening-unit registration numbers,
allowing us to identify whether the examinations were per-
formed with SFM, CR, or FFDM.

Screening results were reported as “negative” (category 1),
“benign disease” (category 2), “suspicious finding” (category 4
or category 5), or “incomplete evaluation” (category 0), based
on the assessment categories of the American College of Radi-
ology (ACR) Breast Imaging Reporting and Data System (BI-
RADS), 4th edition (20). In our analysis, categories 1 and 2 were
considered negative results, whereas categories 4, 5, and 0 were
considered positive results. Breast tissue density was classified
into “dense” and “fatty” subgroups, according to the categories
defined in ACR BI-RADS; “dense” includes “heterogeneously
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Target population of NCSP
N = 10,050,390

Participants with prevalent breast cancer (n=56,549)
Participants aged = 80 years (n=204,429)

Aged 40-79 years
N =9,789,412

Participants from quality-uncontrolled units (n=622,079)
Participants with unknown BI-RADS classification (n=15,117)
Participants with unmatched mammography equipment(n=669,413)

Final study population
N = 8,482,803
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Screen-film mammography
N = 2,820,279 (34.4%)

|

!

Computed radiography
N = 4,385,807 (51.7%)

}

Full-field digital mammography
N=1,176,717 (13.9%)

Positive results

Negative results

|

|

!

}

Positive results

Negative results

Positive results

Negative results

N = 3,980 (1.3%)
IBC: n=3,587 (90.1%)
DCIS: n = 393 (9.9%)

N = 309,512 N =2,610,767
(10.6%) (89.4%)
Breast cancer Breast cancer

N = 2,576 (0.1%)
IBC: n = 2,322 (30.1%)
DCIS: n = 254 (3.9%)

N = 488,974 N = 3,896,833 N = 155,504 N=1,021,123
(11.1%) (88.9%) (13.2%) (86.8%)
Breast cancer Breast cancer Breast cancer Breast cancer

N = 6,861 (1.4%)
IBC: n = 6,048 (88.2%)
DCIS: n =813 (11.9%)

N = 4,169 (0.1%)
IBC: n=3731 (89.5%)
DCIS: n = 438 (10.5%)

N = 2,775 (1.8%)
IBC: n = 2,347 (84.6%)
DCIS: n = 428 (15.4%)

N = 1,006 (0.1%)
IBC: n= 888(88.3%)
DCIS: n =118 (11.7%)

Figure 1: Flowchart of screening mammography examinations during study period. BI-RADS = Breast Imaging Reporfing and Data System, DCIS = ductal carcinoma in
situ, IBC = invasive breast cancer, NCSP = National Cancer Screening Program.
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Figure 2: Bar graph shows distribution of average mammography reading volume per year among 2379 in-

cluded screening units.

dense” and “extremely dense” breast tissue, and “fatty” includes
the categories “almost entirely fat” and “scattered fibroglandular
densities.” Breast cancer was confirmed by reviewing the records
in the Korea Central Cancer Registry database. The records were
estimated to be 98.2% complete (21) up to December 2014;
patients diagnosed within 365 days after the baseline screening
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mammogram of the year were identi-
fied and linked to the NCSP database
by using an individual registration
number. Breast cancer included inva-
sive cancer (International Classifica-
tion of Diseases, 10th revision, code
C50) and intraductal carcinoma in
situ (International Classification of
Diseases, 10th revision, code D05.1).

Statistical Analysis

The distribution of numbers and
proportions among mammograms
and the corresponding screening re-
sults and mammography equipment
were assessed. Differences between
the proportions were evaluated by us-
ing the x? test. Sensitivity, specificity,
and positive predictive value (PPV or
PPV, based on positivity at screening
examination) were estimated accord-
ing to the patients’ characteristics,
with exact 95% confidence intervals
(Cls) determined by using binomial

distribution. Absolute differences between SFM and FFDM
and between CR and FFDM were calculated, and pairwise
comparisons between pairs of proportions with correction for
multiple testing (pairwise.prop.test—a pairwise two-sample
test to determine the equality of proportions based on the
X* test, adjusted for multiple testing by means of the Holm
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Table 1: Basic Characteristics of All 8482 803 Korean Women in the Study according to Mammography Type
Screen-Film Computed Full-Field Digital
Mammography Radiography Mammography
Characteristic (n=2920279) (n=4385807) (n=1176717) P Value
Year <.001
2011 1221557 (41.8) 1303008 (29.7) 273866 (23.3)
2012 931737 (31.9) 1514986 (34.5) 392404 (33.3)
2013 766985 (26.3) 1567813 (35.7) 510447 (43.4)
Age (y) <.001
Mean = standard deviation 56.2 £ 10.7 55.0 £ 10.0 54.7 £9.7
40-49 878689 (30.1) 1411996 (32.2) 373747 (31.8)
50-59 934395 (32.0) 1525148 (34.8) 426607 (36.3)
60-69 640427 (21.9) 951289 (21.7) 266040 (22.6)
70-79 466768 (16.0) 497374 (11.3) 110323 (9.4)
Breast density <.001
Almost entirely fat 795792 (27.3) 1090862 (24.9) 178942 (15.2)
Scattered fibroglandular densities 785210 (26.9) 1270148 (28.9) 362575 (30.8)
Heterogeneously dense 830836 (28.5) 1380023 (31.5) 471379 (40.1)
Extremely dense 508441 (17.4) 644774 (14.7) 163821 (13.9)
Screening round <.001
Baseline screening 597247 (20.5) 899920 (20.5) 244646 (20.8)
Subsequent screening 2323032 (79.5) 3485887 (79.5) 932071 (79.2)
Health insurance type <.001
National Health Insurance, upper 50% 1249757 (42.8) 1968417 (44.9) 604610 (51.4)
National Health Insurance, lower 50% 1549746 (53.1) 2278405 (51.9) 544753 (46.3)
Medical Aid Program 120776 (4.1) 138985 (3.2) 27354 (2.3)
Note.—Except where indicated, data are numbers of patients, with percentages in parentheses.

method) were performed to evaluate their significance. Logis-
tic regression analysis was performed to evaluate relative dif-
ferences in diagnostic accuracy among the types of mammog-
raphy equipment after adjustment for screening year, patient
age, breast density, screening round, and health insurance type.
The areas under the ROC curve (AUCs) with 95% ClIs for
each mammography modality were calculated by using ROC
analysis and were compared by using the DeLong method with
Bonferroni adjustment for a multiple-comparisons correction
with the pROC package (22). Sensitivity analyses were per-
formed for screening units with an average of 1000 or more
annual screening examinations (812 screening units, from
which 6900164 mammograms [about 81.3% of the final
study mammograms] were included) according to the radiolo-
gists’ yearly interpretive volume number recommended in the
quality guidelines for breast cancer screening in Korea (23). P
values were two sided, and P < .05 was considered to indicate
a statistically significant difference. All statistical analyses were
performed with software (SAS version 9.3; SAS Institute, Cary,
NC; and R version 3.4.2; R Foundation for Statistical Com-
puting, Vienna, Austria].

Results

Basic Characteristics

The final data set (z = 8482803) consisted of 2920279
(34.4%) SFM mammograms, 4385807 (51.7%) CR mam-
mograms, and 1176717 (13.9%) FFDM mammograms.
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Mammograms obtained with FFDM were more recent on an
average, compared with SFM or CR, and a higher proportion
of participants who underwent FFDM belonged to the higher
socioeconomic status group compared with those who un-
derwent SFM or CR. The proportions of women in their 40s
and those with dense breasts were greater than one-third and
approximately half of the total study population, respectively.
The distribution of the participants’ characteristics based on
the type of mammography is presented in Table 1.

The recall rates and cancer detection rates of SFM, CR,
and FFDM were 10.6% and 1.4 cancer cases per 1000
screens (7 = 309512 and 7 = 3980 of 2920279 screens);
11.1% and 1.6 per 1000 screens (7 = 488974 and n = 6861
of 4385807 screens); and 13.2% and 2.4 per 1000 screens (7
= 155594 and 7 = 2775 of 1176717 screens), respectively. In
total, 13616 detected breast cancer cases were included (Fig
1). Among the cancer cases detected with the three types of
mammography, those diagnosed with FFDM had the largest
proportion of ductal carcinoma in situ and invasive breast
cancer (Table E1 [online]). The recall rates and cancer detec-
tion rates were similar in a subanalysis of screening units with
an average number of screening mammography examinations
of 1000 or more per year.

Performance Indicators in Three Mammography Modalities

The screening accuracy indicators in FFDM were distinct from
those in SFM and CR, with higher sensitivity (adjusted odds
ratios for sensitivity were 1.77 compared with SFM and 1.70
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Table 2: Screening Accuracy of Screen-Film Mammography, Computed Radiography, and Full-Field Digital Mammography in
Korean Women

Difference 1* Difference 2°
Screen-Film Computed Full-Field Digital
Accuracy Indicator ~ Mammography — Radiography Mammography Result P Value aOR* Result P Value aOR*
Total
Sensitivity 60.7 (59.5,61.9) 62.2(61.3,63.1) 73.4(72.0,74.8) 12.7(10.8,14.6) <.001 1.77(1.62,1.95) 11.2(9.5,12.9) <.001 1.70 (1.56, 1.85)
Specificity 89.5 (89.5, 89.6) 89.0 (89.0, 89.0) 87.0 (86.9, 87.0) —2.5(—2.6, —2.4) <.001 0.85(0.84,0.85) —2.0(—2.1, —1.9) <.001 0.90 (0.90, 0.91)
prv 1.3 (1.2, 1.3) 1.4 (1.4, 1.4) 1.8 (1.7, 1.9) 0.5 (0.4, 0.6) <.001 1.36(1.29,1.43) 0.4(0.3,0.5) <.001 1.26(1.20, 1.32)
Age 4044 y
Sensitivity 49.0 (46.2,51.9) 54.6 (52.4,56.7) 65.8(62.1,69.3) 16.8(12.2,21.4) <.001 1.96(1.61,2.39) 11.2(7.0,15.4) <.001 1.57(1.31, 1.88)
Specificity 86.0 (85.9, 86.0) 85.3 (85.2,85.4) 83.2(83.0,83.3) —2.8(—3.0, —2.6) <.001 0.80(0.79,0.81) —2.1(—2.3, —1.9) <.001 0.87 (0.86, 0.88)
prv 0.8(0.8,0.9) 0.9 (0.9, 1.0) 1.2(1.1, 1.3) 0.4 (0.3,0.5) <.001 1.44(1.27,1.64) 0.3(0.2,0.4) <.001 1.28(1.14, 1.42)
Age 45-49 y
Sensitivity 53.7 (50.8,56.6) 54.5(52.3,56.7) 67.8 (64.0,71.4) 14.1(9.4,18.8) <.001 1.85(1.50,2.29) 13.3(8.9,17.7) <.001 1.77 (1.46, 2.15)
Specificity 86.2 (86.1, 86.3) 86.0 (85.8,86.0) 83.8 (83.6,84.0) —2.4 (—2.6, —2.2) <.001 0.81(0.80,0.83) —2.2(—2.3,—1.9) <.001 0.88(0.87,0.89)
PPV 1.3 (1.2, 1.4) 1.3 (1.3, 1.4) 1.8 (1.6, 2.0) 0.5(0.3,0.7) <.001 1.26(1.11,1.44) 0.5(0.3,0.7) <.001 1.29 (1.15, 1.44)
Age 50-59 y
Sensitivity 61.4 (59.4,63.4) 62.0 (60.5,63.5) 75.0(72.7,77.3) 13.6(10.6,16.6) <.001 1.80(1.55,2.10) 13.0(10.2,15.8) <.001 1.88(1.64,2.17)
Specificity 88.8 (88.8, 88.9) 88.9 (88.9, 89.0) 86.7 (86.6,86.8) —2.1 (—2.2, —2.0) <.001 0.84(0.83,0.85) —2.2 (—2.3, —2.1) <.001 0.88(0.88,0.89)
PPV 1.4 (1.3, 1.5) 1.5 (1.4, 1.5) 1.8 (1.7, 1.9) 0.4 (0.3,0.5) <.001 1.21(1.11,1.31) 0.3(0.2,0.4) <.001 1.22(1.13,1.31)
Age 60-69 y
Sensitivity 72.1(69.4,74.7) 72.0 (70.0,74.0) 77.3(74.2,80.3) 5.2(1.1,9.3) .03 1.38(1.10,1.72)  5.3(1.6,9.0) .02 1.36(1.12, 1.66)
Specificity 91.9 (91.8,91.9) 91.7 (91.7,91.8) 90.2(90.1,90.3) —1.7 (=1.8, —1.6) <.001 0.93(0.91,0.94) —1.5(=1.6, —1.4) <.001 0.97 (0.95, 0.98)
PPV 1.6 (1.5, 1.7) 1.9 (1.8, 2.0) 2.2(2.0,2.4) 0.6 (0.4, 0.8) <.001 1.41(1.26,1.58) 0.3(0.1,0.5) .003  1.19(1.08, 1.32)
Age 70-79 y
Sensitivity 74.4 (70.6,77.9) 76.8(73.8,79.6) 86.2(81.7,90.0) 11.6(6.2,17.4) <.001 2.01(1.35,3.00) 9.4 (4.3, 14.5) .002  1.97 (1.35,2.87)
Specificity 94.1 (94.0,94.2) 93.6 (93.5,93.7) 92.2(92.1,92.4) —1.9(-2.1, —=1.7) <.001 0.94 (0.91,0.96) —1.4(=1.6to0 —1.2)<.001 1.00 (0.98, 1.03)
139% 1.5 (1.4, 1.7) 2.0(1.8,2.1) 2.8(2.5,3.2) 1.3 (0.9, 1.7) <.001 1.82(1.54,2.15) 0.8(0.5,1.3) <.001 1.50(1.29, 1.75)
Almost entirely fatty
breasts
Sensitivity 68.3 (65.0,71.5) 70.0 (67.5,72.4) 82.4(77.7,86.4) 14.1(8.6,19.6)  <.001 1.89(1.35,2.66) 12.4(7.3,17.5) <.001 1.80(1.31, 2.48)
Specificity 96.7 (96.6, 96.7) 96.5 (96.5, 96.6) 94.9 (94.8,95.0) —1.8 (1.9, —1.7) <.001 0.66 (0.64,0.68) —1.6(—1.7, —1.5) <.001 0.67 (0.65, 0.68)
Prv 2.1(1.9,2.2) 2.4(2.3,2.6) 2.7 (2.4,3.1) 0.6 (0.2, 1.0) .003 1.36(1.16,1.58) 0.3 (—0.1,0.7) .10 1.14(0.99, 1.31)
Scattered fibroglandu-
lar breast densities
Sensitivity 69.4(67.1,71.7) 70.1(68.3,71.8) 77.0 (74.0,79.8)  7.6(3.9,11.3)  <.001 1.39(1.14,1.69) 6.9 (3.5,10.3) <.001 1.38(1.15, 1.66)
Specificity 91.0 (91.0,91.1) 91.8(91.8,91.9) 91.0(90.9,91.1) 0.0 (—0.1,0.1) 999 1.00 (0.98, 1.01) —0.8 (—0.9, —0.7) <.001 0.90 (0.89, 0.92)
PPV 1.6 (1.5, 1.7) 1.9 (1.8, 2.0) 2.0 (1.8,2.1) 0.4 (0.2, 0.6) <.001 1.22(1.10,1.35) 0.1 (=0.1,0.3) 26 1.06 (0.97, 1.16)
Heterogencously dense
breasts
Sensitivity 58.2(56.1,60.2) 59.6 (58.1,61.0) 74.8 (72.7,76.7) 16.6(13.7,19.5) <.001 2.15(1.88,2.47) 15.2(12.7,17.7) <.001 2.00 (1.78,2.26)
Specificity 86.6 (86.5, 86.7) 84.4 (84.4,84.5) 82.5(82.4,82.6) —4.1(—4.2, —4.0) <.001 0.72(0.71,0.73) —1.9(—2.0, —1.8) <.001 0.85(0.85, 0.86)
PPV 1.2 (1.1, 1.3) 1.2 (1.2, 1.3) 1.7 (1.6, 1.8) 0.5 (0.4, 0.6) <.001 1.37(1.26,1.48) 0.5 (0.4, 0.6) <.001 1.34 (1.25, 1.43)
Extremely dense
breasts
Sensitivity 52.5(50.1, 54.8) 53.6 (51.6,55.6) 62.0 (58.4,65.5) 9.5(5.2,13.8) <.001 1.50 (1.26,1.80) 8.4 (4.3, 12.5) <.001 1.41(1.19, 1.67)
Specificity 80.7 (80.6, 80.8) 80.3 (80.2, 80.4) 82.4 (82.2,82.6) 1.7(1.5,1.9) <.001 1.08(1.07,1.10) 2.1 (1.9,2.3) <.001 1.13(1.11, 1.14)
PPV 1.0 (0.9, 1.0) 1.0 (1.0, 1.1) 1.6 (1.4, 1.7) 0.6 (0.5, 0.9) <.001 1.57(1.40,1.77) 0.6 (0.4, 0.8) <.001 1.47 (1.32, 1.64)
Baseline screening
Sensitivity 62.2 (59.9, 64.4) 64.1(62.3,65.8) 76.4(73.7,79.1) 14.2(10.6,17.8) <.001 1.99 (1.66, 2.40) 12.3 (9.0, 15.6) <.001 1.84(1.56,2.19)
Specificity 87.3(87.2,87.4) 86.3(86.2,86.4) 83.9(83.8,84.1) —3.4(—3.6,—3.2) <.001 0.78(0.77,0.79) —2.4(—2.6, —2.2) <.001 0.87 (0.86, 0.88)
PPV 1.5 (1.4, 1.6) 1.5 (1.4, 1.5) 1.9 (1.7, 2.0) 0.4 (0.2, 0.6) <.001 1.21(1.10,1.34) 0.4(0.2,0.6) <.001 1.20(1.10, 1.31)
Subsequent screening
Sensitivity 60.2 (58.8,61.6) 61.5 (60.5, 62.6) 72.4(70.7,74.0) 12.2(10.0,14.4) <.001 1.71(1.54,1.90) 10.9 (8.9, 12.9) <.001 1.65 (1.50, 1.82)
Specificity 90.1 (90.0, 90.1) 89.7 (89.6, 89.7) 87.8 (87.7,87.8) —2.3 (—2.4, —2.2) <.001 0.87(0.86,0.88) —1.9 (—2.0, —1.8) <.001 0.91(0.91, 0.92)
PPV 1.2 (1.2, 1.3) 1.4 (1.3, 1.4) 1.8 (1.7, 1.8) 0.6 (0.5,0.7) <.001 1.41(1.33,1.50) 0.4 (0.3,0.5) <.001 1.28(1.21,1.35)

Note.—Except where indicated, data are percentages, with 95% confidence intervals in parentheses. aOR = adjusted odds ratio, PPV = positive predictive value.

* Differences between full-field digital mammography and screen-film mammography, based on screen-film mammography; P values obtained with a two-proportions test.

" Differences between full-field digital mammography and computed radiography, based on computed radiography; P values obtained with a two-proportions test.

* Adjusted for screening year, age, breast density, screening round, and health insurance type.
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Table 3: AUCs for Screen-Film Mammography, Computed Radiography, and Full-Field Digital Mammography in Korean Women

Screen-Film Computed Full-Field Digital
Mammography Mammography Mammography
Characteristic AUC 95% CI P Value* AUC 95% CI P Value* AUC 95% CI
Total 0.75 0.75,0.76 <.001 0.76 0.75, 0.76 <.001 0.80 0.80, 0.81
Age (y)
40-44 0.67 0.66, 0.69 <.001 0.70 0.69, 0.71 <.001 0.74 0.73, 0.76
45-49 0.70 0.69, 0.71 <.001 0.70 0.69, 0.71 <.001 0.76 0.74,0.78
50-54 0.74 0.73, 0.75 <.001 0.74 0.73, 0.75 <.001 0.79 0.78, 0.81
55-59 0.77 0.75,0.78 <.001 0.77 0.76,0.78 <.001 0.84 0.82, 0.86
60—64 0.81 0.79, 0.83 0.81 0.79, 0.82 11 0.83 0.81, 0.84
65-69 0.84 0.82, 0.86 0.84 0.83, 0.86 21 0.86 0.84, 0.89
7074 0.84 0.82, 0.86 <.001 0.84 0.83, 0.86 <.001 0.90 0.88, 0.92
75-79 0.85 0.82, 0.89 0.88 0.86, 0.91 .62 0.87 0.82,0.92
Breast density
Almost entirely fat 0.82 0.81, 0.84 <.001 0.83 0.82, 0.84 <.001 0.89 0.87,0.91
Scattered fibroglandular densities 0.80 0.79, 0.81 <.001 0.81 0.80, 0.82 <.001 0.84 0.83, 0.85
Heterogeneously dense 0.72 0.71,0.73 <.001 0.72 0.71,0.73 <.001 0.79 0.78, 0.80
Extremely dense 0.67 0.65, 0.68 <.001 0.67 0.66, 0.68 <.001 0.72 0.70, 0.74
Screening round
Baseline screening 0.75 0.74, 0.76 <.001 0.75 0.74, 0.76 <.001 0.80 0.79, 0.81
Subsequent screening 0.75 0.74, 0.76 <.001 0.76 0.75,0.76 <.001 0.80 0.79, 0.81

* P values compared with full-field digital mammography.

Note.—AUC = area under the receiver operating characteristic curve, CI = confidence interval.

compared with CR [P < .001]) and PPV (adjusted odds ratios
for PPV were 1.36 compared with SFM and 1.26 compared
with CR [P <.001]) but lower specificity (adjusted odds ratios
for specificity were 0.85 compared with SFM and 0.90 com-
pared with CR [P < .001]) (Table 2). Similar results were seen
when the women were dichotomized into age younger than
50 years versus age 50 years or older and with dense versus
nondense mammographic breast density (Table E2 [online]).
Both absolute and relative differences between these estimates
of SFM and FFDM were larger than the differences between
CR and FFDM, and P < .05 was found for differences among
the modalities for the total study population and in most of the
subgroups based on age, breast density, and screening round,
for all indicators.

The discriminative performance of each type of mammogra-
phy equipment, presented as the AUC, also revealed that FFDM
had higher diagnostic accuracy than SFM and CR at the popula-
tion level. Furthermore, FFDM was found to have better perfor-
mance when compared with SFM and CR, with more remark-
able differences in younger women with dense breasts (Table 3,
Figs 3, 4). The overall AUCs of SFM, CR, and FFDM were
0.751 (95% CI: 0.745, 0.757), 0.755 (95% CI: 0.751, 0.760),
and 0.802 (95% CI: 0.795, 0.809), respectively, with differences
between SFM and FFDM (P < .001) and CR and FFDM (P <
.001). Similar results were seen when the women were dichoto-
mized into age younger than 50 years versus age 50 years or older
and with dense versus nondense mammographic breast density
(Table E3 [online]). The AUCs were similar in a subanalysis of
screening units with an average number of screening mammog-
raphy examinations of 1000 or more per year.
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Sensitivity Analysis

In sensitivity analysis (in which 6900164 mammograms
from 812 screening units with an average of 1000 or more
annual screening examinations were analyzed), the overall
performance indicators showed better or similar estimates
compared with those of original data (marked improvement
in SFM; minor differences in CR and FFDM); the overall
AUC:s of SFM, CR, and FFDM were 0.762 (95% CI: 0.755,
0.769), 0.756 (95% CI: 0.751, 0.761), and 0.803 (95% CI:
0.796, 0.810), respectively. This resulted in a small reduction
in the differences between SFM and FFDM, but in general
the reduction was trivial (adjusted odds ratios for sensitiv-
ity and PPV in FFDM were 1.67 and 1.36, respectively,
compared with SFM; for differences in sensitivity, PPV, and
AUC, respectively, P < .001).

Discussion

In this large-scale retrospective study, 3 years of recent National
Cancer Screening Program (NCSP) data on breast cancer
screening were used to perform an up-to-date evaluation of the
accuracy of full-field digital mammography (FFDM) for breast
cancer screening. The study revealed the superiority of FFDM
over screen-film mammography (SFM) and computed radiog-
raphy (CR) in screening accuracy (higher sensitivity, positive
predictive value [PPV], and area under the receiver operating
characteristic [ROC] curve [AUC]) for the general female pop-
ulation, regardless of age, breast density, or screening round.
The results were maintained in the sensitivity analysis, which
restricted the included screening units according to the num-
ber of screening mammograms performed annually.
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the number of screening units
and examinations in which
FFDM is used has increased sig-
nificantly, allowing radiologists
to advance and stabilize their
image-reading skills. Second,
FFDM equipment and image
quality have improved, which
may have positively affected
FFDM performance. Third, un-
til recently, FFDM performance
could not be precisely evaluated
because the distinction between
CR and FFDM had not been
made. This may have led to un-
derestimated performances of
digital mammography systems

a. b. in previous studies.
Figure 3: Mammographic images in 43-year-old woman with hormone receptor-negative and human epidermal The Digital Mammographic
growth factor receptor 2—positive invasive ductal carcinoma. Screening mammograms (left mediolateral oblique views) Imaging Screening Trial (1),

were obtained with (@) screen-film mammography (SFM) and (b) full-field digital mammography (FFDM) within 1T month.
(a) In SFM image and a spot compression film, an asymmetry (arrow) in the upper posterior portion of the left breast is
inconclusive, whereas (b) in FFDM image and a spot compression film, an irregular spiculated mass (arrow) atf the same

location is clearly visible and highly suggestive of malignancy.

a. b.

Figure 4:  Mammographic images in 47-year-old woman with microcalcifications suggestive

which compared the diagnos-
tic accuracy of SFM and digi-
tal mammography, reported
better performance of digital
mammography compared with
SEM only in limited subgroups (young age, dense
breasts, and premenopause or perimenopause); it
reported no significant difference in the popula-
tion as a whole. Our study showed higher perfor-
mance of FFDM across all age groups and breast
densities. However, the Digital Mammographic
Imaging Screening Trial analysis combined two
mammography systems (CR and FFDM) into a
single “digital mammography” category; the in-
ferior performance of CR, first reported in a later
study (3), may have affected the diagnostic accu-
racy of that category in the randomized trial. The
meta-analysis by Souza et al (14) reported results
similar to those of the Digital Mammographic Im-
aging Screening Trial study. However, it included
studies performed in the early 2000s, when image
quality was relatively low and radiologists lacked
experience in reading FFDM images; this may have
offset a difference in SFM and FFDM diagnostic
accuracy compared with what has been seen since
2010. In this study, we used more recent mammog-
raphy data and separately assessed the performance
indicators of the three modalities. This allowed us

of malignancy. Screening mammograms (right mediolateral oblique [RMLO] views) were obtained

with (@) computed radiography (CR) and (b) full-field digital mammography (FFDM) within 1 to expand the acceptable range and generalize (ie,
month. (a) In CR image, faint microcalcifications in right breast with extremely dense breast fissue without limitations on patient age or breast tissue
(Breast Imaging Reporting and Data System breast composition category D) are inconclusive, density) the superiority of the screening accuracy of
threos (b) in FFDM image, grouped calcifications are obviously visible and are suggestive of FFDM when compared with the other two modali-
malignancy.

Our results differ from those of earlier studies (1-13); this
could be attributed to three factors. First, because more than a de-
cade has elapsed since the introduction of the newest equipment,
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ties, even though it had a slightly lower specificity
(probably because of a higher recall rate). However,
when we focused on the subgroups based on patient character-
istics, the differences between modalities were much larger in
the dense breast and young age groups. Of note, our sensitivity
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analysis showed similar AUCs for women who were aged 4044
years and those who were aged 4549 years. These results are
important given the differences in the guidelines for screening
mammography that have been published by the ACR and the
American Cancer Society (24,25).

Moreover, FFDM revealed more invasive cancer and ductal
carcinoma in situ lesions than SFM and CR, even after the origi-
nal distribution or prevalence of patients with cancer with those
modalities was taken into consideration. In addition, a higher
proportion of ductal carcinoma in situ lesions was detected with
FFDM than with SFM and CR, even after the original relative
distribution or ratio between two cancer types (ie, invasive vs
ductal carcinoma in situ) for those modalities was taken into
consideration. These results were similar in context to those of
earlier studies (26-28). This superior accuracy or performance
of FFDM can be attributed to technical reasons: The method is
simpler, with a digitized process for archiving and transmitting
images, which improves logistics and provides better mammo-
graphic images with more consistent quality and fewer artifacts
at similar dose levels than with other mammography modalities
(29-31). In addition, it enables radiologists to alter the window
and contrast of the image and to optimize viewing conditions on
a digital monitor (30,32).

Our study had some limitations. First, it was an observational
study involving records of screening examinations from 3 previ-
ous years rather than a prospective randomized trial. Hence, a
potential selection bias could exist with respect to the screen-
ing modality assigned to each participant. Confounding factors
between each mammography modality and the overall screen-
ing results reported—for example, the participants’ residence,
hospital visited, or socioeconomic status—could be associated
with the results. Second, manufacturer-related differences in the
characteristics and diagnostic performances of FFDM were not
reflected in our analysis. In addition, we did not consider the
use of computer-assisted detection or diagnosis software to aid
in interpretation of mammograms. Third, individual variability
among the radiologists who interpreted the mammograms may
also have affected our results, and we were unable to account
for this factor. Fourth, the number of mammograms in which
FFDM was used was small in our study, compared with the
number in which SFM and CR were used.

In conclusion, our results indicate a higher screening ac-
curacy of full-field digital mammography (FFDM); we recom-
mend it for the general screening participant, regardless of age
or breast tissue density. Today, considerable use of computed
radiography and screen-film mammography (SFM) is found
in many countries, although FFDM has substantially replaced
SEM in some developed countries such as the United States.
Therefore, universal application requires consideration of the
economic aspects of FFDM, within the context of each coun-
try’s public health environment.
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