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Abstract

Background: Tomosynthesis approximates a 3D mammogram of the breast, reducing parenchymal overlap that masks
cancers or creates false “lesions” on 2D mammography, and potentially enabling more accurate detection of breast cancer.
We compared breast cancer screening detection and recall in asymptomatic women for tomosynthesis vs 2D mammography.
Methods: A systematic review and random effects meta-analysis were undertaken. Electronic databases (2009–July 2017)
were searched for studies comparing tomosynthesis and 2D mammography in asymptomatic women who attended popula-
tion breast cancer screening and reporting cancer detection rate (CDR) and recall rate. All statistical tests were two-sided.
Results: Seventeen studies (1 009 790 participants) were included from 413 citations. The pooled incremental CDR for
tomosynthesis was 1.6 cancers per 1000 screens (95% confidence interval [CI] ¼ 1.1 to 2.0, P< .001, I2 ¼ 36.9%). Incremental
CDR was statistically significantly higher for European/Scandinavian studies, all using a “paired” design where women had
both tests (2.4 per 1000 screens, 95% CI ¼ 1.9 to 2.9, P< .001, I2 ¼ 0.0%) compared with US (“unpaired”) studies (1.1 per 1000
screens, 95% CI ¼ 0.8 to 1.5, P< .001, I2 ¼ 0.0%; P< .001 between strata). The recall rate for tomosynthesis was statistically
significantly lower than for 2D mammography (pooled absolute reduction ¼ –2.2%, 95% CI ¼ –3.0 to –1.4, P< .001, I2 ¼ 98.2%).
Stratified analyses showed a decrease in US studies (pooled difference in recall rate ¼ –2.9%, 95% CI ¼ –3.5 to –2.4, P< .001,
I2 ¼ 92.9%) but not European/Scandinavian studies (0.5% increase in recall, 95% CI ¼ –0.1 to 1.2, P¼ .12, I2 ¼ 93.5%; P< .001
between strata). Results were similar in sensitivity analyses excluding studies with overlapping cohorts.
Conclusions: Tomosynthesis improves CDR and reduces recall; however, effects are dependent on screening setting, with
greater improvement in CDR in European/Scandinavian studies (biennial screening) and reduction in recall in US studies
with high baseline recall.

Population breast cancer screening has been implemented in
most developed health care systems based on evidence from
randomized trials that mammography screening confers
breast cancer mortality reduction (1,2). Observational studies
have provided complementary evidence on the benefits and
also the harms accrued in real-world screening (1,3).
Technological advances in image acquisition provided the im-
petus for transition from film screen to digital mammography,
but in more recent years, digital breast tomosynthesis (quasi-

3D mammograhy) has been translated into screening practice
and touted as a mammography technology that addresses the
limitations of conventional (2D) mammography. Through ac-
quisition of multiple low-dose x-rays of the breast at different
angles, and reconstruction of these projection images into
thin slices that can be viewed sequentially by scrolling in an
image stack or as a cine loop, tomosynthesis approximates a
3D mammogram of the breast. This imaging approach reduces
the breast parenchymal overlap inherent in conventional
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2D mammography (which masks some cancers and creates
false “lesions”); the reduction in overlapping tissue appears
to translate into more accurate detection using
tomosynthesis (4).

Evidence on the detection capability of tomosynthesis for
population breast cancer screening has grown rapidly over re-
cent years and has been the subject of descriptive reviews and
commentaries (4–7) discussing the merits and pitfalls of tomo-
synthesis. Published systematic reviews on tomosynthesis
screening to date have had a narrow scope (8), have not in-
cluded most of the currently available studies (9,10), and have
not considered jointly the outcomes of cancer detection and re-
call (10), the latter representing a frequent harm of screening
given that the majority of recalled women are not diagnosed
with breast cancer. In this work, we report a systematic review
and meta-analysis of the evidence on tomosynthesis for popu-
lation breast cancer screening. Our aims are to summarize all
the available evidence on cancer detection and recall for tomo-
synthesis (3D) vs 2D mammography screening and to assess
heterogeneity in the evidence.

Methods

Identification of Studies

A systematic search of the biomedical literature up to July 2017
was undertaken to identify studies comparing tomosynthesis
and 2D mammography in the breast cancer screening setting.
The EMBASE, PREMEDLINE, Database of Abstracts of Reviews of
Effects (DARE), Heath Technology Assessment (HTA), NHS
Economic Evaluation Database (NHSEED), ACP Journal Club, and
Cochrane databases were searched via Ovid. Search terms were
selected to link tomosynthesis with breast cancer and screen-
ing. Key words and medical subject headings included “breast
cancer,” “tomosynthesis,” “DBT,” “3D mammography,” and
“screening.” The search was limited to studies published in
2009 or later, to align with the early clinical application of the
technology. The full search strategy is available in the
Supplementary Methods (available online). Reference lists were
also searched, and content experts consulted, to identify addi-
tional studies.

Review of Studies and Eligibility Criteria

All abstracts were screened for eligibility by one author (LM),
and a sample of 25% was assessed independently by another
author (NH) to ensure consistent application of the eligibility
criteria. Eligible studies were required to have compared tomo-
synthesis and 2D mammography in asymptomatic women at-
tending population breast cancer screening. Studies using
either a paired design (ie, all participants underwent 2D mam-
mography and tomosynthesis, allowing within-participant
comparison) or unpaired design (ie, comparison of separate
groups that underwent tomosynthesis, with or without 2D
mammography, vs 2D mammography alone) were eligible for
inclusion. Hereafter, we use the labels “paired” and “unpaired”
to differentiate these study subgroups. Studies were required to
report measures of both cancer detection (eg, cancer detection
rate [CDR]) and recall (eg, recall rate, false recall rate). Studies
enrolling symptomatic or high-risk women or conducted in
nonscreening settings (eg, assessment, diagnosis, staging) were
ineligible. Study inclusion and exclusion criteria are fully de-
scribed in the Supplementary Methods (available online).

Potentially eligible citations were reviewed in full by one au-
thor to determine eligibility (LM), in consultation with a second
author (NH) as required. The screening and inclusion process is
summarized in Supplementary Figure 1 (available online). In ac-
cordance with methodology recommended by the Cochrane
Collaboration (11), the potential for publication bias was not for-
mally assessed as the methods developed for randomized con-
trolled trials (ie, tests of funnel plot asymmetry) are not
appropriate for studies of screening and diagnostic tests (12).

Data Extraction

Data relating to cancer detection and recall, study design, pa-
tient characteristics, and technical details of tomosynthesis
were extracted independently by two authors (LM and KH).
Breast density was dichotomized as either “low density” (Breast
Image Reporting and Data System [BIRADS] density 1 or 2,
equivalent to BIRADS A or B) or “high density” (BIRADS density 3
or 4, equivalent to BIRADS C or D) (13). Nonbreast cancers were
excluded from cancer detection outcomes. Cancer detection
and recall rates for participant subgroups (age, breast density,
cancer characteristics) were not extracted due to the infrequent
and inconsistent presentation of those data between studies.
Quality appraisal was undertaken using the Revised Quality
Assessment of Diagnostic Accuracy Studies (QUADAS-2) check-
list (14), which we modified for application to studies in the
screening setting. Disagreements were resolved by discussion
and consensus, with arbitration by a third author (NH) when
required.

Statistical Analysis

Study characteristics were summarized descriptively using me-
dian values and their associated ranges and interquartile ranges
(IQRs). Estimates of CDR per 1000 screens and recall rate were
calculated for each study, and exact 95% confidence intervals
(CIs) were computed. For each subgroup of studies defined by
modality and study design (paired vs unpaired), a summary es-
timate for both CDR and recall outcomes was computed using a
logistic regression model with random effects for study (PROC
GLIMMIX in SAS 9.4, SAS Institute, Cary, NC). For the main anal-
ysis, the differences between tests in CDR and recall rate within
studies (stratified by study design) were pooled as risk differen-
ces using the inverse variance method with random effects for
study (DerSimoneon and Laird method, as implemented in
Revman 5.3) (15). Standard errors of the differences were calcu-
lated based on differences in two independent proportions for
unpaired study designs. For paired study designs, PROC
GENMOD in SAS was used to take account of the pairing of
results within an individual when computing the standard error
of the difference in proportions. Estimates were then input into
Revman for meta-analysis. Log odds ratios (ORs) and their stan-
dard errors were also calculated and were pooled in sensitivity
analyses for comparison with risk differences.

For unpaired studies, forest plots were ordered by decreasing
difference between tomosynthesis and 2D mammography
cohorts in the proportion of women with high breast density
(BIRADS 3 and 4), and the plots were visually inspected for evi-
dence of a relationship between that variable and CDR and re-
call outcomes. Where plots were suggestive of an association,
mixed models with random effects for study were used to test
for linear trend (PROC MIXED in SAS).
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All tests of statistical significance were two-sided; the level
chosen for statistical significance was 5%.

Results

Eligible Studies and Study Characteristics

A total of 413 citations were identified. Seventeen studies were
eligible for inclusion in our meta-analysis (16–32), reporting
data on 1 009 790 participants undergoing tomosynthesis and/or
2D mammography, as shown in Table 1. Studies enrolled partic-
ipants between 2010 and 2014 (median midpoint of recruitment:
2011) and included a median of 23 355 participants. Four studies
used a paired design, comparing the addition of tomosynthesis
to 2D mammography with 2D mammography alone; all those
studies were prospective trials and were conducted in Europe/
Scandinavia. The remaining 13 studies used retrospective, un-
paired designs and were conducted in the United States. In all
unpaired studies, participants in the tomosynthesis cohort also
underwent 2D mammography. Therefore, although for brevity
we refer simply to “tomosynthesis,” our analyses reflect the
combination of tomosynthesis and 2D mammography com-
pared with 2D mammography alone. Characteristics of included
studies are summarized in Table 1.

Study Quality and Risk of Bias

Study quality is summarized in Supplementary Figures 2 and 3
(available online). Studies were generally assessed to be at low
risk of bias; however, there was the possibility that some un-
paired studies may be affected by selection bias from hybrid
environments where tomosynthesis and mammography
screening were available concurrently (21,22,30) or explicit re-
ferral of patients with high breast density to tomosynthesis (32).

Cancer Detection

Study-specific data for overall cancer detection, stratified by
study design (paired vs unpaired), are described in Table 2 and
Supplementary Table 1 (available online); corresponding pooled
estimates for incremental CDR are presented in Figure 1. The
pooled incremental CDR for tomosynthesis from all studies
(n¼ 17) was 1.6 cancers per 1000 screens (95% CI ¼ 1.1 to 2.0,
P< .001, I2 ¼ 36.9%). When the analysis was stratified by study
design, a statistically significantly higher incremental CDR was
found for paired studies (2.4 per 1000 screens, 95% CI ¼ 1.9 to
2.9, P< .001, I2 ¼ 0.0%) compared with unpaired studies (1.1 per
1000 screens, 95% CI ¼ 0.8 to 1.5, P< .001, I2 ¼ 0.0%; P< .001 for
difference between strata). These findings were consistent
when results were expressed as odds ratios (odds of cancer de-
tection by tomosynthesis vs 2D mammography) and when an
outcome of invasive cancer detection was used (Supplementary
Figures 4 and 5, available online). Pooled estimates and P values
did not change substantially in sensitivity analyses where stud-
ies with overlapping patient cohorts were excluded
(Supplementary Table 2, available online) (21,23,24,27,29).

Due to the theoretical advantage of tomosynthesis in visual-
izing cancer in dense breasts, forest plots of incremental CDR
for unpaired studies were ordered by the difference between
cohorts in the proportion of women with high breast density
(BIRADS density 3/4) (Supplementary Table 3, available online).
Visual inspection of the plot suggested a tendency for higher in-
cremental CDR for studies with a greater proportion of women

with high breast density in the tomosynthesis arm; however,
this trend was not statistically significant (P¼ .21; outcome
expressed as odds ratio, P¼ .12).

Recall

Table 3 and Supplementary Table 1 (available online) present
study-specific recall data stratified by study design, and pooled
estimates for incremental recall rate are presented in Figure 2.
The overall pooled estimate showed a statistically significant
absolute decrease in recall rate for tomosynthesis compared
with 2D mammography (–2.2%, 95% CI ¼ –3.0 to –1.4, P< .001, I2

¼ 98.2%). Stratified analyses showed that decrease to be attrib-
utable to unpaired studies (pooled difference in recall rate ¼
–2.9%, 95% CI ¼ –3.5 to –2.4, P< .001, I2 ¼ 92.9%), with no statisti-
cally significant difference in recall rates observed for paired
studies (0.5% increase in recall, 95% CI ¼ –0.1 to 1.2, P¼ .12, I2 ¼
93.5%; P< .001 for difference between strata). Similar results
were observed when results were expressed as odds ratios and
for the outcome of false recall (Supplementary Figures 6 and 7,
available online), as well as in sensitivity analyses that excluded
studies with overlapping cohorts (Supplementary Table 2, avail-
able online).

Visual inspection of the forest plot of differences in recall
rates for unpaired studies suggested greater reductions in recall
when a higher proportion of women with dense breasts was in-
cluded in the tomosynthesis cohort relative to the 2D mammog-
raphy cohort, and this linear trend was statistically significant
(P¼ .03); however, no such association was observed when re-
call outcomes were expressed as odds ratios (P¼ .40)
(Supplementary Figure 6, available online). In a sensitivity anal-
ysis excluding one potentially influential study (32) that had
both the highest 2D mammography recall rate (17.5%) and the
largest imbalance between cohorts in the proportions of high
breast density (32.0%; due to women with dense breasts being
preferentially referred to tomosynthesis), there was no statisti-
cally significant association between the difference in recall
rate and the difference between cohorts in relation to breast
density (P¼ .42).

Discussion

Digital breast tomosynthesis has been introduced into the
breast cancer screening environment relatively recently, in the
absence of long-term screening efficacy data, based on a rapidly
emerging body of evidence on its detection capability relative to
2D mammography screening. In this meta-analysis, we synthe-
sise and evaluate the quality of the evidence on breast tomo-
synthesis for population screening, providing up-to-date pooled
estimates for cancer detection and recall in comparison with 2D
mammography and elucidating sources of heterogeneity in
published studies. Our work clearly indicates that tomosynthe-
sis improves CDR (incremental CDR: 1.6 cancers per 1000
screens); however, contrary to a previous meta-analysis of
fewer studies that found no differences by study design (10), we
found that the improvement in cancer detection was more evi-
dent in the “paired” (prospective, European/Scandinavian) trials
(2.4 per 1000 screens) than the “unpaired” (retrospective, US)
studies (1.1 per 1000 screens). This difference is unlikely to be a
direct effect of design per se (noting that none of these studies
were RCTs) but is likely explained by the screening context in
which the studies were conducted: the prospective (paired)
studies were embedded in European biennial screening
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Table 2. Number of cancers detected, CDRs, and incremental CDRs for tomosynthesis vs 2D mammography (stratified by study design)

Study*

Tomosynthesis 2D mammography
Incremental

CDR/1000† (95% CI)No. Cancers, No. CDR/1000 (95% CI) No. Cancers, No. CDR/1000 (95% CI)

Paired studies‡
Bernardi et al. 2016 (17) 9677 82 8.5 (6.6 to 10.3) 9677 61 6.3 (4.7 to 7.9) 2.2 (1.2 to 3.1)
Ciatto et al. 2013 (18) 7294 59 8.1 (6.0 to 10.1) 7294 39 5.3 (3.7 to 7.0) 2.7 (1.5 to 3.9)
Lang et al. 2016 (25) 7500 67 8.9 (6.8 to 11.1) 7500 47 6.3 (4.5 to 8.1) 2.7 (1.4 to 3.9)
Skaane et al. 2013 (31) 12 621 119 9.4 (7.7 to 11.1) 12 621 90 7.1 (5.7 to 8.6) 2.3 (1.4 to 3.2)
Summary estimate§ 8.8 (7.4 to 10.5) 6.4 (5.2 to 7.9) 2.4 (1.9 to 2.9)

Unpaired studies
Starikov et al. 2015 (32) 2070 11 5.3 (2.7 to 9.5) 12 157 39 3.2 (2.3 to 4.4) 2.1 (–1.2 to 5.4)
Powell et al. 2017 (28) 2304 18 7.8 (4.6 to 12.3) 10 477 54 5.2 (3.9 to 6.7) 2.7 (–1.2 to 6.5)
Haas et al. 2013 (24) 6100 35 5.7 (4.0 to 8.0) 7058 37 5.2 (3.7 to 7.2) 0.5 (–2.0 to 3.0)
Durand et al. 2015 (21) 8591 51 5.9 (4.4 to 7.8) 9364 54 5.8 (4.43 to 7.5) 0.2 (–2.1 to 2.4)
Conant et al. 2016 (19) 25 268 149 5.9 (5.0 to 6.9) 113 061 499 4.4 (4.0 to 4.8) 1.5 (0.5 to 2.5)
Destounis et al. 2014 (20) 524 3 5.7 (1.2 to 16.6) 524 2 3.8 (0.5 to 13.7) 1.9 (–6.4 to 10.3)
Greenberg et al. 2014 (23) 20 943 130 6.2 (5.2 to 7.4) 38 674 188 4.9 (4.2 to 5.6) 1.3 (0.1 to 2.6)
Friedewald et al. 2014 (22) 173 663 950 5.5 (5.1 to 5.8) 281 187 1207 4.3 (4.1 to 4.5) 1.2 (0.8 to 1.6)
Lourenco et al. 2015 (26) 12 921 60 4.6 (3.5 to 6.0) 12 577 68 5.4 (4.2 to 6.8) –0.8 (–2.5 to 1.0)
Sharpe et al. 2016 (30) 5703 31 5.4 (3.7 to 7.7) 80 149 280 3.5 (3.1 to 3.9) 1.9 (0.0 to 3.9)
McCarthy et al. 2014 (27) 15 571 83 5.3 (4.2 to 6.6) 10 728 49 4.6 (3.4 to 6.0) 0.8 (–1.0 to 2.5)
Rose et al. 2013 (29) 9499 51 5.4 (4.0 to 7.1) 13 856 56 4.0 (3.1 to 5.2) 1.3 (–0.5 to 3.1)
Aujero et al. 2017 (16) 30 561 194 6.3 (5.5 to 7.3) 32 076 169 5.3 (4.5 to 6.1) 1.1 (–0.1 to 2.3)
Summary estimate§ 5.7 (5.3 to 6.0) 4.5 (4.1 to 5.0) 1.1 (0.8 to 1.5)

*Unpaired studies are presented in decreasing order of difference in percentage of high breast density between cohorts (Supplementary Table 3, available online). For

paired studies, where all participants underwent tomosynthesis and 2D mammography, this difference is zero; these studies are ordered alphabetically.

CDR ¼ cancer detection rate; CI ¼ confidence interval.

†Incremental refers to additional cancers detected when comparing modalities in the same women in the paired studies and the difference between groups in CDR for

the unpaired studies.

‡Concordant and discordant cell counts for paired studies are available in Supplementary Table 1 (available online).

§Summary CDRs pooled the estimates for each test separately, by study type. Summary incremental CDRs pooled the difference in estimates between tests (Figure 1).

Table 1. Summary of study, patient, and testing characteristics of included studies

Variable

No. who provided data Study-level estimates

No. of studies No. of patients % of patients Median IQR Range

No. 17 1 009 790 – 23 355 14 588–59 617 1048–454 850
Tomosynthesis 17 350 810 34.7 9499 6100–15 571 524–173 663
2D mammography 17 658 980 65.3 12 157 9364–32 076 524–281 187

Study region (design*)
United States (retrospective) 13 935 606 92.7 25 498 14 227–62 637 1048–454 850
Europe/Scandinavia (prospective) 4 74 184 7.3 17 177 14 794–22 298 14 588–25 242

Recruitment midpoint, y 17 1 009 790 – 2011 2011–2012 2010–2014
Age, mean (or median), y

Tomosynthesis 13 826 498 – 56.2 55.7–58.0 54.5–59.6
2D mammography 13 826 498 – 57.5 56.6–58.0 53.8–59.5

Breast density (BIRADS 3/4), %
Tomosynthesis 17 151 024 43.1† 46.6 38.0–55.8 16.7–90.6
2D mammography 17 258 067 39.2† 42.0 31.4–54.3 16.7–63.3

No. of views (tomosynthesis)
1 1 15 000 1.5 15 000 – –
2 16 994 790 98.5 24 299 14 408–61 127 1048–454 850

Screen reading practice
Single-read 13 935 606 92.7 25 498 14 227–62 637 1048–454 850
Double-read 4‡ 74 184 7.3 17 177 14 794–22 298 14 588–25 242

*All included studies were nonrandomized. There were no randomized controlled trials.

IQR ¼ interquartile range.

†Percentage of total number of patients within each testing group.

‡Two studies used arbitration for disagreement between readers, and two studies recalled based on recall by either reader.
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programs, whereas the retrospective (unpaired) studies were
undertaken in the US screening context, which is predomi-
nantly annual screening. Therefore, the CDR at “baseline” (ie, at
2D mammography) differs in these different settings; the pooled
baseline CDR in the European/Scandinavian studies was 6.4 per
1000 screens, compared with 4.5 per 1000 in the US studies.
Consequently, the gain in cancer detection from tomosynthesis
also differs accordingly; the higher incremental CDR attributed
to tomosynthesis from the European/Scandinavian studies
reflects that, given the longer time interval between screenings,
there is greater gain in CDR from tomosynthesis screening.

Previous meta-analyses have either not addressed the im-
pact of tomosynthesis on recall (a frequent harm of screening)
(10) or have presented only a qualitative synthesis of relatively
few studies (9). A key finding from this analysis is that tomosyn-
thesis screening had a substantial effect in reducing recall rates
in the US studies, yielding a pooled absolute reduction of 2.9%
(and similarly false-positive recall, which constitutes most of
the recall) (Supplementary Figure 7A, available online), where
recall rates at 2D mammography were in the range of 7.5% to
17.5% (pooled baseline recall: 11.3%) (Table 3). This absolute

reduction in recall is clinically relevant as it reduces the bur-
den of unnecessary testing of women and reduces screening
program costs due to false-positive screens. In contrast, tomo-
synthesis screening had little effect on recall in the European/
Scandinavian trials, which reported modest recall rates at 2D
mammography (relative to the US studies), in the range of
2.6% to 4.9% (pooled baseline recall: 3.5%). Our interpretation
of these data is that tomosynthesis screening has a beneficial
effect on reducing recall in screening settings where recall
rates at standard 2D mammography are relatively high, but a
limited effect on recall in screening services with relatively
low recall rates.

Interpretation of our pooled CDR should consider that stud-
ies contributing to this analysis were evaluating first (prevalent)
screening rounds using tomosynthesis technology. Hence a
“prevalence effect” may exist that exaggerates the incremental
CDR attributed to tomosynthesis; studies evaluating repeat (in-
cident) screening rounds (of the same women) with tomosyn-
thesis will be important to elucidate whether improved CDR
will persist at repeat tomosynthesis screening (33). This would
also shed light on whether repeat screening with tomosynthesis

Study or Subgroup
Paired

Bernardi et al. 2016 [17]

Ciatto et al. 2013 [18]

Lang et al. 2016 [25]

Skaane et al. 2013 [31]

Subtotal (95% CI)

Heterogeneity: Tau² = 0.00; Chi² = 0.78, df = 3 (P = 0.85); I² = 0.0%

Test for overall effect: Z = 9.17 (P < 0.001)

Unpaired

Starikov et al. 2016 [32]

Powell et al. 2017 [28]

Haas et al. 2013 [24]

Durand et al. 2014 [21]

Conant et al. 2016 [19]

Destounis et al. 2014 [20]

Greenberg et al. 2014 [23]

Sharpe et al. 2016 [30]

Lourenco et al. 2015 [26]

Friedewald et al. 2014 [22]

McCarthy et al. 2014 [27]

Rose et al. 2013 [29]

Aujero et al. 2017 [16]

Subtotal (95% CI)

Heterogeneity: Tau² = 0.00; Chi² = 8.00, df = 12 (P = 0.79); I² = 0.0%

Test for overall effect: Z = 6.97 (P < 0.00001)

Total (95% CI)

Heterogeneity: Tau² = 0.00; Chi² = 25.37, df = 16 (P = 0.06); I² = 36.9%

Test for overall effect: Z = 7.37 (P < 0.001)

Test for subgroup differences: Chi² = 16.59, df = 1 (P < 0.001), I² = 94.0%

9677

7294

7500

12621

37092

2070

2304

6100

8591

25268

524

20943

5703

12921

173663

15571

9499

30561

313718

350810

Total (N)

9677

7294

7500

12621

37092

12157

10477

7058

9364

113061

524

38674

80149

12577

281187

10728

13856

32076

621888

658980

Weight

10.0%

7.5%

7.3%

10.3%

35.1%

1.5%

1.1%

2.4%

3.0%

9.0%

0.2%

7.0%

3.7%

4.4%

16.4%

4.5%

4.2%

7.5%

64.9%

100.0%

IV, Random, 95% CI

0.0022 [0.0012, 0.0031]

0.0027 [0.0015, 0.0039]
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Figure 1. Differences in cancer detection rate (CDR) for tomosynthesis vs 2D mammography stratified by study design. Squares with horizontal lines represent individ-

ual study estimates and 95% confidence intervals (CIs). Diamonds represent pooled estimates and 95% CIs. Tests of overall effect are based on the Z test. Tests of het-

erogeneity and subgroup differences are based on the v2 test. All tests of significance were two-sided. CI ¼ confidence interval; df ¼ degrees of freedom; IV ¼ inverse

variance.
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will continue to impact recall rates, with only one study to date
suggesting that it may have a sustained effect in reducing
recall (34).

Although this meta-analysis provides convincing evidence
that tomosynthesis screening improves screen detection meas-
ures (compared with 2D mammography), given its relatively re-
cent introduction into practice, there are no long-term efficacy
data for tomosynthesis. Little is known on whether the im-
proved CDR estimated for tomosynthesis screening will have
additional benefit (ie, whether it will further reduce breast can-
cer mortality) or whether it will add to overdiagnosis, compared
with 2D mammography screening. These evidence gaps relating
to tomosynthesis screening will persist in the foreseeable fu-
ture; hence screening policy and recommendations are likely to
look at evidence from detection measures (such as those
reported in our meta-analysis) and may also consider surrogate
measures. It has been suggested that a potential surrogate for
incremental screening benefit when transitioning to a new
screening technology is to measure the effect on interval cancer
rates; this could also be used as an indicator that tomosynthesis
is “early-detecting” cancers that would have otherwise pro-
gressed clinically. However, at present, there are very few (or in-
complete) data on whether tomosynthesis impacts interval
cancer rates at follow-up of screened cohorts (33,34).
Randomized trials of tomosynthesis screening have been initi-
ated in several countries; however, these are still in progress, so
results may not be available in the near future. Research efforts
are being directed toward addressing the outcome of interval
cancer rates through individual participant data meta-analysis
(35), but reporting is not planned until 2020 due to the necessity

for follow-up data and assembling comparison cohorts for
paired studies (by nature of their design, these studies are un-
able to assess the impact of tomosynthesis on interval cancer
rates without comparison with a cohort screened by 2D mam-
mograhy alone).

The pooling of study-level data in our analysis allowed not
only for precise estimates of incremental CDR and recall, but
also for the exploration of differences in those estimates by
study design and setting. However, the study-level nature of the
analysis also carries certain limitations. Importantly, some
studies used overlapping cohorts; that is, a subset of women in-
cluded in one analysis may also have been included in cohorts
analyzed in a later study (or studies). This has the potential to
artefactually increase the precision of pooled estimates by re-
ducing variability across studies. Where possible, we identified
studies with overlapping cohorts and conducted sensitivity
analyses excluding the smaller data set(s). The similarity be-
tween findings of the main and sensitivity analyses suggests
that the impact of any residual overlap is likely to be minimal.

Although our systematic quality appraisal indicated that in-
cluded studies were generally at low risk of bias, there are po-
tential sources of bias for unpaired and paired studies that
should be noted. For unpaired studies, there is the potential for
the cohorts to be “unbalanced” due to their nonrandomized de-
sign; that is, for the distribution of participant characteristics to
differ between groups screened with different tests. This is par-
ticularly so when tomosynthesis and 2D mammography are
assessed in a hybrid environment (ie, both tests available con-
currently), where patients with specific characteristics may be
preferentially referred to a particular test (21–30). In one such

Table 3. Number of recalls, recall rates, and absolute differences in recall rates for tomosynthesis vs 2D mammography (stratified by study
design)

Study*

Tomosynthesis 2D mammography
Recall rate

difference (95% CI), %No. Recalls, No. Recall rate % (95% CI) No. Recalls, No. Recall rate (95% CI), %

Paired studies†
Bernardi et al. 2016 (17) 9677 463 4.8 (4.4 to 5.2) 9677 389 4.0 (3.6 to 4.4) 0.8 (0.4 to 1.1)
Ciatto et al. 2013 (18) 7294 313 4.3 (3.8 to 4.8) 7294 361 4.9 (4.5 to 5.5) –0.7 (–1.1 to –0.3)
Lang et al. 2016 (25) 7500 282 3.8 (3.3 to 4.2) 7500 197 2.6 (2.3 to 3.0) 1.1 (0.7 to 1.5)
Skaane et al. 2013 (31) 12 621 463 3.7 (3.3 to 4.0) 12 621 375 2.9 (2.6 to 3.2) 0.8 (0.5 to 1.0)
Summary estimate‡ 4.1 (3.3 to 5.0) 3.5 (2.2 to 5.6) 0.5 (–0.1 to 1.2)

Unpaired studies
Starikov et al. 2015 (32) 2070 212 10.2 (9.0 to 11.6) 12 157 2128 17.5 (16.8 to 18.2) –7.3 (–8.7 to –5.8)
Powell et al. 2017 (28) 2304 319 13.8 (12.5 to 15.3) 10 477 1694 16.2 (15.5 to 16.9) –2.3 (–3.9 to –0.7)
Haas et al. 2013 (24) 6100 513 8.4 (7.7 to 9.1) 7058 847 12.0 (11.3 to 12.8) –3.6 (–4.6 to –2.6)
Durand et al. 2015 (21) 8591 671 7.8 (7.3 to 8.4) 9364 1154 12.3 (11.7 to 13.0) –4.5 (–5.4 to –3.6)
Conant et al. 2016 (19) 55 998 4856 8.7 (8.4 to 8.9) 142 883 14 884 10.4 (10.3 to 10.6) –1.7 (–2.0 to –1.5)
Destounis et al. 2014 (20) 524 22 4.2 (2.7 to 6.3) 524 60 11.5 (8.9 to 14.5) –7.3 (–10.5 to –4.0)
Greenberg et al. 2014 (23) 20 943 2845 13.6 (13.1 to 14.1) 38 674 6247 16.2 (15.8 to 16.5) –2.6 (–3.2 to –2.0)
Friedewald et al. 2014 (22) 173 663 15 541 8.9 (8.8 to 9.1) 281 187 29 726 10.6 (10.5 to 10.7) –1.6 (–1.8 to –1.5)
Lourenco et al. 2015 (26) 12 921 827 6.4 (6.0 to 6.8) 12 577 1175 9.3 (8.8 to 9.9) –2.9 (–3.6 to –2.3)
Sharpe et al. 2016 (30) 5587 341 6.1 (5.5 to 6.8) 70 173 5270 7.5 (7.3 to 7.7) –1.4 (–2.0 to –0.7)
McCarthy et al. 2014 (27) 15 571 1366 8.8 (8.3 to 9.2) 10 728 1112 10.4 (9.8 to 11.0) –1.6 (–2.3 to –0.9)
Rose et al. 2013 (29) 9499 518 5.5 (5.0 to 5.9) 13 856 1208 8.7 (8.3 to 9.2) –3.3 (–3.9 to –2.6)
Aujero et al. 2017 (16) 30 561 1785 5.8 (5.6 to 6.1) 32 076 2799 8.7 (8.4 to 9.0) –2.9 (–3.3 to –2.5)
Summary estimate‡ 8.0 (6.5 to 9.8) 11.3 (9.6 to 13.3) –2.9 (–3.5 to –2.4)

*Unpaired studies are presented in decreasing order of difference in percentage of high breast density between cohorts (Supplementary Table 3, available online). For

paired studies, where all participants underwent tomosynthesis and 2D mammography, this difference is zero; these studies are ordered alphabetically.

CI ¼ confidence interval.

†Concordant and discordant cell counts for paired studies are available in Supplementary Table 1 (available online).

‡Summary recall rates pooled the estimates for each test separately, by study type. Summary differences in recall rates pooled the difference in estimates between

tests (Figure 2).
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study, it was noted that women with high breast density were
offered tomosynthesis when that test was available (32). We ex-
plored the potential impact of such an imbalance for breast
density, given the theoretical advantages of tomosynthesis over
2D mammography in detecting cancer in dense breasts. Plots of
the outcomes of incremental CDR (Figure 1) and recall rate
(Figure 2) against the difference in high breast density propor-
tion between cohorts suggested a weak relationship, whereby
the observed increases in CDR and reductions in recall due to
tomosynthesis were greater when high breast density was more
prevalent in the tomosynthesis group. This suggests that tomo-
synthesis may have greater effectiveness in women with dense
breasts. However, statistical analyses did not provide evidence
of linear association with either incremental CDR or recall. A
limitation of study-level meta-regression is relatively low power
to detect such a relationship (15). Furthermore, the infrequent
and inconsistent reporting of outcomes by breast density (as
well as other subgroups, such as those defined by age or cancer
characteristics) limits the ability of study-level meta-analysis to
investigate subgroup effects. Reporting of outcomes stratified
by breast density within studies would allow for such effects to
be explored more comprehensively in future meta-analyses.

Imbalance between cohorts is not a concern in paired stud-
ies (despite the absence of random assignment) due to test

performance being compared within each participant. However,
the sequential reading of 2D mammography and tomosynthesis
used by several of the paired studies has the potential to overes-
timate cancer detection, particularly when an “either-positive”
recall rule is used, relative to the integrated interpretation of
both tests common in screening practice. Of the paired studies
in our analysis, two used an “either-positive” rule (17,18) and
two used arbitration of the “either-positive” result that incorpo-
rated imaging and clinical information as the basis for recall
(25,31). Estimates of incremental CDR were comparable between
those studies, suggesting that an “either-positive” recall rule in
paired (European/Scandinavian) studies is unlikely to account
for the observed difference compared with unpaired (US) stud-
ies. However, it remains possible that the sequential reading
performed in these studies may have resulted in a bias toward
tomosynthesis.

Our meta-analysis provides up-to-date pooled estimates of
effect for breast cancer screening using tomosynthesis com-
pared with 2D mammography to inform screening research and
practice. At present, nonrandomized studies provide evidence
that tomosynthesis improves initial screen detection measures
(cancer detection and/or recall rates); however, the heterogene-
ity in the evidence shown for different study designs/strata
highlights that the effect of tomosynthesis may vary according

Study or Subgroup
Paired

Bernardi et al. 2016 [17]

Ciatto et al. 2013 [18]

Lang et al. 2016 [25]

Skaane et al. 2013 [31]

Subtotal (95% CI)
Heterogeneity: Tau² = 0.00; Chi² = 46.10, df = 3 (P < 0.001); I² = 93.5%

Test for overall effect: Z = 1.54 (P = 0.12)

Unpaired

Starikov et al. 2016 [32]

Powell et al. 2017 [28]

Haas et al 2013 [24]

Durand et al. 2014 [21]

Conant et al. 2016 [19]

Destounis et al. 2014 [20]

Greenberg et al. 2014 [23]

Sharpe et al. 2016 [30]

Lourenco et al. 2015 [26]

Friedewald et al. 2014 [22]

McCarthy et al. 2014 [27]

Rose et al. 2013 [29]

Aujero et al 2017 [16]

Subtotal (95% CI)

Heterogeneity: Tau² = 0.00; Chi² = 169.25, df = 12 (P < 0.001); I² = 92.9%

Test for overall effect: Z = 10.10 (P < 0.00001)

Total (95% CI)

Heterogeneity: Tau² = 0.00; Chi² = 871.92, df = 16 (P < 0.001); I² = 98.2%

Test for overall effect: Z = 5.44 (P < 0.001)

Test for subgroup differences: Chi² = 60.83, df = 1 (P < 0.001), I² = 98.4%

Total (N)

9677
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7500

12621

37092
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2304
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55998
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20943

5587
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173663

15571
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381424

Total (N)
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32076

641734

678826
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6.3%

6.3%

6.3%

6.4%

25.3%
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5.1%

5.8%

5.9%

6.3%

3.1%

6.2%

6.1%

6.1%

6.4%

6.1%

6.1%

6.3%

74.7%

100.0%

IV, Random, 95% 

0.0076 [0.0044, 0.0109]

-0.0066 [-0.0107, -0.0025]

0.0113 [0.0074, 0.0152]

0.0078 [0.0053, 0.0102]

0.0051 [-0.0014, 0.0117]
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-0.0232 [-0.0390, -0.0075]

-0.0359 [-0.0462, -0.0256]
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-0.0175 [-0.0203, -0.0146]

-0.0725 [-0.1047, -0.0403]
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Tomosynthesis Mammography Risk Difference Risk Difference
IV, Random, 95% CI
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Favors tomosynthesis Favors mammography

Figure 2. Differences in recall rate for tomosynthesis vs 2D mammography stratified by study design. Squares with horizontal lines represent individual study esti-

mates and 95% confidence intervals (CIs). Diamonds represent pooled estimates and 95% CIs. Tests of overall effect are based on the Z test. Tests of heterogeneity and

subgroup differences are based on the v2 test. All tests of significance were two-sided. CI ¼ confidence interval; df ¼ degrees of freedom; IV ¼ inverse variance.
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to screening setting. New research in tomosynthesis screening
should focus on evaluating both the sustained effect (of repeat
screening with tomosynthesis) and the intermediate to long-
term outcomes, including effect on interval cancer rates.
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