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Abstract

Background: Breast screening programs replaced film mammography with digital mammography, and the effects of this
practice shift in population screening on health outcomes can be measured through examination of cancer detection and
interval cancer rates. Methods: A systematic review and random effects meta-analysis were undertaken. Seven databases
were searched for publications that compared film with digital mammography within the same population of asymptomatic
women and reported cancer detection and/or interval cancer rates. Results: The analysis included 24 studies with 16 583 743
screening examinations (10 968 843 film and 5 614 900 digital). The pooled difference in the cancer detection rate showed an
increase of 0.51 per 1000 screens (95% confidence interval [CI] ¼ 0.19 to 0.83), greater relative increase for ductal carcinoma in
situ (25.2%, 95% CI ¼ 17.4% to 33.5%) than invasive (4%, 95% CI ¼ �3% to 13%), and a recall rate increase of 6.95 (95% CI ¼ 3.47
to 10.42) per 1000 screens after the transition from film to digital mammography. Seven studies (80.8% of screens) reported
interval cancers: the pooled difference showed no change in the interval cancer rate with �0.02 per 1000 screens (95% CI ¼
�0.06 to 0.03). Restricting analysis to studies at low risk of bias resulted in findings consistent with the overall pooled results
for all outcomes. Conclusions: The increase in cancer detection following the practice shift to digital mammography did not
translate into a reduction in the interval cancer rate. Recall rates were increased. These results suggest the transition from
film to digital mammography did not result in health benefits for screened women. This analysis reinforces the need to
carefully evaluate effects of future changes in technology, such as tomosynthesis, to ensure new technology leads to
improved health outcomes and beyond technical gains.

Population mammography-screening programs aim to prevent
women dying from breast cancer through earlier detection and
treatment (1). Improvements in mammographic technology
hold the promise of increasing the benefit of screening by in-
creasing the detection of clinically important breast cancers.
However, determining whether such theoretical benefits are re-
alized or not is challenging outside the context of randomized
controlled trials with long follow-up to assess for reductions in
morbidity and mortality. Such trials are impractical to conduct
each time an incremental technological change is made.

Population-based observational studies, in contrast, may en-
able rapid, real-world evaluation of how changes in screening
technologies affect health outcomes (2). A change in technology
that increases cancer detection rates (CDR) may reduce subse-
quent interval cancer rates if the additional cancers detected
would have otherwise presented clinically at a more advanced

stage (3, 4). This pattern suggests more benefit from screening
due to reduced underdiagnosis. In contrast, an increase in can-
cer detection rate without a decrease in interval cancer rate
would suggest more overdectection and therefore less net bene-
fit of screening. Thus, considering how much interval cancer
rates decrease, as well as how much cancer detection rates in-
crease, after a change in technology provides a rapid and effi-
cient assessment of the likely effectiveness of a change in
screening technology (5).

A new screening technology should be at minimum as effi-
cient and ideally have an improved effect on health outcomes
as the existing technology. A change in a screening program
should aim to further reduce morbidity or harm without unduly
increasing the diagnosis of cancers that would otherwise never
have caused morbidity or mortality (6). The introduction of a
new technology needs to prudently determine the effect that
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the change in modality will have on detecting biologically rele-
vant cancers (7).

Most breast screening programs worldwide have replaced
screen film mammography with full field digital mammography
because of technical and practical advantages. These advan-
tages include enabling images to be stored and transmitted
electronically. Although these advantages have driven wide-
spread replacement of film mammography with digital mam-
mography, the absence of long-term follow-up studies
assessing the impact of the change on breast cancer morbidity
and mortality means that the impact on health outcomes is
unclear. A systematic consideration of effects of the switch to
digital mammography on cancer detection rate and interval
cancer rate provides a means to address this evidence gap and
is the aim of this systematic review. Furthermore, our analysis
provides a blueprint for more rapid and efficient assessment of
future technological innovation, such as practice change to 3-di-
mensional or breast tomosynthesis.

Before the rollout of digital mammography, early studies did
not show any overall difference in cancer detection rate be-
tween the 2 types of mammography technologies (5, 8).
However, they did show increased detection in women who had
dense breasts, were younger than 50 years, or were pre- or peri-
menopausal (9). Following the transition to digital mammogra-
phy, studies from several real-world screening programs have
reported conflicting and heterogeneous results on the effect of
this change on cancer detection rate and interval cancer rate
(10–13). Furthermore, some studies with a higher cancer detec-
tion rate during digital mammography found the increase is
mostly for ductal carcinoma in situ (DCIS) (13–15). In addition to
changes in the cancer detection rate, there have been inconsis-
tent findings on recall rates (14–16).

This systematic review and meta-analysis (17) aimed to
summarize, to our knowledge for the first time, all the available
evidence on cancer detection rates, interval rates, and recall
rates for digital mammography compared with film mammog-
raphy for population breast cancer screening. In doing so, the
review provides important new information for current breast
cancer screening practice and demonstrates an approach to the
acquisition of evidence to inform decisions on the adoption of
future mammography technologies (18).

Methods

Search Strategy and Selection Criteria

We conducted a systematic review and meta-analysis of the
medical literature, comparing digital to film mammography for
screening asymptomatic women who are at average risk of
breast cancer within the same population. We searched
MEDLINE, PREMEDLINE, PubMed, Embase, National Health
Service Economic Evaluation Database, Database of Abstracts of
Reviews of Effects, American College of Physicians Journal Club,
Cochrane Central Register of Controlled Trials, and Cochrane
Database of Systematic Reviews and followed Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
guidelines for reporting (19, 20). Search terms were broad to en-
compass all studies comparing film and digital mammography
using key words “digital*”, “film*”, and “mammogra*” or the
Medical Subject Headings term “Mammography”. The search
did not have any date, study type, or language restrictions.

Using prespecified inclusion criteria (supplementary mate-
rial), decisions regarding inclusion and exclusion of studies

were made independently by 2 researchers (R.F. and S.W.); any
disagreement or uncertainty was discussed and resolved with a
third researcher (K.B.). Titles and abstracts of all studies identi-
fied from the databases searched were reviewed together with a
review of articles that cited, or were citations of, the included
articles. Articles were excluded at the title and abstract review
stage (R.F. and M.L.M.) if the study did not look at both film and
digital mammography, were investigating women at high risk
of breast cancer, or were a review, editorial, or commentary.
Articles were excluded at the full-text review stage (R.F. and
S.W.) if they did not provide counts for screen-detected breast
cancers or if cancer diagnosis was not verified with histopathol-
ogy. Risk of bias was measured by 2 authors using the ROBINS-I
tool for all included studies (R.F. and G.J.). The ROBINS-I tool is
designed to compare the level of bias that would occur in a the-
oretical, high-quality, randomized trial with nonrandomized in-
terventional cohorts or observational studies (20). The
PROSPERO systematic review protocol is available online and
summarized in Supplementary Figure 1 available at: http://
www.crd.york.ac.uk/PROSPERO/display_record.php?
ID¼CRD4201707060119 (21).

Statistical Analysis

Two researchers independently extracted data from included
studies using a standardized template (R.F. and S.W.). Where 2
or more studies had cohorts with populations that overlapped
by 20% or more, we chose the one with highest number of
screenings, longest time, and/or were most recent.
Comparisons between the 2 types of mammography were lim-
ited to within-study to limit confounding from differing back-
ground rates and practices between different populations.
Studies that measured computed radiography in addition to
digital mammography were included, but the data relating to
computed radiography were not extracted.

The primary outcomes were differences in cancer detection
rate and interval cancer rate. We calculated point estimates and
95% confidence intervals (CI) for each study to ensure consistent
calculation of risk differences between the 2 types of mammog-
raphy. Screen-detected breast cancers were defined as breast
cancers diagnosed as a result of a positive screening result, and
cancer detection rate was calculated as the number of women
diagnosed with screen-detected breast cancer (including DCIS)
per 1000 screens. Interval cancers were defined as cancers diag-
nosed after a negative screening result and before the subse-
quent scheduled screening episode; interval cancer rate was
calculated as the number of interval cancers (including DCIS)
per 1000 screened women. Secondary outcomes included recall
rates and false positive rates. Recall rates were defined as the
number of women with a positive screening examination per
1000 screened women, and false positive recall rates were calcu-
lated as the recall rate minus cancer detection rate.

We used random effects meta-analysis utilizing the
DerSimonian-Laird method to pool risk differences and relative
risks for each outcome for digital vs film mammography. We
assessed heterogeneity between studies using v2 and I2 statis-
tics and visual inspection of forest plots (METAN in Stata/IC
15.1). We conducted subgroup analyses by screening frequency,
age, breast density (Breast Imaging Reporting and Data System I
þ II vs IIIþ IV), and initial vs subsequent screening round, where
outcomes were reported for these variables. We used general-
ized linear mixed models with a logit link using the Wald test to
check for interactions between the type of mammography used
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and each subgroup to account for each study contributing

measurements for each modality (PROC GLIMMIX in SAS 9.4).
Because not all studies reported all outcomes, besides cancer
detection, we conducted sensitivity analyses of the pooled can-
cer detection rate differences for the subsets of studies that
reported each of these different outcomes or subgroups (DCIS/
invasive, recalls, interval cancers, screening round, age, density,
and by risk of bias).

Results

The database search retrieved 1030 publications, and after
screening of titles and abstracts, 177 full-text articles were
screened. Twenty-nine articles met the eligibility criteria and
reported on 24 individual studies (Supplementary Figure 1,
available online) (9, 11–13, 15, 16, 22–44). The included studies,
from 12 different countries (Supplementary Table 1, available
online), had a total of 16 583 743 screening examinations. Of the
10 968 843 film-screens, 56 218 breast cancers were detected,
and 31 015 cancers were detected of the 5 614 900 digital screens
(Table 1). In the 18 studies measuring DCIS as an outcome, of
the 87 233 cancers detected, 14 706 were DCIS and 63 726 were
invasive cancers. Three of the studies used a paired design, 1
was a randomized trial, and the remaining were retrospective
observational studies.

Based on the ROBINS-I tool, the risk of bias ranged from
moderate to critical; study quality is summarized in
Supplementary Table 2 (available online). Studies were gener-
ally assessed to be at moderate to serious risk of bias, primarily
due to the potential for confounders to change over time and
affect the background cancer rates in the populations under
study and apparent differences in outcomes between screening
modalities. Studies that received a low rating for risk of bias (ie,
least likely to be affected by bias) had either a paired or ran-
domized design. The studies that received a moderate rating,
measured exposures concurrently for the majority of the study
period and/or measured all important potential confounders,
and found the unadjusted and adjusted rates compared in the
original study did not greatly differ; all fell within the 95% con-
fidence intervals. Studies with a serious risk of bias compared
some important potential confounders but either had long
periods of nonconcurrence for use of the different screening
modalities, with greater potential for the confounders to
change over time, or found the confounders measured to vary
between exposures. The studies found to have critical risk of
bias did not measure enough potential confounders to be able
to determine the effect confounding may have had on the
results. All studies that measured interval cancer rates were
found to be of either moderate or serious risk of bias. Using the
ROBIN-I tool, only prospective studies were found to be of low
risk of bias.

NOTE: Weights are from random effects analysis

Overall  (I-squared = 88.9%, p = .000)

Skaane et al., 2007 (9) (Oslo II)

Paired prospective

Henderson et al., 2015 (35,36)

Perry et al., 2011 (30)

Skaane et al., 2005 (26) (Oslo I)

Campari et al., 2016 (42)

Timmermans et al., 2017 (24)

Sala et al., 2015 (11)

Lewin et al., 2006 (32,33)

Kerlikoske et al., 2011 (34)
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Hambly et al., 2009 (38)
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Chiarelli et al., 2013 (41)
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RD: Risk Difference; CI: Confidence Interval

Figure 1. Forest plot of cancer detection rates by study type. CI ¼ confidence interval; RD ¼ risk difference.
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Overall, the pooled difference in cancer detection rate
showed an increase of 0.51 per 1000 screens (95% CI ¼ 0.19 to
0.83, I2 ¼ 88.9%; 24 studies) after the transition from film to digi-
tal mammography. This represents a relative increase of 10%
(95% CI ¼ 4% to 17%, I2 ¼ 88.0%; 24 studies) (Figure 1). In the
studies reporting DCIS, there was an increase in cancer detec-
tion rate for DCIS of 0.22 (95% CI ¼ 0.15 to 0.30, I2 ¼ 41.4%; 18
studies) per 1000 and 0.19 (95% CI ¼ �0.14 to 0.51, I2 ¼ 89.7%; 18
studies) per 1000 screens for invasive breast cancer. The esti-
mated change in the cancer detection rate following transition
to digital was more evident for DCIS than invasive cancer, with
a relative increase in cancer detection rate of 25% (95% CI ¼ 17%
to 33%, I2 ¼ 33.1%; 18 studies) for DCIS and 4% (95% CI ¼ �3% to
13%, I2 ¼ 88.7%; 18 studies) for invasive cancers (Table 1) (9, 11–
13, 15, 16, 22, 24–27, 29–31, 34, 35, 37–40, 43, 44).

The difference in the cancer detection rate in the studies
with low risk of bias was 0.14 (95% CI ¼ �0.66 to 0.94, I2 ¼ 0.0%; 3
studies). The differences in the cancer detection rate for the
studies of moderate, serious, and critical risk of bias were 0.35
(95% CI ¼ 0.01 to 0.68, I2 ¼ 65.1%; 9 studies), 0.35 (95% CI ¼ �0.29
to 1.00, I2 ¼ 93.0%; 9 studies), and 1.27 (95% CI ¼ �0.24 to 2.78, I2

¼ 90.5%; 4 studies), respectively (Figure 4).
Even though only 7 of the 24 included studies reported both

cancer detection and interval cancer rates, these studies make
up 80.8% of the total screens (8 647 847 film and 459 288 digital).
In these 7 studies, there were 71 147 screen-detected cancers
(44 540 film and 26 607 digital) and 23 353 interval cancers
(15 479 film and 7874 digital). These studies show a pooled in-
crease in cancer detection rate of 0.33 per 1000 screens (95% CI

¼ �0.16 to 0.82, I2 ¼ 95.7%; 7 studies) after the transition from
film to digital mammography and no change in interval cancer
rates of �0.02 per 1000 screens (95% CI ¼ �0.06 to 0.03, I2 ¼ 0.0%;
7 studies) (Figure 2; Table 3) (11–13, 15, 26, 30, 38, 42, 43). There
appeared to be no pattern in interval cancer rates between stud-
ies according to their risk of bias.

Of the studies reporting data for recalls, the pooled differ-
ence in recalls showed an increase of 6.95 (95% CI ¼ 3.47 to
10.42, I2 ¼ 99.1%; 21 studies) per 1000 screens after the transition
to digital mammography, due mostly to an increase in false-
positive results (6.33/1000, 95% CI ¼ 3.24 to 9.42, I2 ¼ 99.1%; 21
studies) (Figure 3; Table 4) (9, 11–13, 15, 16, 22–35, 37, 39–41, 43,
44). There appeared to be no pattern in recall rates between
studies according to their risk of bias.

There was a large amount of heterogeneity in cancer detec-
tion rate between studies (I2 ¼ 88.9%; P < .001), and we explored
possible reasons for this in the subgroup analysis. There was no
evidence that screening round, age group, or breast density
modified the effect of the transition on cancer detection rate.
Fourteen studies from Europe and Canada had a screening in-
terval of 2 years. In these studies, the increase in cancer detec-
tion rate was 0.61 (95% CI ¼ 0.16 to 1.06, I2 ¼ 89.3%; 14 studies)
compared with 0.20 (95% CI ¼ �0.23 to 0.63, I2 ¼ 81.6%; 5 studies)
in the studies from the United States where a screening interval
of 1 year was the usual practice.

There was no strong evidence of an interaction between
type of screening technology and screening round, density, or
age in mixed models of cancer detection rate. The transition to
digital mammography was associated with 0.53 (95% CI ¼ �0.36

Table 2. Number of cancers detected, CDRs, and difference in CDRs

Study Digital Film

Author Country Screenings Cancersa CDR/1000 Screenings Cancersa CDR/1000
Difference in

CDR/1000

Campari et al., 2016 (43) Italy 45 196 235 5.2 42 240 250 5.92 �0.72
Chiarelli et al., 2013 (42) and

Prummel et al., 2016 (10)
Canada 254 758 1263 4.96 487 334 2376 4.88 0.08

Dabbous et al., 2017 (41) United States 297 629 1475 4.96 416 791 2196 5.27 �0.31
Del Turco et al., 2007 (13) Italy 14 385 104 7.23 14 385 84 5.84 1.39
Glynn et al., 2011 (40) United States 33 879 173 5.11 32 600 109 3.34 1.76
Hambly et al., 2009 (39) Ireland 35 204 221 6.28 153 619 792 5.16 1.12
Heddson et al., 2007 (38) Sweden 9841 48 4.88 25 901 81 3.13 1.75
Henderson et al., 2015 (36, 37) United States 1 218 314 5441 4.47 1 803 201 7977 4.42 0.04
Hofvind et al., 2014 (14) Norway 446 172 2332 5.23 1 391 188 7771 5.59 �0.36
Kerlikoske et al., 2011 (35) United States 231 034 1054 4.56 638 252 2992 4.69 �0.13
Lewin et al., 2006 (33, 34) United States 4945 21 4.25 4945 22 4.45 �0.2
Lipasti et al., 2010 (32) Finland 23 440 146 6.23 27 593 112 4.06 2.17
Perry et al., 2011 (31) UK 5010 32 6.39 9936 28 2.82 3.57
Pisano et al., 2005 (7, 30) United States 42 760 184 4.3 42 760 173 4.05 0.26
Sala et al., 2015 (11) Spain 79 031 339 4.29 82 961 345 4.16 0.13
Sankatsing et al., 2018 (29) Netherlands 2 620 442 16 400 6.26 4 722 885 25 262 5.35 0.91
Seradour et al., 2014 (28) France 23 423 166 7.09 65 514 432 6.59 0.49
Skaane et al., 2005 (27) (Oslo I) Norway 3683 23 6.24 3683 28 7.6 �1.36
Skaane et al., 2007 (9) (Oslo II) Norway 6944 41 5.9 16 985 64 3.77 2.14
Theberge et al., 2016 (26) Canada 43 802 259 5.91 782 894 4004 5.11 0.80
Timmermans et al., 2017 (25) Belgium 133 627 791 5.92 143 293 745 5.2 0.72
Van Ongeval et al., 2010) (23) Belgium 11 355 67 5.9 23 325 150 6.43 �0.53
Vernacchia et al., 2009 (22) United States 21 548 142 6.59 4838 20 4.13 2.46
Vinnicombe et al., 2009 (20) UK 8478 58 6.84 31 720 205 6.46 0.38

a

Cancer rates include DCIS and invasive. CDR ¼ cancer detection rate; DCIS ¼ ductal carcinoma in situ.
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to 1.42) and 0.18 (95% CI ¼ �0.26 to 0.61) per 1000 screens higher
cancer detection rate for digital than film for initial and subse-
quent screening rounds, respectively ( I2 ¼ 89.6%; 8 studies,
Pinteraction ¼ .61). When the additional 3 studies that included
only data for the initial screening round were added, the cancer
detection rate for initial rounds was 0.61 (95% CI ¼ �0.04 to 1.27,
I2 ¼ 69.9%; 11 studies) per 1000 screens higher for digital than
film (11, 13, 15, 16, 24, 25, 30, 38, 40, 44). The incremental cancer
detection rates were 0.28 (95% CI ¼ �0.26 to 0.83, I2 ¼ 61.2%; 6
studies), 0.34 (95% CI ¼ �0.06 to 0.74, I2 ¼ 79.8%; 16 studies), and
0.03 (95% CI ¼ �0.40 to 0.45, I2 ¼ 0.0%; 4 studies) per 1000 screens
in women aged younger than 50 years, 50 to 69 years, and older
than 70 years, respectively (Pinteraction ¼ .02) (9, 11, 13, 15, 16, 22,
24, 26, 27, 29, 32, 33, 38, 40, 42, 44). Only 4 studies stratified
screen-detected cancers by breast density. The incremental
cancer detection rates were �0.06 (95% CI ¼ �0.053 to 0.42, I2 ¼
52.4%; 4 studies) and 0.21 (95% CI ¼ �0.51 to 0.92, I2 ¼ 76.4%; 4
studies) per 1000 screens in women with less dense and more
dense breasts, respectively (Pinteraction ¼ .12) (9, 29, 38, 42).
Sensitivity analyses of the pooled cancer detection rate

differences for the subsets of studies included for each outcome
and subgroup are provided in Figure 4. Each subgroup of studies
was directionally consistent with the overall results for the
pooled difference of cancer detection rate.

Discussion

The systematic review of the observed changes on screening
outcomes associated with the transition from film to digital
mammography combined data from 16 583 743 screens to pro-
vide robust pooled estimates for cancer detection and recall
rates. Overall, there was a higher screen-detected cancer rate
(0.51/1000, 95% CI ¼ 0.19 to 0.83) following transition from film
to digital mammography screening. The higher cancer detection
rate was largely attributable to greater detection of DCIS, with a
smaller difference in invasive cancer detection. Only a propor-
tion of DCIS will become invasive cancer; however, it is not cur-
rently possible to accurately predict which DCIS will progress.
Therefore, all DCIS lesions are surgically treated as routine care

NOTE: Weights are from random effects analysis

Overall  (I-squared = 0.0%, p = .427)

Sankatsing et al., 2018 (28)

Skaane et al., 2007 (9) (Oslo II)

Sala et al., 2015 (11)

Timmermans et al., 2017 (24)

Hofvind et al., 2014 (14)

Author

Henderson et al., 2015 (35,36)

Chiarelli et al., 2013 (41)

15479/8571434

10412/4722885

40/16985

114/82961

391/143293

2349/1314775

Film

1416/1803201

757/487334

100.00

39.04

0.13

1.47

1.28

3.83

Weight

48.95

5.29

-0.00002 (-0.00006 to 0.00003)

-0.00001 (-0.00008 to 0.00006)

-0.00063 (-0.00185 to 0.00059)

0.00004 (-0.00032 to 0.00041)

0.00003 (-0.00036 to 0.00042)

0.00017 (-0.00005 to 0.00040)

RD (95% CI)

-0.00005 (-0.00011 to 0.00001)

0.00008 (-0.00011 to 0.00028)

7874/4477071

5748/2620442

12/6944

112/79031

369/133627

321/163955

Digital

895/1218314

417/254758

  
0-.001 .001

Figure 2. Forest plot of interval cancer rates. CI ¼ confidence interval; RD ¼ risk difference.

Table 3. Number of interval cancers, interval cancer rates, and difference in interval cancer rates

Study Digital Film
Difference in

interval
cancers/1000Author Country Screenings

Interval
cancersa

Interval
cancers/1000 Screenings

Interval
cancersa

Interval
cancers/1000

Chiarelli et al., 2013 (43) and
Prummel et al., 2016 (12)

Canada 254 758 417 1.64 487 334 757 1.55 0.08

Henderson et al., 2015 (37, 38) United States 1 218 314 895 0.73 1 803 201 1416 0.79 �0.05
Hofvind et al., 2014 (15) Norway 163 955 321 1.96 1 314 775 2349 1.79 0.17
Sala et al., 2015 (13) Spain 79 031 112 1.42 82 961 114 1.37 0.04
Sankatsing et al., 2018 (30) Netherlands 2 620 442 5748 2.19 4 722 885 10 412 2.2 �0.01
Skaane et al., 2007 (11) (Oslo II) Norway 6944 12 1.73 16 985 40 2.36 �0.63
Timmermans et al., 2017 (26) Belgium 133 627 369 2.76 143 293 391 2.73 0.03

a

Cancer rates include ductal carcinoma in situ and invasive.
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(45). Whether this additional detection (and treatment) of DCIS
following transition to digital translates into benefits for health
outcomes is unclear (2, 46, 47).

Among the 7 studies that reported interval cancers, the dif-
ference in cancer detection rate was smaller but consistent with
that estimated for all studies combined. However, there was no
change in interval cancer rate, with a lower confidence interval
limit that excludes a large effect (�0.02/ 1000, 95% CI ¼ �0.06 to
0.03). This suggests that the (modest) extra detection may not
be delivering additional benefit, although it is possible that
more screening rounds are needed for a lower interval rate to
become apparent. Interval cancers represent a measure of the
limits of the effectiveness of a screening program in detecting
clinically important breast cancers in the population. Some of
the interval cancers will be false negatives that were missed at
screening, and others are cancers that have developed since the
last screening (12, 13, 48).

The pooled estimates show that following the transition to
digital mammography there were higher recall rates (6.95/1000,
95% CI ¼ 3.47 to 10.42), most of which were false positives. If
10 000 women are screened with digital mammography rather
than film, there would be approximately 70 additional women
recalled, 7 of whom would have the additional cases of cancer
detected and 63 would have additional false positives. More
false-positive mammograms may result in more women
experiencing increased short-term, sometimes severe, anxiety
(2, 46, 47). In the Netherlands, the increased recall was only tem-
porary; as familiarity with the technology improved, the recall
rates stabilized over time (25). Under this notion, the Spanish
study excluded the first screening round with digital, and the
Swedish study and one of the Canadian studies excluded results

from the first 6 months after the changeover (13, 27, 39). These
exclusions from recall data negate the fact that real women
were recalled during that time. Further, although recall rates
may stabilize in some instances, in many cases they may not
have a chance to reach a steady state before a new technology
is introduced. Breast cancer diagnoses were histologically veri-
fied in all studies, minimizing the chance that outcomes were
misclassified. Although there is potential for misestimation of
false positive rates due to variation in the further imaging and/
or procedures that are performed when a woman is recalled for
assessment and biopsy is not done, this is unlikely to affect our
comparative analyses because the review was limited to
within-population comparisons.

The Digital Mammographic Imaging Screening Trial reported
that screening with digital mammography detected more can-
cers than film mammography in women who have dense
breasts, who are younger than 50 years, or who are premeno-
pausal or perimenopausal (9). The Digital Mammographic
Imaging Screening Trial did not provide the interval cancer rate
and therefore was not able to contribute evidence to our assess-
ment of the impact of digital mammography on net health ben-
efit or harm from the change in technology. The small
differences in pooled incremental cancer detection rate by age
and by density, in the few studies that stratified by these varia-
bles, had point estimates suggesting higher incremental detec-
tion for women aged younger than 70 years and for women with
dense breasts. The wide confidence intervals for these reflect
the small number of studies that provided data on these
subgroups.

Although a priori we allowed for up to 20% overlap in study
populations, there was no overlap between the included

NOTE: Weights are from random effects analysis

Overall  (I-squared = 99.1%, p = .000)

Skaane et al., 2005 (26) (Oslo I)

Hambly et al., 2009 (38)
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Perry et al., 2011 (30)
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Figure 3. Forest plot of recall rates. CI ¼ confidence interval; RD ¼ risk difference.
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studies. The included study from the Netherlands covered the
entirety of the country, rendering unnecessary the other 8 po-
tential studies. Additionally, 3 studies were excluded from
Norway, 1 from Ireland, and 2 from Spain due to overlapping
cohorts with other included studies.

There was substantial heterogeneity in the included studies,
which was explored in the risk of bias assessment through iden-
tifying potential confounding due to changes in underlying
breast cancer rates over time. To limit confounding of back-
ground rates, only studies that compared digital with film
within the same study population were included; however,
each of the studies varied in country as well as population size.
Studies that capture longer time periods are more robust; how-
ever, there is a trade-off with the potential for confounders (eg,
reproductive status, density, age distribution, postmenopause
obesity, alcohol consumption, hormone replacement therapy
use, and socioeconomic status) to change over time. The
ROBINS-I risk of bias tool incorporates the confounders mea-
sured by each study to determine the extent of confounding
that may have occurred. For the studies that calculated adjusted
rates, these were compared with the unadjusted rates used in
the meta-analysis and were not found to differ (Supplementary
Table 2.1, available online). Studies that utilized both types of
mammography concurrently were less prone to bias from dif-
ferences in rates of potential confounders over time. Fourteen
of the included studies used the 2 types of mammography con-
currently for at least 50% of their study period (8, 9, 11, 12, 15, 16,
22, 26–30, 32, 36, 40, 43).

Because the potential confounders measured by each study
were inconsistent, we only compared unadjusted rates, which

is an important limitation of our meta-analysis. Specifically, our
estimates assume that there were no changes in confounding
within the screening population over the study period. This as-
sumption may be avoided by analyzing longitudinal data over
time to account for changes in confounding (49), but this ap-
proach requires individual patient data. Additional sources of
heterogeneity are from differences in screening program eligi-
bility and design that could affect outcomes. These include age
range, length of screening interval, 1 vs 2 views, number of
readers, training and time with each technology, and the mam-
mography units used.

Robust evaluation of health outcomes of screening programs
or changes in screening policy have traditionally used long-
term follow-up studies, and ideally randomized controlled tri-
als. However, such studies, although providing high-quality evi-
dence, take many years to complete, thus delaying the
availability of essential information to evaluate the effective-
ness of screening policy. However, the potential for selection
bias and confounding bias means that evidence from observa-
tional screening studies should be interpreted with caution.
These biases may explain the larger difference in the cancer de-
tection rate found in the included observational studies com-
pared with the trials. Nevertheless, it is crucial to measure the
impact an intervention has had after the rollout on a
population-wide level, and comparison of cancer detection
rates and interval cancer rates enables a rigorous yet timely
evaluation (3).

If the introduction of a new technology results in an increase
in cancer detection rate, then one should expect a reduction in
the interval cancer rate, indicating improved early detection

All studies
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-Studies reporting recalls
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24

3

9

9

4

18

21

7

4

11

8

7

16

4

4

No. of studies

0.00048 (0.00015 to 0.00080)

0.00014 (-0.00066 to 0.00094)

0.00035 (0.00001 to 0.00068)

0.00035 (-0.00029 to 0.00100)

0.00127 (-0.00024 to 0.00278)

0.00039 (0.00003 to 0.00074)

0.00070 (0.00031 to 0.00109)

0.00033 (-0.00016 to 0.00082)

0.00005 (-0.00026 to 0.00037)

0.00076 (-0.00126 to 0.00278)

0.00081 (-0.00158 to 0.00320)

0.00007 (-0.00027 to 0.00040)

0.00036 (0.00004 to 0.00068)

-0.00010 (-0.00032 to 0.00011)

-0.00002 (-0.00038 to 0.00035)

RD (95% CI)

  
0-.0032 0 .0032

Figure 4. Sensitivity analysis of the pooled cancer detection rate differences for the subsets of studies. CI ¼ confidence interval; DCIS ¼ ductal carcinoma in situ; RD ¼
risk difference.
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rather than increased overdetection (3, 50). In fact, an increase
in cancer detection rate may not be necessary to decrease inter-
val cancer rates if the new technology is better at detecting clin-
ically important cancers. The small increase in cancer detection
rate following the transition to DM may not be sufficient to
translate into a decrease in interval cancers. Any improvement
in the sensitivity of a screening program needs to be evaluated
with respect to the associated increase in false positives and
with appropriate economic assessment (48).

In summary, this review based on population breast-
screening studies shows that following the transition from film
to digital mammography, there was a modest but statistically
significant increase in cancer detection rate, a statistically sig-
nificant increase in recall and false-positive screens, and no ef-
fect on interval cancer rates. The increase in cancer detection
rate noted with the transition from film to digital mammogra-
phy was largely attributable to more detection of DCIS, with lit-
tle difference in invasive cancer detection. Although the
transition from film to digital may have been for technological
reasons and for efficiencies in service screening, it seems un-
likely to have translated into a beneficial effect for screening
participants. At a time when new mammography and other im-
aging technologies are proposed for adoption in population
screening, it is critical to carefully consider the effect this could
have on benefits and harms and to ensure that new technolo-
gies are not adding substantial harm with little benefit.
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