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To compare performance measures before, during, and af-
ter the transition from screen-film mammography (SFM)
to full-field digital mammography (FFDM) in a population-
based screening program.

No institutional review board approval was required for this
analysis involving anonymized data for women aged 50-69
years enrolled in the Norwegian Breast Cancer Screen-
ing Program during 1996-2010. The x* test was used to
examine the equality of proportions of recall rates, posi-
tive predictive value of recall examinations and of invasive
procedures, in addition to rates of screening-detected and
interval cancers in women initially screened with SFM and
FFDM and for women subsequently screened with SFM
after SFM, FFDM after SFM, and FFDM after FFDM.

The recall rate was 3.4% (47091 of 1391188) for SFM and
2.9% (13130 of 446172) for FFDM (P < .001). The biopsy
rate was 1.4% (19776 of 1391188) for SFM and 1.1% (5108
of 446172) for FFDM (P < .001). The rate of screening-
detected ductal carcinoma in situ was higher (P = .019)
while the rate of invasive breast cancer was lower (P <
.001) for FFDM compared with those for SFM. The rate
of both invasive screening-detected and interval breast
cancer remained stable during the transition from SFM
to FFDM (when the previous examination was SFM) and
after FFDM was firmly established (when the previous ex-
amination was FFDM, >25 months after FFDM adoption)
(P < .05). The positive predictive value of recall exami-
nations and of invasive procedures increased from 19.3%
(4559 of 23598) and 48.3% (4651 of 9623) to 22.7% (681 of
2995) and 57.5% (689 of 1198), respectively, after adoption
of FFDM (P < .001).

After the initial transitional phase from SFM to FFDM,
population-based screening with FFDM is associated with
less harm because of lower recall and biopsy rates and
higher positive predictive values after biopsy than screen-
ing with SFM.

©RSNA, 2014
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ull-field  digital ~mammography

(FFDM) is claimed to have sev-

eral benefits over screen-film
mammography (SFM). For patients,
FFDM offers decreased radiation to the
breasts and reduces repeat examina-
tions due to technical failure (1,2). For
radiologists and health care systems,
FFDM offers a simplified method of
archiving and transmitting images, im-
proved patient workflow, and the ability
to implement adjunct technologies (eg,
computer-aided detection and tomo-
synthesis) (3,4). Given these perceived

Advances in Knowledge

B The recall rate was 3.4% for
screen-film mammography (SFM)
compared with 2.9% for full-field
digital mammography (FFDM) (P
< .001) in a national population-
based screening program, and
the biopsy rate was 1.4% and
1.1% for SFM and FFDM, re-
spectively (P < .001).

B Screening-detected and interval
cancer rates both remained
stable during the transitional
phase from SFM to FFDM when
the previous examination was
SFM and after FFDM was firmly
established when the previous
examination was FFDM more
than 25 months after adoption of
FFDM (P < .05).

m Positive predictive value of both
recalls and of invasive proce-
dures for biopsy after screening
mammography increased after
the transition from SFM to
FFDM from 19.3% and 48.3%,
respectively (P < .001), to 22.7%
and 57.5%, respectively (P <
.001).

® The learning curve effect for ra-
diologists during the transition
from SFM to FFDM was tran-
sient, and the rate of screening
examinations with indeterminate
results that were discussed and
evaluated in consensus returned
to levels seen before the adop-
tion of FFDM 25 months after
adoption.

advantages, FFDM has been adopted
rapidly in clinical settings and continues
to replace SFM for screening purposes.

Authors of previous population-
based studies comparing the accuracy
of SFM and FFDM have shown conflict-
ing results, particularly with respect to
age-specific performance (4-7). The
reported recall rates for FFDM com-
pared with those for SFM have varied
widely (3,5). Although authors of some
studies report a higher rate of screen-
ing-detected invasive breast cancer for
FFDM (2,8-10), other study authors
report lower (11) or similar rates for
FFDM compared with SFM (12,13).
Similarly, conflicting results have been
published for the rate of screening-de-
tected ductal carcinoma in situ (DCIS)
and the positive predictive value (PPV)
of FFDM versus SFM (2,8-12).

Only a few studies have included
interval-detected (nonscreening) breast
cancer rates, because of the relatively
small numbers of cases (9,14). Thus,
no conclusions have been drawn re-
garding the potential benefit of FFDM
versus SFM for decreasing the inci-
dence of interval breast cancers. Larger
population-based studies with sufficient
follow-up time to include interval can-
cer would help in determining whether
FFDM has advantages over SFM for de-
creasing interval cancer rates. Authors
of previous studies comparing FFDM
and SFM also have not addressed the
transitional phase from SFM to FFDM.
During the transitional phase, the eval-
uation of FFDM performance might be

Implications for Patient Care

® FFDM is associated with
decreased recall and biopsy rates
after screening compared with
SFM, suggesting that the newer
technology may prevent diagnos-
tic workups and biopsies that do
not lead to diagnosis of breast
cancer.

B Performance evaluation of new
breast imaging screening technol-
ogies should account for the
transitional phase of adoption
and the modality of prior com-
parison examinations.

affected by a learning curve for radi-
ologists (15,16). In addition, although
some FFDM screening examinations
can be compared directly with prior
FFDM examinations, for other women
in the screening program, only prior
SFM examinations were available for
comparison or as the first baseline
examination.

To determine the effect of the tran-
sition from SFM to FFDM on screening
performance, we analyzed data col-
lected as part of the Norwegian Breast
Cancer Screening Program (NBCSP).
We compared performance measures
and histopathologic outcomes according
to screening modality and the modality
of previous comparison examinations.
To examine the effect of the transition
from SFM to FFDM, we analyzed the
rate of cases discussed by means of
arbitration or in consensus, the recall
rate, the rate of screening-detected
cancer (DCIS and invasive breast can-
cer), and the rate of interval cancer ac-
cording to the type of previous exami-
nation and the amount of time after the
implementation of FFDM. We hypoth-
esized that FFDM would be associated
with a lower recall rate, a higher rate of
screening-detected cancer, and a lower
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interval cancer rate. Overall, our study
provided a comparison of performance
measures before, during, and after the
transition from SFM to FFDM in a pop-
ulation-based screening program.

Materials and Methods

Data Source

No institutional review board approval
was required for this analysis of anony-
mized data, which included patient-lev-
el data on screening examinations and
outcomes. Reporting cancer diagnoses
to the Cancer Registry is mandatory by
law in Norway (17), and this database
has been used as a register of invasive
cancers since 1933 and of DCIS since
1993 (18). The cancer registry data-
base is 99% complete for reports of
solid tumors, including breast cancer
(19). The database for breast cancer
screening was last updated in 2011. All
activities related to the NBCSP are re-
ported to the Cancer Registry, which is
responsible for administration, quality
assurance, and evaluation of the pro-
gram (20).

NBCSP Overview

The program started in four of the 19
Norwegian counties in 1996 and ex-
panded nationwide in 2005 (20). The
program targets women S50—G69 years
old and is run according to European
screening guidelines (21). Each woman
in the target group receives a personal
letter from NBCSP inviting her to receive
a two-view screening mammography ex-
amination every 2 years, regardless of
her cancer history. The screening exami-
nations take place at four mobile and 27
stationary clinics, and radiologists inter-
pret the mammograms and complete any
diagnostic work in one of 16 breast im-
aging facilities in Norway. The screening
mammograms are independently read by
two radiologists and given a score on a
scale of 1-5, with a score of 1 indicat-
ing screening examination results that
are negative for abnormality; 2, probably
benign; 3, intermediate; 4, probably ma-
lignant; and 5, a high suspicion of ma-
lignancy. If one or both radiologists have
given a score of 2 or higher, a consensus

1996-2010
The Norwegian Breast Cancer Screening Program
Women aged 50-69 years at screening exam: n = 557, 942
Screening exams: N = 1,837,360

Baseline screening exams . Subsequent screening exams
N = 545,683 gl N=1,291,677
SFM (1996-2010) SFM after prior SFM
N = 465,019 N =924,534
Recalls: n = 23,431 s Recalls: n = 23,598
Screen-detected breast tumors Screen-detected breast tumors
n=3,113 n=4,651
(540 DCIS and 2,573 invasive) (763 DCIS and 3,888 invasive)

FFDM after prior SFM
N =225,719

Recalls: n=5,147
Screen-detected breast tumors
n=1,131
(226 DCIS and 905 invasive)

Recalls: n = 4,988
Screen-detected breast tumors

Y
FFDM (2000-2010) FFDM after prior FFDM SFM after prior FFDM
N = 80,664 N =139,789 N=1,635

Recalls: n = 2,995
Screen-detected breast tumors

Recalls: n =62
Screen-detected breast tumors

n=512 n =689 n=7
(121 DCIS and 391 invasive) (127 DCIS and 562 invasive) (1 DCIS and 6 invasive)
y N

Figure 1:

Flow chart shows number of women and screening examinations in study period (1996—-2010),

including recalls and subjects diagnosed as having screening-detected breast cancer.

or arbitration meeting (hereafter called
a consensus), is used to determine
whether to call the woman back for fur-
ther assessment (recall) or not.

Starting in 2000, FFDM was grad-
ually implemented throughout the pro-
gram. During the transition from SFM
to FFDM, prior SFM examinations usu-
ally were digitized for comparison at
the time of initial interpretation. How-
ever, in two breast facilities (Telemark
and Trgndelag) representing 12% of
the FFDM studies obtained after SFM,
prior SFM studies were not digitized,
but the SFM studies were evaluated in
consensus. All radiologists working in
the NBCSP are experienced in diagnos-
tic mammography, but no systematic
training or education was required be-
fore they started to read FFDM. During
1996-2005, the radiologists each read

an average of 3600 (median, 2995;
range, 275-13393) screening mam-
mography examinations per year, in
addition to an unknown number of di-
agnostic examinations (22).

Study Population

The study included women aged 50-69
years at the time of screening who had
not received a diagnosis of DCIS or in-
vasive breast cancer before they were
invited to participate in the study. We
excluded all women who participated in
the Oslo I or Oslo II program because
they were examined with both SFM and
FFDM at the same screening examina-
tion, and the mammograms were inde-
pendently read by two sets of radiolo-
gists (Oslo I), or they participated in a
study in which they were randomized to
either SFM or FFDM (Oslo 1I) (9,12).
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Table 1

Examinations with SFM and FFDM and Outcome Data

Examinations and Outcomes SFM FFDM PValue
Total no. of examinations 1391188 446172
Baseline 465019 80664
After prior SFM 924534 225719
After prior FFDM 1635 139789
Examinations and 2-year follow-up for 1314775 163955
interval cancer®
At baseline 453851 40575
After prior SFM 859516 88076
After prior FFDM 1408 35304
Examination outcome
Recall for further assessment 47091 (0.34) 13130 (0.29) <.001
Needle biopsy 19776 (0.14) 5108 (0.11) <.001
Screening-detected cancer total 7771 (0.56) 2332 (0.52) .005
DCIS 1304 (0.09) 474 (0.11) .019
Invasive breast cancer 6467 (0.47) 1858 (0.42) <.001
Interval cancer total* 2349 (0.18) 321 (0.20) 124
DCIS 129 (0.01) 12 (<0.01) .330
Invasive breast cancer 2220 (0.17) 309 (0.12) .070

Note.—Data are number of events, with number per 1000 examinations in parentheses.
*Women were screened during 1996-2008 and followed up for interval cancer 2 years after screening examination (1998—

2010).

Baseline and Subsequent Examinations

A woman’s baseline examination was
defined as the first screening examina-
tion performed in the NBCSP, and a
subsequent examination was defined
as the second or later screening exam-
ination. Examinations were classified
as subsequent screening examinations
independent of whether an individual
woman’s participation in the program
was regular.

Previous Examination Types

Screening mammograms were divided
into six groups depending on the mo-
dality (SFM or FFDM), baseline or
subsequent examination, and, if a
subsequent examination, the type of
previous screening modality: baseline
SFM, baseline FFDM, SFM after SFM,
FFDM after SFM, FFDM after FFDM,
and SFM after FFDM (Fig 1). FFDM af-
ter previous SFM was possible only for
the initial screening round after FFDM
adoption, which is referred to as the
transitional phase. Most women under-
went multiple screening examinations
during the study period, and thus, had
examinations categorized to different

groups (ie, baseline SFM, subsequent
SFM after SFM, and then subsequent
FFDM after SFM). A limited number
of women underwent SFM after FFDM
(1635 screening examinations and seven
women with breast cancer), mainly be-
cause they moved from one county to
another during the study period.

Performance Measures and Outcomes

We report the recall rate as the per-
centage of women recalled for further
examination because of positive screen-
ing findings on the basis of discussion
in consensus. The PPV after recall ex-
aminations for positive screening find-
ings in the 3 months after the screening
examination and the PPV after biopsy
after diagnostic assessment (ie, core
needle biopsy, fine needle aspiration,
and surgical biopsy) in the 3 months
after screening examination were
determined.

We included all incidences of breast
cancers diagnosed in women who par-
ticipated in the NBCSP in our analysis
(1837360 screening examinations). A
screening-detected malignancy was de-
fined as DCIS or invasive breast cancer

identified after further assessment of a
screening-detected abnormality. Inter-
val cancer was defined as a DCIS or an
invasive breast cancer identified during
the period between negative screen-
ing examination findings and the next
scheduled screening examination. More
specifically, interval breast cancer is de-
fined according to the European guide-
lines (22) as “a primary breast cancer
which is diagnosed in a woman who
had a screening test, with or without
further assessment, either before the
next invitation to screening, or within
a time period equal to a screening in-
terval in case the woman has reached
the upper age limit for screening.” The
NBCSP does not recommend short-
interval follow-up examinations after
abnormal
Thus, all women ultimately diagnosed
with breast cancer after negative diag-
nostic assessment were defined as hav-
ing an interval cancer. We limited our
analysis of interval cancer to screening
examinations performed during 1996-
2008 (1478730 screening examina-
tions) to allow for at least 2 years of
follow-up data after screening. Finally,
we compared performance measures
for different study groups according
to histopathologic tumor characteris-
tics including tumor size, grade, lymph
node metastases, and hormonal recep-
tor status.

screening mammograms.

Statistics

We performed all analyses by using soft-
ware (STATA, version 12.1; StataCorp,
College Station, Texas). We stratified
results by age of the women at the time
of screening (5- or 10-year age groups)
and the modality of examination and
previous screening examination. We
used the ¥® test to determine the sta-
tistical significance of differences be-
tween groups. A P value less than or
equal to .05 was considered to indicate
a significant difference. The P value was
based on a comparison between SFM
and FFDM at baseline screening and
between the different screening groups
according to subsequent and previous
examination type, with SFM after SFM
as the reference group. We used Pois-
son regression to estimate incidence
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rate ratio (IRR) of DCIS or breast cancer
according to screening technique. IRR
was estimated as the risk of having DCIS,
invasive breast cancer, or breast cancer
at mammographic screening with FFDM

Baseline Screening Recalls, Screening-detected, and Interval Breast Cancer by Age

Subject Age at Screening (y)

. Lo Characteristics and Outcomes 50-54 55-59 60-64 65-69  Total
after a prior SFM examination versus
SFM after a prior SFM examination, and SFM
the risk at screening with FFDM after a No. of women 226268 98357 74004 66390 465019
prior FFDM examination versus SFM af- No. recalled* 13303 (0.60) 4532 (0.46) 2993 (0.40) 2603 (0.39) 23431 (0.50)
ter a prior SFM examination. The 95% Screening-detected cancer
confidence interval (CI) for the IRR was DCIS 256 (1.13)  114(1.16) 78 (1.05) 92(1.39)  540(1.16)
estimated by using the standard error of Invasive 979 (4.33) 550 (5.59) 522 (7.05) 522 (7.86) 2573 (5.53)
the log rate ratios. The estimates were Total 1235 (5.46) 664 (6.75) 600 (8.11) 614 (9.25) 3113 (6.69)
adjusted for calendar period (continuous Interval cancer 216387 97653 73633 66178 453851
variable) and age (categorical variable, DCIS. et Gl oins =012 21012 )
5-year age groups). To investigate the Invasive 390 (1.80) 197202  129(1.75) 114(1.72)  830(1.83)
learning curve for radiologists accordin Total 428 (1.98) 203 (2.08) 138 (1.87) 123 (1.86) 892 (1.97)
. g g g FFDM

to time (23,24), we analyzed the rate of
cases discussed in consensus, subsequent No. of women 61183 9065 2999 4 80664

. ’ No. recalled* 4048 (0.66) 466 (0.51)  275(0.46)  199(0.45) 4988 (0.62)
recall rate, screening-detected cancer SR 15 e ) G
rate, and interval cancer rate 12 months DCIS 88(1.44)  12(132) 122000  9(204) 121 (150
after implementation of FFDM at the Invasive 254415 55(6.07)  42(7.000  40(9.06) 391 (4.85)"
different breast imaging facilities. After Total 342 (5.59) 67 (7.39) 54(9.00 49(11.09) 512 (6.35)
the day of implementation of FFDM, all Interval cancer 24494 7078 5091 3912 40575
women attending the actual facility were DCIS 0 (0.00)t 1(0.14) 1(0.20) 1(0.26) 3(0.07)
offered FFDM. The results are given as Invasive 48(196)  18(254)  10(1.37)  10(256)  82(2.05)
an average for the program, and the Total 48 (1.96) 19 (2.68) 11 (1.57) 11 (2.81) 86 (2.12)

range represents results for the counties
(breast imaging facilities). We stratified
by facility and analyzed the change in the
estimates (percentage points) from SFM
after SFM to FFDM after FFDM (> 24
months after implementation of FFDM).
Facilities with fewer than 30 screening
examinations in any of the groups were
excluded from the comparisons.

A total of 1837360 (78%) screening
examinations were performed as a re-
sult of the 2347055 invitations sent to
661812 women in 1996-2010 (Fig 1).
The average age at the time of screen-
ing was 58.8 years (median age, 58;
range, 50-69 years).

SFM was used during the entire
study period (1996-2010) and account-
ed for 76% (1381118 of 1837360)
of the examinations, 23% (465019 of
1391188) of which were baseline exam-
inations (Fig 1, Table 1). The number
of screening examinations performed
with SFM and FFDM and the combina-
tions of these two modalities are shown
in Figure 1 and Tables 2 and 3.

Note.—Data are number of events, with number per 1000 examinations in parentheses.

* Recalled because of positive mammographic findings.

T Pvalue < .05 for comparison between SFM and FFDM for baseline examinations.
*Screened 1996—2008, followed up for interval cancer 1996-2010.

Recall Rate

The overall recall rate was 3.4% (47091
of 1391188) for SFM and 2.9% (13130
of 446172) for FFDM (P < .001) (Table
1). For subsequent examinations, the
recall rate was 2.6% (23598 of 924 534)
for SFM after prior SFM; 2.3% (5147
of 225719) for FFDM after prior SFM
(P <.001); and 2.1% (2995 of 139789)
for FFDM after FFDM (P < .001) (Table
3). There was a significant decrease in
recall rate with increasing age for all
groups of subsequent examinations.

Screening-detected Cancer

A total of 10103 screening-detected
cancers (1778 DCIS and 8325 invasive
breast cancers) were diagnosed (Fig 1).
The detection rate of DCIS was signifi-
cantly higher with FFDM than with SFM
(P=.019), and the detection rate of inva-
sive breast cancer was significantly lower

with FFDM than with SFM (P < .001)
(Table 1). The rate of screening-detect-
ed invasive cancer and the rate of DCIS
and invasive cancer did not differ signif-
icantly for any combination of screening
and comparison modalities (Tables 2, 3).
The IRR for a screening-detected DCIS
adjusted for screening modality, period,
and age was 1.43 (95% confidence inter-
val [CI]: 1.20, 1.71) for FFDM after SFM
and 1.32 (95% CI: 1.07, 1.64) for FFDM
after FFDM, compared with a reference
standard of SFM after SFM (Table 4).
The adjusted IRR for screening-detected
invasive cancer did not differ significantly
among the different screening groups.

Interval Cancer

The unadjusted rate of interval DCIS
did not differ significantly between
SFM and FFDM (P = .33) (Table 1).
Although the rate of interval invasive
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Table 3

Subsequent Examinations with SFM and FFDM

Subject Age at Screening (y)

Examinations 50-54 55-59 60-64 65-69 Total
SFM after SFM
No. of women 154805 307927 262678 199124 924534
No. recalled* 4400 (0.28) 7765(0.25) 6599 (0.25) 4834 (0.24) 23598 (0.26)
Screening-detected cancer
DCIS 108 (0.70) 230 (0.75) 238 (0.91) 187 (0.94) 763 (0.83)
Invasive 465(3.00) 1143(3.71) 1253 (4.77) 1028 (5.16) 3888 (4.21)
Total 573 (3.70) 1372 (4.46) 1491 (5.68) 1215(6.10) 4651 (5.03)
Interval cancert 146060 287679 242040 183737 859516
DCIS 12 (0.08) 23 (0.08) 14 (0.06) 18 (0.10) 67 (0.08)
Invasive 256 (1.75) 480 (1.67) 398 (1.64) 252 (1.37) 1386 (1.61)
Total 268 (1.83) 503 (1.75)  412(1.70) 270 (1.47) 1453 (1.69)
FFDM after SFM
No. of women 35103 69547 70699 50370 225719
No. recalled* 859(0.25) 1552(0.22) 1571(0.22) 1165(0.23) 5147(0.23)
Screening-detected cancer
DCIS 25(0.71) 78 (1.12) 69 (0.98) 54 (1.07) 226 (1.00)
Invasive 103 (2.93) 216 (3.11)F 319 (4.51) 267 (5.30) 905 (4.01)
Total 128 (3.65) 294 (4.23) 388 (5.49) 321(6.37) 1131 (5.01)
Interval cancert 14268 28092 26978 18738 88076
DCIS 2(0.14) 4(0.14) 1(0.04) 0(0) 7(0.08)
Invasive 24 (1.68) 51(1.82) 45 (1.67) 41 (219 161 (1.83)
Total 26 (1.82) 55 (1.96) 46 (1.71) 41 (219 168 (1.91)
FFDM after FFDM
No. of women 24436 42049 42000 31304 139789
No. recalled™ 608 (0.25)  835(0.20) 869 (0.21) 683 (0.22) 2995 (0.21)
Screening-detected cancer
DCIS 17 (0.70) 32(0.76) 38 (0.90) 40 (1.28) 127 (0.91)
Invasive 64 (2.62) 135 (3.21) 187 (4.45) 176 (5.62) 562 (4.02)
Total 81(3.31) 167 (3.97) 225(5.36) 216 (6.90) 689 (4.93)
Interval cancert 6001 11181 10861 7261 35304
DCIS 0(0) 1(0.09) 1(0.09) 0(0) 2 (0.06)
Invasive 14 (2.33) 14 (1.25) 17 (1.57) 20 (2.75) 65 (1.84)
Total 14 (2.33) 15 (1.34) 18 (1.66) 20 (2.75) 67 (1.90)

Note.—Data are number of events, with number per 1000 examinations in parentheses.

* Recall due to positive mammographic findings.

T Screened 1996—2008, followed for interval cancer 1996-2010.
* Pvalue < .05 for comparison between SFM after SFM and FFDM after SFM
§ Pvalue < .05 for comparison between SFM after SFM and FFDM after FFDM.

cancers tended to be higher with
FFDM than with SFM (1.88 of 1000
examinations vs 1.69 of 1000 exami-
nations), this difference was not sta-
tistically significant (P = .070) (Table
1). Neither the rate of interval DCIS
nor the rate of interval invasive can-
cer differed between SFM after SFM
and FFDM after FFDM (Table 3). The
adjusted IRR was 1.27 (95% CI: 1.07,
1.50) for interval cancer with FFDM

after SFM and 1.24 (95% CI: 0.96,
1.59) with FFDM after FFDM, com-

pared with a reference of SFM after
SFM (Table 4).

Learning Curve Effect

For SFM performed after SFM,
the rate of screening examinations
discussed in consensus 5.3%
(48573/924534; range, 2.1%-
9.7% for individual breast imaging

was

facilities). For FFDM performed after
SFM within 12 months after FFDM
implementation, the rate of consen-
sus was 7.4% (9481/128007; range,
3.3%-18.7%). For FFDM performed
after SFM 13-24 months after FFDM
implementation, the rate of consensus
was 8.1% (6990/86 001; range, 3.8%—
19.5%). The rate of consensus when
FFDM was performed after FFDM
(> 24 months after implementation
of FFDM) was 5.6% (7240/128841;
range, 3.4%-14.0%) (Fig 2).

The recall rates did not differ
by time after FFDM implementation
(Fig 2). The ranges in recall rates for
the different breast imaging facilities
were 1.6%-4.0% for SFM after SFM,
1.5%-4.4% for 1-12 months after
FFDM implementation, 1.6%-6.2%
for 13-24 months after FFDM imple-
mentation, and 1.3%-3.7% for more
than 24 months after FFDM imple-
mentation. The rate of both screen-
ing-detected and interval tumors re-
mained stable during the transitional
phase from SFM to FFDM and into
the digital phase, FFDM after FFDM
(P > .05 for all combinations in com-
parison group) (Fig 3).

PPV Analysis

The overall biopsy rate was 1.4%
(19776 of 1391188) for SFM and
1.1% (5108 of 446172) for FFDM
(P < .001) (Table 1). PPV after re-
call examinations was 19.3% (4559 of
23598) for SFM after SFM and 22.7%
(681 of 2995) for FFDM after FFDM
(P < .001) (Table S). PPV after biopsy
was 48.3% (4651 of 9623) for SFM
after SFM and 57.5% (689 of 1198)
for FFDM after FFDM (P < .001).
The values increased with patient
age, both for baseline and subsequent
examinations. PPV after recall exam-
inations was significantly higher with
FFDM after SFM and with FFDM af-
ter FFDM for all age groups and for
the age groups 60-64 years and 65-69
years for FFDM after FFDM. PPV af-
ter biopsy was statistically significant
for FFDM after FFDM compared with
SFM after SFM for all age groups, ex-
cept for the age group 50-54 years
(Table 3).
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Table 4

DCIS and Breast Cancer Cases, and Screening Examinations, and Crude and Adjusted
IRR of Screening-detected and Interval Breast Cancer

Diagnosis and Screening No. of DCIS and/or

No. of Screening

Examinations Breast Cancers Examinations Crude IRR Adjusted IRR*
Screening-detected DCIS
SFM after SFM 763 924534 1.00 1.00
FFDM after SFM 226 225719 1.21(1.04,1.41) 1.43(1.20,1.71)
FFDM after FFDM 127 139789 1.10(0.91,1.33) 1.32(1.07,1.64)
Screening-detected invasive
breast cancer
SFM after SFM 3882 924534 1.00 1.00
FFDM after SFM 905 225719 0.95 (0.89,1.03) 0.99 (0.91, 1.07)
FFDM after FFDM 562 139789 0.96 (0.87,1.04) 1.00(0.90, 1.10)
Screening-detected breast
cancer
SFM after SFM 4651 924534 1.00 1.00
FFDM after SFM 1131 225719 1.00(0.93,1.06) 1.05(0.98,1.14)
FFDM after FFDM 689 139789 0.98 (0.90,1.06) 1.05(0.96, 1.14)
Interval breast cancer
SFM after SFM 1453 859516 1.00 1.00
FFDM after SFM 168 88076 1.13(0.96,1.32) 1.27 (1.07,1.50)
FFDM after FFDM 67 35304 1.12(0.88,1.43) 1.24(0.96, 1.59)

Note.—Data in parentheses are 95% Cls.
* Adjusted for screening modality, period and age.

80
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404 ‘
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Time after implementation of FFDM

Figure 2:

Bar graph shows rates of screening examinations discussed in

consensus (whole bars) and recall rates (darker part of bars) by screening
technique and time after implementation of FFDM in subsequent examinations.
Before implementation is SFM after SFM, 1-12 and 13-24 months is FFDM
after SFM, and 25+ months is FFDM after FFDM.

Outcomes

No statistically significant differences
were found in tumor characteris-
tics (tumor size, grade, lymph node
status, and hormonal receptor status)

for invasive cancer detected at screen-
ing with SFM after SFM, FFDM after
SFM, or FFDM after FFDM (Table
5). Moreover, there were no statisti-
cally significant differences in tumor

characteristics for interval breast can-
cers according to screening technique
or sequence of screening techniques.

After the transition from SFM to
FFDM in a population-based screen-
ing program, the recall rate decreased
and PPVs after recall and after biopsy
progressively increased. The rate of
screening-detected DCIS was higher
with FFDM than with SFM, but the
rate of screening-detected and interval
breast cancer remained stable.

Unlike authors of previous studies
comparing the performance of SFM and
FFDM in a population-based screening
program (2,9,12), we focused particu-
lar attention on the transitional phase
from SFM to FFDM in addition to the
periods before and after FFDM imple-
mentation, and we included results for
interval cancers. As a new technology
enters into clinical practice, there is
a learning curve among physicians as
they become accustomed to its use
(23,24). Therefore, we analyzed early
performance measures in 12-month in-
tervals for the first 2 years after imple-
mentation of FFDM. We allowed for at
least one subsequent FFDM screening
follow-up after initial FFDM screening
to determine the learning curve effect
among interpreting radiologists switch-
ing from SFM to FFDM. Furthermore,
we examined performance on the basis
of not only the modality of screening,
but also the modality of the most re-
cently available comparison examina-
tions. Our data set was robust, with
nearly 2 million examinations spanning
14 years, with more than 10000 screen-
ing-detected cancers and 2500 interval
cancers. Thus, we can draw several
important conclusions on the perfor-
mance of SFM versus that of FFDM in
a population-based screening program.

First, by demonstrating a progres-
sive decrease in the overall recall rate
from 2.6% to 2.1% during the course of
FFDM implementation while the detec-
tion rate remained stable, our analysis
showed that full FFDM implementation
has significantly decreased the rate of
false-positive screening examinations, a
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Figure 3: Graphs show (a) rates of screening-detected breast cancer by screening technique and time after implementation of FFDM in subsequent examinations
and (b) rates of interval breast cancer by screening technique and time after implementation of FFDM in subsequent examinations. Before implementation is SFM
after SFM, 1-12 and 13-24 months is FFDM after SFM, and 25+ months is FFDM after FFDM.

Table 5

PPV of Recall Examination and Biopsy by Screening History and Technique

Time after implementation of FFDM

Examination and Screening PPV after Recall Examination after Mammography PPV after Biopsy
Technique 50-54 55-59 60-64 6569 Total 50-54 55-59 60-64 6569 Total
Baseline examinations
SFM 9.0 14.3 19.5 23.1 12.9 232 323 40.9 47.9 30.7
(1196/ 13303) (649/4532) (584/2993) (600/2603) (2029/23431) (1235/5327) (664/2058) (600/1467) (614/1281) 3113/10133)
FFDM 8.3 14.0 19.3 241 10.0* 24.2 295 44.6 51.6 27.6*
(334/4048) (65/466)  (53/275)  (48/199)  (500/4988)  (342/1415) (67/227) (54/121) (49/95) (512/1858)
Subsequent examinations
SFM after SFM 12.8 17.2 221 24.8 19.3 37.4 45.0 52.2 55.6 48.3
(564/4400) (1338/7765) (1458/6599) (1199/4834) (4559/23598) (573/1533) (1372/3048) (1491/2858) (1215/2184) (4651/9623)
FFDM after SFM 143 18.6 242 27.3 21.63 421 48.8 61.2 62.7 55.1
(123/859) (289/1552) (380/1571) (318/1165) (1110/5147)t (128/304)  (294/602)  (388/634)t  (321/512)t  (1131/2052)*
FFDM after FFDM 12.8 19.6 25.83 31.53 22.73 41.8 50.9 62.9 67.9 57.5
(78/608) (164/835)  (224/869)% (215/683)* (681/2995)%  (81/194) (167/328)*  (225/358)*  (216/318)*  (689/1198)

Note.—Data are percentages, with numerators and denominators in parentheses.
* Pvalue < .05 for comparison between SFM and FFDM.

t Pvalue < .05 for comparison between SFM after SFM and FFDM after SFM.

* Pvalue < .05 for comparison between SFM after SFM versus FFDM after FFDM.

known limitation associated with pop-
ulation-based breast cancer screening
(25,26). Although the rate of examina-
tions discussed in consensus increased
during the 24-month period after imple-
mentation of FFDM, the consensus rate
returned to pre-FFDM implementation
rates after the initial 24-month period.
The stabilization of the consensus rate
after the initial 24 months of FFDM

implementation suggests that there is
only a transient learning-curve effect
for interpreting radiologists.

Second, the PPV after recall exami-
nation after an abnormal screening ex-
amination significantly increased during
the course of FFDM implementation and
persisted after full FFDM implementa-
tion in women 60-69 years old. More-
over, the PPV after biopsy significantly

increased for both baseline and subse-
quent FFDM in women 55-69 years old.
These improvements in PPV suggest that
the implementation and continued use
of FFDM has resulted in a decrease in
breast biopsies with benign outcomes,
which are another known disadvantage
of mammographic screening (27,28).
The benefits of decreasing the number
of normal and benign biopsies appear to
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be most apparent among women aged
60 and older.

There were several limitations to
our study. Because the baseline char-
acteristics of Norwegian women may
be more homogeneous than those ob-
served in other countries, our findings
may not be generalizable to screening
populations outside of Norway. The
NBCSP offers mammographic screen-
ing biennially, which differs from annual
screening practices in some countries
such as the United States. Moreover,
the use of consensus in double-reading
practices in Norway is not standard in
other population-based screening pro-
grams, including those in U.S. practice.
We were not able to account for the ef-
fects of hormone replacement therapy
in our screening population. Prior stud-
ies suggest that hormone therapy in
postmenopausal women increases the
risk of mammograms with false-positive
results (29,30). The declining use of
hormone replacement therapy during
the past decade could be a confound-
ing variable in our observed decreased
recall rates during the transition from
SFM to FFDM. However, postmeno-
pausal hormone therapy also is associ-
ated with increased risk of developing
breast cancer diagnosed at an advanced
stage (30-32). Given that there were
no statistically significant differences
in screening-detected invasive cancer
rates, interval cancer rates (Table 3),
or histopathologic tumor characteris-
tics (Table 6 ) as FFDM replaced SFM,
it is unlikely that this characteristic was
a major driver of the observed improve-
ments in mammographic performance.

In conclusion, our analysis high-
lights the importance of studying the
transitional phase of the adoption of
new breast screening technology and
shows that the modality of prior com-
parison examinations should be con-
sidered in the interpretation of per-
formance measures for FFDM. We
demonstrated that improvements in
recall rates and PPVs for FFDM are
noted beyond the initial transitional
phase from SFM to FFDM, and that
screening with FFDM is associated with
lowering recall and biopsy rates, which

are known limitations associated with
breast cancer screening.
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