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Abstract

Background: Our objective was to perform a systematic review and meta-analysis comparing the breast cancer detection rate

(CDR), invasive CDR, recall rate, and positive predictive value 1 (PPV1) of digital mammography (DM) alone, combined digital

breast tomosynthesis (DBT) and DM, combined DBT and synthetic 2-dimensional mammography (S2D), and DBT alone.

Methods: MEDLINE and Embase were searched until April 2020 to identify comparative design studies reporting on patients

undergoing routine breast cancer screening. Random effects model proportional meta-analyses estimated CDR, invasive

CDR, recall rate, and PPV1. Meta-regression modeling was used to compare imaging modalities. All statistical tests were 2-

sided. Results: Forty-two studies reporting on 2606 296 patients (13003 breast cancer cases) were included. CDR was highest

in combined DBT and DM (6.36 per 1000 screened, 95% confidence interval [CI] ¼ 5.62 to 7.14, P< .001), and combined DBT and

S2D (7.40 per 1000 screened, 95% CI¼6.49 to 8.37, P< .001) compared with DM alone (4.68 per 1000 screened, 95% CI¼4.28 to

5.11). Invasive CDR was highest in combined DBT and DM (4.53 per 1000 screened, 95% CI¼3.97 to 5.12, P¼ .003) and

combined DBT and S2D (5.68 per 1000 screened, 95% CI¼4.43 to 7.09, P< .001) compared with DM alone (3.42 per 1000

screened, 95% CI¼3.02 to 3.83). Recall rate was lowest in combined DBT and S2D (42.3 per 1000 screened, 95% CI ¼ 37.4 to

60.4, P<.001). PPV1 was highest in combined DBT and DM (10.0%, 95% CI¼8.0% to 12.0%, P¼ .004), and combined DBT and S2D

(16.0%, 95% CI¼10.0% to 23.0%, P< .001), whereas no difference was detected for DBT alone (7.0%, 95% CI¼6.0% to 8.0%,

P¼ .75) compared with DM alone (7.0%, 95.0% CI¼5.0% to 8.0%). Conclusions: Our findings provide evidence on key

performance metrics for DM, DBT alone, combined DBT and DM, and combined DBT and S2D, which may inform optimal

application of these modalities for breast cancer screening.

Digital breast tomosynthesis (DBT) has been attracting attention

for application in breast cancer screening to improve accuracy

in detection and diagnosis compared with digital mammogra-

phy (DM). Some centers in North America and Europe have al-

ready transitioned to adopt DBT as the standard of care for

breast cancer screening (1-3). An increasing body of research

shows that DBT alone, and combined DBT and DM are more ac-

curate than DM alone in detecting breast cancer in average-risk

women (1,4-7). The utilization of DBT has also been associated

with lower recall rates and faster diagnosis due to shorter time
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to biopsy (1,5-7). Multiple studies have compared the diagnostic

performance of DBT and DM, including a systematic review and

meta-analysis of almost 500 000 patients, which found a higher

sensitivity of DBT with or without additional DM compared

with DM alone (8).

Furthermore, although the evidence suggests that the diag-

nostic performance of DBT is better than DM, there is still a

question of the need for a 2-dimensional (2D) image to allow for

comparison with previous DMs as well as assessment of calcifi-

cations (1,4-7). While the radiation dose of DBT may be compa-

rable with DM, the combination of DBT and DM as a single

examination effectively doubles the radiation dose received by

the patient (4,9-11). Synthetic 2D (S2D)-reconstructed images

from DBT examinations have also been assessed as a potential

replacement for DM as a strategy to reduce the radiation dose

associated with combined DBT and DM (4,9-11). However, a lack

of consensus has persisted in breast-imaging guidelines regard-

ing the optimal utilization of DBT and S2D (3,12-15).

The assessment of the utility of breast tomosynthesis in the

breast cancer–screening population, specifically with the com-

parison of DM vs S2D images in addition to DBT, warrants fur-

ther examination. Our primary objective was to perform a

systematic review and meta-analysis to assess the breast can-

cer detection rate (CDR) of DM alone; combined DBT and DM;

combined DBT and S2DM; and DBT alone in women undergoing

breast cancer screening who are unselected for risk. Our sec-

ondary objectives included assessing the invasive breast CDR,

recall rate, and positive predictive value (PPV1).

Methods

A protocol for this study was registered a priori

(CRD42020180758) in the International Prospective Register of

Systematic Reviews. A systematic review and meta-analysis

were performed based on contemporary methodological guid-

ance for imaging test accuracy systematic reviews (16-18). The

study was reported as per the Preferred Reporting Items for

Systematic reviews and Meta-Analysis Diagnostic Test

Accuracy guidelines (18,19).

Literature Search

A systematic literature search of the electronic databases

MEDLINE and EMBASE was conducted to identify all relevant

studies. The search was limited to English language studies

published from inception of the databases to April 15, 2020.

Details of the search strategy are included in the

Supplementary Methods (available online).

Eligibility Criteria

Inclusion criteria were defined as the following: the full text

was available in English; women undergoing routine breast can-

cer screening; a comparative study design, where either similar

populations underwent at least 2 imaging examinations (DM

alone, combined DBT and DM, combined DBT and S2D, DBT

alone) or patients were randomly assigned to the imaging tests

being compared (20); the reference standard used for confirmed

cases of breast cancer was histopathology; and the results

reported sufficient data to calculate the CDR, that is, reporting

of the total number of patients screened and the number of can-

cer cases detected. Exclusion criteria were defined as the follow-

ing: the study investigated patients at high risk for developing

breast cancer (21); the study only assessed patients undergoing

diagnostic studies, rather than screening studies; or the study

employed a “single arm” design assessing only 1 imaging mo-

dality. For any duplicate studies, the study with the larger sam-

ple size was included.

Study Selection

Results of the literature search were imported into a reference

manager software (Reference Manager 11; Thomson Reuters,

Toronto, ON, Canada) for title and abstract review (phase I) com-

pleted by multiple investigators (M.A., M.K.A., N.Z., J.P.S., L.S.,

and A.P.) independently in duplicate. A pilot screen was con-

ducted for the first 50 studies in duplicate to improve familiarity

and consistency for the remaining ones. The full texts of poten-

tially eligible articles were retrieved and assessed for inclusion

by multiple investigators (M.A., A.W., M.K.A., N.Z., J.P.S., L.S.,

and A.P.) independently. Any discrepancies were resolved by

consensus or adjudication by a third reviewer (A.A.), if needed.

Data Extraction

Data extraction was performed independently in duplicate on

the included studies by multiple investigators (M.A., A.W., and

M.K.A.). To improve familiarity and consistency among the

investigators, a pilot phase was performed for the first 3 studies

by all data extractors. Discrepancies were resolved by

consensus.

The following data were extracted into a spreadsheet pro-

gram (Microsoft Excel 2016; Microsoft, Redmond, United States)

using predefined forms: first author, title of study, publication

year, country of corresponding author, journal of publication,

study design, patient demographics (sample size, indication for

imaging, mean age of population, setting of patient sample, and

reasons for patient exclusion), Breast Imaging Reporting and

Data System classification, imaging protocol (scanner used,

number of interpreters, independent or consensus reporting),

reference standard used (histopathology and/or imaging follow-

up), the total number of screening examinations and/or patients

included, the number of recalled patients, the number of breast

cancer cases detected, and the number of invasive breast cancer

cases detected.

Quality Assessment

Quality assessment of all included studies was conducted using

the revised tool for the Quality Assessment of Diagnostic

Accuracy Studies-2 (22). Multiple investigators (M.A,. A.W., and

M.K.A.) assessed all articles independently in duplicate for the

following criteria: patient selection, index test, reference stan-

dard, flow, and timing (22). The following criteria were defined

as being at high risk of bias: 1) random or consecutive patient

selection was not used (patient selection); 2) radiologists

reviewing the index test were not blinded to previous clinical or

imaging data (index test); 3) the method by which patients are

assigned to a specific imaging test may have introduced bias,

for example, if the patients were able to choose (index test); 4)

the reference standard, histopathology, was not offered equally

to all patients who were considered to need biopsy to exclude

an underlying cancer (reference standard); and 5) flow and tim-

ing for at least 2 index tests whereby they are performed more

than 3 months apart (flow and timing). Discrepancies were re-

solved by consensus. A pilot was performed by all reviewers in
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duplicate for the initial 3 studies to improve familiarity and

consistency.

Outcomes

The primary outcome was the CDR of DM alone, combined DBT

and DM, combined DBT and S2D, and DBT alone. The CDR was

defined as the number of cancer cases detected in a population

(based on histopathology) divided by the total number of

screening examinations performed, reported per 1000 examina-

tions. Multiple secondary outcomes were included in the analy-

sis: invasive CDR, recall rate, and PPV1. The invasive CDR was

defined as the number of invasive cancer cases detected (based

on histopathology) divided by the total number of screening

examinations performed, reported per 1000 examinations. The

recall rate was defined as the number of “recalled” screening

examinations for further imaging or testing divided by the total

number of screening examinations performed, reported per

1000 examinations. The PPV1 was defined as the total number

of cancer cases detected (based on histopathology) divided by

the total number of recalled screening examinations. The pri-

mary and secondary outcomes were compared across each of

the imaging modalities included.

Data Synthesis and Statistical Analysis

Proportional meta-analyses were performed to determine esti-

mates of the mean CDR, invasive CDR, recall rate, and PPV1

with 95% confidence intervals (CIs) for DM alone, combined DBT

and DM, combined DBT and S2D, and DBT alone using a random

effects model with arcsine transformation (16,23,24). Forest

plots were created using the estimated model parameters.

Comparative meta-regression models were performed to com-

pare CDR, invasive CDR, recall rate, and PPV1 for DM alone,

combined DBT and DM, combined DBT and S2D, and DBT alone.

Beta coefficients with 95% CIs, standard errors, and correspond-

ing P values were calculated for each meta-regression analysis.

For these models, DM alone was treated as the baseline compar-

ator group. A post hoc head-to-head meta-regression compari-

son of combined DBT and DM vs combined DBT and S2D was

performed for CDR, invasive CDR, recall rate, and PPV1. All sta-

tistical tests were 2-sided. A P value less than .05 was consid-

ered statistically significant. As per contemporary guidance for

diagnostic accuracy systematic reviews, publication bias was

not assessed (18,19). Analysis was performed using the

“metaprop” and “meta” packages in STATA version 11.2 (College

Station, TX) and R version 3.5.1 (Vienna, Austria) (25).

Heterogeneity was assessed using the I2 value, with values

greater than 50% considered at risk for substantial variability

(26,27).

Results

Study Demographics and Risk of Bias

A study flow diagram is shown in Figure 1. An initial 1591 stud-

ies underwent title and abstract screening, of which 167 studies

were retrieved for full-text review. In all, 42 articles reporting on

32 studies and 2 606296 screened patients (13 003 breast cancer

cases) met the inclusion criteria (1,4-7,28-63); 29 studies

reported on DM alone (1 279 056 patients screened; 5656 cases of

breast cancer), 16 studies reported on combined DBT and DM

(494145 patients screened; 2885 cases of breast cancer), 10

studies reported on combined DBT and S2D (226126 patients

screened; 1798 cases of breast cancer), and 11 studies reported

on DBT alone (606 969 patients screened; 2664 cases of breast

cancer). Table 1 provides a summary of the included studies.

Supplementary Table 1 (available online) provides a risk of

bias and applicability summary of the included studies. All but

one study were at high risk of bias. The main sources contribut-

ing to a high or unclear risk of bias related to the index test due

to a lack of blinding of the radiologists to previous imaging or

clinical information, or a lack of reporting of the blinding status.

Other sources of bias included the following: limited reporting

of sampling methods (ie, potential volunteer bias), index test as-

signment for patients (eg, allowing patients to choose which

test they would like to be assigned to), and inclusion of cohorts

of patients from different years during which testing was per-

formed (in some cases retrospective cohort for a control group

used in a prospective study).

Data Synthesis and Pooling

Pooled estimates of the mean CDR, invasive CDR, recall rate,

and PPV1 for DM alone, combined DBT and DM, combined DBT

and S2D, and DBT alone are listed in Table 2. A summary of the

meta-regression results for CDR, invasive CDR, recall rate, and

PPV1 is shown in Table 3. Forest plots and pooled estimates of

CDR and invasive CDR are illustrated in Figures 2 and 3, respec-

tively, for DM alone, combined DBT and DM, combined DBT and

S2D, and DBT alone. Forest plots and pooled estimates of the re-

call rate per 1000 patients screened are illustrated in Figure 4 for

DM alone, combined DBT and DM, combined DBT and S2D, and

DBT alone. Forest plots and pooled estimates of the PPV1 are il-

lustrated in Figure 5 for DM alone, combined DBT and DM, com-

bined DBT and S2D, and DBT alone.

Estimates of the mean CDR and invasive CDR for each imag-

ing modality are shown in Table 2, and statistical comparisons

of CDR and invasive CDR between each imaging modality via

meta-regression are shown in Table 3. The CDR for both com-

bined DBT and DM (6.36 per 1000 screened, 95% CI¼ 5.62 to 7.14,

P< .001) as well as combined DBT and S2D (7.40 per 1000

screened, 95% CI¼ 6.49 to 8.37, P< .001) was higher than DM

alone (4.68 per 1000 screened, 95% CI¼ 4.28 to 5.11). Invasive

CDR for combined DBT and DM (4.53 per 1000 screened, 95%

CI¼ 3.97 to 5.12, P¼ .003) as well as combined DBT and S2D (5.68

per 1000 screened, 95% CI¼ 4.43 to 7.09, P< .001) was statisti-

cally significantly higher than DM alone (3.42 per 1000 screened,

95% CI¼ 3.02 to 3.83). DBT alone was not statistically signifi-

cantly different for CDR (5.20 per 1000 screened, 95% CI¼ 4.59 to

5.85, P¼ .29) or invasive CDR (3.68 per 1000 screened, 95%

CI¼ 3.06 to 4.35, P¼ .59) compared with DM alone.

Estimates of the mean recall rate and PPV1 for each imaging

modality are shown in Table 2, and statistical comparisons of

recall rate and PPV1 between each imaging modality via meta-

regression are shown in Table 3. Combined DBT and S2D had a

lower recall rate (42.3 per 1000 screened, 95% CI ¼ 37.4 to 60.4,

P<.001) compared with DM alone (78.8 per 1000 screened, 95%

CI ¼ 67.4 to 91.1). Meanwhile, no difference was identified in the

recall rate of combined DBT and DM (64.6 per 1000 screened,

95% CI ¼ 55.5 to 74.4, P ¼ .09) or DBT alone (82.4 per 1000

screened, 95% CI ¼ 66.5 to 100.0, P ¼ .67) compared with DM

alone. PPV1 was higher in both combined DBT and DM (10.0%,

95% CI¼ 8.0% to 12.0%, P¼ .004) as well as combined DBT and

S2D (16.0%, 95% CI¼ 10.0% to 23.0%, P< .001) compared with DM

alone (7.0%, 95% CI¼ 5.0% to 8.0%). No difference in PPV1 was
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identified between DBT alone (7.0%, 95% CI¼ 6.0% to 8.0%) and

DM alone (P¼ .75).

Based on post hoc meta-regression analysis, a head-to-head

comparison of combined DBT and DM as well as combined DBT

and S2D found no statistically significant difference in CDR

(P¼ .44) and invasive CDR (P¼ .12). Combined DBT and S2D

resulted in statistically significantly fewer recalled patients

compared with combined DBT and DM (P¼ .006). PPV1 was sta-

tistically significantly higher in combined DBT and S2D com-

pared with combined DBT and DM (P¼ .047).

Quantification of heterogeneity using the I2 statistic is

shown in Table 2. All imaging modalities had a risk for substan-

tial heterogeneity for CDR, invasive CDR, recall rate, and PPV1. I2

for CDR ranged from 84.6% to 89.4% (P< .001) for each of the mo-

dalities, and it ranged from 73.7% to 91.3% (P< .001) for invasive

CDR. I2 for recall rate was greater than 99.0% (P< .001) for all

imaging modalities. The I2 statistic for PPV1 ranged from 95.0%

to 98.3% (P< .001).

Discussion

This systematic review and meta-analysis assessed the perfor-

mance of DM alone, combined DBT and DM, combined DBT and

S2DM, and DBT alone for breast cancer screening in a total of

2606296 screened patients (13003 breast cancer cases). To date,

our study includes the largest sample size for the evaluation of

mammography and tomosynthesis in the setting of breast cancer

screening. Our findings indicated that using combined DBT and

DM or combined DBT and S2D resulted in statistically and clini-

cally significant higher CDRs, invasive CDRs, and PPV1s com-

pared with DM alone. Furthermore, we found that the

Figure 1. Study flow diagram. DBT ¼ digital breast tomosynthesis; DM ¼ digital mammography; S2D ¼ synthetic 2D image.
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combination of DBT and S2D also reduced the recall rate for addi-

tional imaging and biopsies. Meanwhile, the utilization of DBT

alone provided no additional benefit in breast cancer screening

compared with DM alone with regards to the CDR, invasive CDR,

recall, and PPV1.

We have expanded on the work of Marinovich et al. (64),

which compared the incremental breast CDR and recall rate for

DBT alone vs DM alone in 17 studies and 1009790 patients, be-

cause we included multiple additional studies, diagnostic test

groups, and outcomes. Furthermore, whereas Marinovich et al.

(64) reported that DBT is superior to DM in terms of its CDR and

recall rates, our findings indicated that the CDRs and recall rates

improved only when DM or S2D was added to DBT compared

with DM alone. We also found that the improved rates of breast

cancer detection were not limited to in situ cases only, with

these findings persisting for invasive breast cancer detection.

Another systematic review and meta-analysis assessed the

overall diagnostic accuracy of DBT alone, combined DBT and

DM, and DM alone and found that DBT, with or without DM, had

a higher sensitivity than DM alone (8). However, this study was

primarily limited to diagnostic populations as well as mixed di-

agnostic and screening populations. Its results were of limited

Table 1. Characteristics of included studies

Study Modality Region Design Center

Analysis

level

BI-RADS

used?

BI-RADS positive

test results

Alsheik et al., 2019 (1) DM, DBT USA Retrospective Multi Patient Yes �3

Ambinder et al., 2018 (28) DBT þ S2D, DBT þ DM USA Retrospective Multi Patient No NR

Aujero et al., 2017 (38) DM, DBT þ S2D USA Retrospective Single Lesion Yes 0

Bahl et al., 2018 (48) DM, DBT USA Retrospective Single Examination Yes �3

Bahl et al., 2019 and 2020 (58,60) DM, DBT USA Retrospective Single Examination Yes �3

Bernardi et al., 2020 (62) DM, DBT þ S2D Italy Prospective Multi Examination No NR

Cochon et al., 2020 (33) DM, DBT þ DM, DBT USA Retrospective Multi Examination Yes 0

Conant et al., 2020 (35) DM, DBT USA Retrospective Single Examination Yes �3

Dang et al., 2020 (36) DM, DBT USA Retrospective Multi Examination Yes 0

Destounis et al., 2014 (37) DM, DBT þ DM USA Retrospective Single Patient Yes �4

Freer et al., 2017 (39) DM, DBT þ S2D, DBT þ DM USA Retrospective Single Patient Yes NR

Friedewald et al., 2014 (6) DM, DBT þ DM USA Retrospective Multi Examination No NR

Fuji et al., 2019 (40) DM, DBT þ DM USA Retrospective Multi Examination Yes �4

Geiss et al., 2017 (41) DM, DBT USA Retrospective Multi Examination Yes �4

Greenburg et al., 2014 (42) DM, DBT USA Retrospective Multi Patient Yes �4

Hofvind et al., 2018 (44),

Hovda et al., 2020 (46)

DM, DBT þ S2D Norway Prospective Multi Patient No NR

Hofvind et al., 2019 (43) DM, DBT þ S2D Norway Prospective Single Patient No NR

Lourenco et al., 2014 (47) DM, DBT USA Retrospective Single Patient Yes �4

McCarthy et al., 2014 (49) DM, DBT USA Retrospective Single Patient Yes �4

McDonald et al., 2015a (50) DM, DBT þ DM USA Retrospective Single Patient Yes �4

Oslo Tomosynthesis Trial (51,56,57) DM, DBT þ S2D, DBT þ DM Norway Prospective Single Examination No NR

Pan et al., 2018 (52) DM, DBT þ DM China Retrospective Single Patient Yes �4

Pattacini et al., 2018 (7) DM, DBT þ DM, DBT Italy Prospective Single Patient No NR

PROSPR Trial (5,34) DM, DBT þ DM Italy Retrospective Multi Examination Yes �3

Rose et al., 2013 (53) DM, DBT þ DM USA Retrospective Single Examination Yes 0

Rose et al., 2014 (54) DM, DBT þ DM USA Retrospective Single Patient Yes 0

Sharpe et al., 2015 (55) DM, DBT þ DM USA Prospective Single Examination No NR

STORM 1 Trial (29,32,45,61) DM, DBT þ DM Italy Prospective Multi Patient Yes NR

STORM 2 Trial (4,63) DM, DBT þ S2D, DBT þ DM Italy Prospective Multi Patient Yes NR

VERONA Trial (30,31) DM, DBT þ S2D Italy Prospective Single Examination Yes �3

Zuckerman et al., 2016a (59) DBT þ S2D, DBT þ DM USA Retrospective Single Patient No NR

aStudies that share the same patient population for the DBT þ DM group. BI-RADS ¼ Breast Imaging Reporting and Data System; DBT ¼ digital breast tomosynthesis;

DM ¼ digital mammography; S2D ¼ synthetic 2-dimensional image.

Table 2. Summary of meta-analyses of proportions for breast cancer screening populationsa

Modality

CDR, per 1000 screened

(95% CI) [I2, %]

iCDR, per 1000 screened

(95% CI) [I2, %] Recall rate, per 1000 screened (95% CI) [I2, %] PPV1, % (95% CI) [I2, %]

DM 4.68 (4.28 to 5.11) [89.4] 3.42 (3.02 to 3.83) [89.9] 78.8 (67.4 to 91.1) [99.8] 7.0 (5.0 to 8.0) [97.9]

DBT þ DM 6.36 (5.62 to 7.14) [87.6] 4.53 (3.97 to 5.12) [73.7] 64.6 (55.5 to 74.4) [99.4] 10.0 (8.0 to 12.0) [96.8]

DBT þ S2D 7.40 (6.49 to 8.37) [84.6] 5.68 (4.43 to 7.09) [91.3] 42.3 (37.4 to 60.4) [99.3] 16.0 (10.0 to 23.0) [98.3]

DBT 5.20 (4.59 to 5.85) [86.6] 3.68 (3.06 to 4.35) [84.9] 82.4 (66.5 to 100.0) [99.8] 7.0 (6.0 to 8.0) [95.0]

aCI ¼ confidence interval; CDR ¼ cancer detection rate; DBT ¼ digital breast tomosynthesis; DM ¼ digital mammography; iCDR ¼ invasive cancer detection rate; PPV1 ¼

positive predictive value; S2D ¼ synthetic 2D image.
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Table 3. Summary of meta-regression analysesa

Modality

CDR iCDR Recall rate PPV

Beta coefficient

(95% CI)

Standard

error Pb
Beta coefficient

(95% CI)

Standard

error Pb
Beta coefficient

(95% CI)

Standard

error Pb
Beta coefficient

(95% CI)

Standard

error Pb

DBT þ DM 0.30

(0.15 to 0.44)

0.07 <.001 0.30

(0.10 to 0.49)

0.10 .003 �0.19

(�0.40 to 0.03)

0.11 .09 0.51

(0.17 to 0.86)

0.18 .004

DBT þ S2D 0.38

(0.22 to 0.54)

0.08 <.001 0.49

(0.28 to 0.71)

0.11 <.001 �0.51

(�0.77 to �0.26)

0.13 <.001 1.00

(0.59 to 1.41)

0.21 <.001

DBT 0.09

(�0.08 to 0.25)

0.08 .29 0.06

(�0.16 to 0.28)

0.11 .59 0.06

(�0.20 to 0.31)

0.13 .67 0.07

(�0.35 to 0.48)

0.21 .75

aDM treated as the reference group for comparison in the meta-regression models. CI ¼ confidence interval; CDR ¼ cancer detection rate; DBT ¼ digital breast tomosyn-

thesis; DM ¼ digital mammography; iCDR ¼ invasive cancer detection rate; PPV1 ¼ positive predictive value; S2D ¼ synthetic 2D image.
bThe P values correspond to the 2-sided meta-regression analyses comparing each imaging modality.

Figure 2. Forest plots and pooled estimates of cancer detection rate (CDR). Results are shown for (A) digital mammography (DM), (B) digital breast tomosynthesis (DBT)

þ DM, (C) DBT þ synthetic 2-dimensional image (S2D), and (D) DBT. The dotted line represents the pooled summary estimate of the pooled CDR with the diamond illus-

trating the associated 95% confidence interval (CI). The squares represent the CDR for individual studies, with the solid lines associated with them representing the

95% confidence intervals. ES ¼ effect size.
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applicability in the assessment of screening populations alone,

which may be more clinically applicable for population-level

breast cancer screening programs. Our study has bridged this

gap in knowledge, because its results are more clinically rele-

vant and valid for screening populations alone and provided ad-

ditional assessment of S2D imaging. Moreover, whereas the

other study’s findings indicated DBT alone is superior to DM

alone in diagnostic and mixed populations, our results indi-

cated that DBT alone does not provide an additional benefit in

cancer detection or recall rate in the screening populations (8).

We found that DM or S2D imaging should be performed in con-

junction with DBT to improve the diagnostic performance com-

pared with DM alone. These findings may, in part, be due to the

much lower prevalence of breast cancer in screening popula-

tions compared with mixed diagnostic and screening popula-

tions, because this may specifically influence the PPV1.

The findings of our study contribute to the growing evidence

that DBT combined with DM or S2D is superior to DM alone in

breast cancer detection (6,8,34,64). These findings support the

adoption of DBT into clinical practice for breast cancer

screening (1-3,65), with the combination of DBT with S2D pre-

ferred over the current practice of combining DBT with DM

(4,31,44,66-68). This is because although both combinations had

improved CDRs, invasive CDRs, and PPV1s, combined DBT and

S2D would lead to a reduced overall cost and patient radiation

exposure compared with combined DBT and DM. Moreover, the

reduction in recall rates compared with DM alone will also re-

duce unnecessary additional imaging as well as invasive biop-

sies and their associated patient anxiety and potential

complications. Of note, the overall effect on cost will depend on

the type of health insurance coverage in the region. For in-

stance, in the United States, screening mammography is fully

covered with no out-of-pocket costs, but this is not the case for

DBT coverage, which varies by state and breast density (69). In

light of the findings of our study, reassessment of these policies

may be warranted to ensure all eligible women have equal ac-

cess to screening with DBT (69).

This study has several limitations. First, most of the in-

cluded studies demonstrated a high risk of bias due to lack of

blinding or lack of reporting of blinding status, although this

Figure 3. Forest plots and pooled estimates of invasive cancer detection rate (CDR). Results are shown for (A) digital mammography (DM), (B) digital breast tomosynthe-

sis (DBT) þ DM, (C) DBT þ synthetic 2-dimensional image (S2D), and (D) DBT. The dotted line represents the pooled summary estimate of the pooled invasive CDR with

the diamond illustrating the associated 95% confidence interval. The squares represent the invasive CDR for individual studies, with the solid lines associated with

them representing the 95% confidence interval (CI). ES ¼ effect size.
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may result in a higher external validity because these methods

more closely resemble clinical practice. Moreover, there was

statistically significant heterogeneity reported with the pooling

of the population. We attempted to account for this with a ran-

dom effects meta-analysis. Although the statistical heterogene-

ity may, in part, be due to between-study variability, a

component may be due to the high power of this test due to the

large number of included studies, resulting in the ability of this

test to detect even a small amount of heterogeneity (16).

Furthermore, we were not able to adequately assess the influ-

ence of breast density, specific tumor types detected, nodal sta-

tus of invasive cancers detected, the median size of invasive

cancers detected, and the use of direct DBT-guided biopsies be-

cause this information was not provided in all included studies,

and it was beyond the scope of this systematic review. Finally,

we excluded articles that did not have an English full text,

which may have led us to miss relevant studies.

In summary, this systematic review and meta-analysis

found additional benefit with the combined use of DBT and DM

in breast cancer screening. As well, the utilization of combined

DBT and S2D would provide comparable improved overall and

invasive CDRs while reducing the recall rate, radiation dose,

and overall cost to the health-care system. All in all, the find-

ings support the replacement of DM by S2D combined with DBT

for breast cancer–screening populations.
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Notes
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Figure 4. Forest plots and pooled estimates of recall rate. Results are shown for (A) digital mammography (DM), (B) digital breast tomosynthesis (DBT) þ DM, (C) DBT þ

synthetic 2-dimensional image (S2D), and (D) DBT. The dotted line represents the pooled summary estimate of the pooled recall rate with the diamond illustrating the

associated 95% confidence interval (CI). The squares represent the recall rate for individual studies, with the solid lines associated with them representing the 95% con-

fidence interval (CI). ES ¼ effect size.
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