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B reast cancer is the most common cancer among women 
in the United States, accounting for 30% of new cancer  

cases in 2021 (1). While incidence rates continue to increase  
by approximately 0.5% per year, breast cancer mortality rates  
have declined by 41% since 1989 due to improvements in 
early detection and treatment. Despite this reduction in 
mortality, breast cancer remains the leading cause of cancer 
death among women aged 20–59 years, and almost 44 000 
women were estimated to die of breast cancer in 2021 (1).

Mammography is the standard of care for the early de-
tection of breast cancer and reduces mortality from breast 
cancer (2). The reconstructed quasi–three-dimensional 
data acquired with digital breast tomosynthesis (DBT) 
improves lesion conspicuity, allowing improved detec-
tion, characterization, and localization of lesions (3,4). 
Screening mammography using DBT is replacing digital 
mammography (DM) as the preferred imaging modality 

following studies demonstrating lower recall rates (RRs) 
and higher cancer detection rates (CDRs) (5–15).

Mammography, like all screening methods, has limi-
tations, including failure to detect some cancers (false- 
negative results), detection of cancers that may never cause 
harm (overdiagnosis), and detection of abnormalities that 
turn out to be benign (false-positive results). Inconsistent 
interpretation of evidence for the risks and benefits of rou-
tine mammographic screening in different patient sub-
groups, including younger and older women, has led to 
variation in recommendations for mammographic screen-
ing from the United States Preventive Services Task Force, 
the American Cancer Society, and the American College 
of Radiology (16–18). Importantly, variation in mam-
mography screening outcomes within subgroups defined 
by key patient characteristics (eg, breast density, age) may 
also depend on the imaging modality used. For example, 

Background:  The use of digital breast tomosynthesis (DBT) is increasing over digital mammography (DM) following studies demonstrating 
lower recall rates (RRs) and higher cancer detection rates (CDRs). However, inconsistent interpretation of evidence on the risks and ben-
efits of mammography has resulted in varying screening mammography recommendations.

Purpose:  To evaluate screening outcomes among women in the United States who underwent routine DM or DBT mammographic 
screening.

Materials and Methods:  This retrospective cohort study included women aged 40–79 years who underwent DM or DBT screening 
mammograms between January 2014 and December 2020. Outcomes of RR, CDR, positive predictive value of recall (PPV1),  
biopsy rate, and positive predictive value of biopsy (PPV3) were compared between DM and DBT with use of adjusted multivariable 
logistic regression models.

Results:  A total of 2 528 063 screening mammograms from 1 100 447 women (mean age, 57 years ± 10 [SD]) were included. In 
crude analyses, DBT (1 693 727 screening mammograms vs 834 336 DM screening mammograms) demonstrated lower RR (10.3% 
[95% CI: 10.3, 10.4] for DM vs 8.9% [95% CI: 8.9, 9.0] for DBT; P < .001) and higher CDR (4.5 of 1000 screening mammo-
grams [95% CI: 4.3, 4.6] vs 5.3 of 1000 [95% CI: 5.2, 5.5]; P < .001), PPV1 (4.3% [95% CI: 4.2, 4.5] vs 5.9% [95% CI: 5.7, 
6.0]; P < .001), and biopsy rates (14.5 of 1000 screening mammograms [95% CI: 14.2, 14.7] vs 17.6 of 1000 [95% CI: 17.4, 
17.8]; P < .001). PPV3 was similar between cohorts (30.0% [95% CI: 29.2, 30.9] for DM vs 29.3% [95% CI: 28.7, 29.9] for 
DBT; P = .16). After adjustment for age, breast density, site, and index year, associations remained stable with respect to statistical 
significance.

Conclusion:  Women undergoing digital breast tomosynthesis had improved screening mammography outcomes compared with 
women who underwent digital mammography.
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In the current study, each screening mammogram date  
defined an index date. Women with multiple screening mam-
mograms contributed multiple index dates to the DM and 
DBT groups. Women with breast cancer on or before each 
index date were excluded (Fig 1). Screening intervals were cal-
culated as the time between the index and the prior screening 
mammogram. When no prior screening mammogram was re-
corded, the screening interval was defined as “unknown,” in-
dicating that women may have had earlier screening mammo-
grams not captured because the examination was performed  
at another institution and/or occurred outside the study period. 
Therefore, the presence of only a single mammogram in the data 
set did not equate to a baseline screening mammogram.

Mammogram Screening Outcomes
The primary outcomes were RR, CDR, positive predictive 
value of recall (PPV1), biopsy rate, and positive predictive 
value of biopsy (PPV3). A recall was defined as an index 
screening examination with an initial Breast Imaging Re-
porting and Data System (BI-RADS) score of 0 (incomplete 
test, need for additional imaging), 4 (suspicious findings or 
abnormalities), or 5 (highly suspicious findings), requiring 
additional follow-up. The RR (per 1000 screening mammo-
grams) was calculated as the proportion of screening mam-
mograms resulting in recalls. The CDR (per 1000 screen-
ing mammograms) was calculated for women with at least 
6 months of follow-up as the number of screening-detected 
cancers identified within 6 months of index (Fig S1) divided 

mammography screening with DBT has been found to have 
superior cancer detection compared with DM, particularly for 
younger women (19) and those with dense breasts (8,20).

To date, many studies evaluating the potential benefits DBT 
over DM have been conducted with a focus on specific risk 
factors, such as breast density, or on the detection of interval 
or advanced cancers (21–24). The purpose of our 
study was to evaluate screening outcomes among 
a large cohort of women in the United States who 
underwent routine DM or DBT mammographic 
screening.

Materials and Methods

Study Design
This retrospective study was conducted in compli-
ance with the Health Insurance Portability and Ac-
countability Act and approved by a central institu-
tional review board with a waiver of consent to use a 
database containing standardized and integrated elec-
tronic medical record, radiology information system,  
and tumor registry data from five large health 
care systems (University of Pennsylvania, Sanford 
Health, Advocate Health Care, Sutter Health, 
and Solis Mammography). The inclusion criteria 
included all screening mammograms performed 
among women aged 40–79 years who underwent 
at least one screening mammogram from January 
2014 through December 2020. The current study 
expands on previously published research that 
evaluated key screening outcomes among 385 503 
women with known race data from three health 
care systems (11) to identify potential disparities by 
screening modality (DM vs DBT).

Abbreviations
BI-RADS = Breast Imaging Reporting and Data System, CDR = cancer  
detection rate, DBT = digital breast tomosynthesis, DM = digital 
mammography, OR = odds ratio, PPV1 = positive predictive value 
of recall, PPV3 = positive predictive value of biopsy, RR = recall rate

Summary
Compared with digital mammography, digital breast tomosynthesis 
showed lower recall and higher positive predictive value of recall, 
cancer detection rate, and biopsy rate, but similar positive predictive 
value of biopsy.

Key Results
■	 A retrospective study of 2 528 063 screening mammograms  

demonstrated improved outcomes with use of digital breast  
tomosynthesis (DBT) over digital mammography (DM).

■	 Compared with DM, DBT had a lower recall rate (10.3% vs 
8.9%; P < .001) and higher positive predictive value of recall 
(4.3% vs 5.9%; P < .001) and cancer detection rate (4.5 of 1000 
screening mammograms vs 5.3 of 1000; P < .001).

■	 The biopsy rate was higher with DBT versus DM (17.6 of 1000 
screening mammograms vs 14.5 of 1000; P < .001); however, the 
positive predictive value of biopsy did not differ (29.3% vs 30.0%; 
P = .16).

Figure 1:  Study cohort creation. Flowchart outlines each inclusion and exclusion criterion required 
to be met for inclusion in the analysis. Women aged between 40–79 years at the time screening and 
without a history of breast cancer on or before the prior mammogram were eligible for inclusion.
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by the total number of screening mammograms. Because 
of variations in tumor registry reporting by health system, 
registry completeness was assessed by calculating the ratio of 
reported cancers to conducted screening mammograms per 
month across the observation period and deemed incomplete 
after a 2-month period where the ratio dropped by more than 
30% compared with the prior month. Only screening mam-
mograms conducted at least 6 months prior to the 2-month 
30% drop were included. PPV1 was defined as the propor-
tion of women diagnosed with screening-detected breast can-
cer within 6 months of recall.

The biopsy rate was defined as the number of biopsies per-
formed after index mammogram divided by the number of 
valid screening mammograms, regardless of screening BI-RADS 
score, presented per 1000 screening mammograms. It was calcu-
lated for women with at least 3 months of postindex follow-up as 
the number of biopsies performed within 3 months of an index 
screening examination with an initial BI-RADS category of 0, 4, 
or 5 divided by the number of screening mammograms. Only 
biopsies conducted at least 3 months before the 2-month 30% 
drop in the cancer-to-screening ratio were included. PPV3 was 
calculated as the proportion of women diagnosed with breast 
cancer within 6 months of an index screening examination  
resulting in biopsy within 90 days (with an initial BI-RADS 
score of 0, 4, or 5).

Statistical Analysis
Analyses were performed at the screening mammogram level. 
Patient characteristics were described at each index screening 
examination, overall and by screening modality, including risk 
factors of age, race, breast density, short-term risk status, in-
dex year (not reported), number of screening mammograms 
before and including the index screen (one vs two or more), 
and supplemental screening. Supplemental screening mammo-
grams were defined as bilateral complete US or MRI examina-
tions occurring between 2 days and 9 months after a screening 
mammogram (with a final BI-RADS score of 1 or 2 and no 
additional imaging between index and supplemental screening 
examinations). Data on race and breast density were collected 
in accordance with local procedure and used to characterize 
the cohort more fully. Breast density was defined as almost en-
tirely fatty, scattered fibroglandular densities, heterogeneously 
dense, extremely dense, or unknown. Short-term risk status 
was determined with use of the Gail model 5-year risk score, 
where elevated risk was defined as a score of 1.66 or higher. As 
the outcomes of biopsy and CDR required 3 or 6 months of 
follow-up, respectively, characteristics of women meeting these 
requirements were described.

Outcomes were summarized descriptively overall, by mo-
dality, and by select patient characteristics. Logistic regression 
models were used to estimate unadjusted and adjusted odds 
ratios (ORs) and 95% CIs for each outcome. Adjusted mul-
tivariable models included select risk factors based on a priori 
subject matter expertise: age category, breast density (with indi-
cator for “unknown”), system, and index year. Statistical anal-
ysis was performed by using SAS software, version 9.4 (SAS 
Institute) with two-tailed tests and an alpha of .05.

Results

Patient Characteristics
A total of 2 528 063 screening mammograms (DM, 834 336; 
DBT, 1 693 727) among 1 100 447 women (DM, 502 500; 
DBT, 597 947) were included after the exclusion of 128 601 
screening mammograms in 53 322 women outside of the  
required age range of 40–79 years and 65 248 screening 
mammograms in 17 515 women with a history of breast can-
cer. The mean age at screening was 57 ± 10 years (SD) for 
women undergoing DM and 57 ± 10 years for those under-
going DBT, with 73% of the overall cohort being aged 50 
years or older (Table 1). Most screening mammograms were 
in women who had undergone at least two screening mam-
mograms (DM, 82.4%; DBT, 81.7%). US for supplemental 
screening was more common with DBT (3.1%) than DM 
(1.4%). A total of 23.6% of mammograms were in women de-
termined as having an elevated risk status (DM, 23.6%; DBT, 
23.5%). Where race was known, 68.1% of mammograms in 
the DM group and 77.6% of those in the DBT group were in 
White women. The most common breast tissue density (when 
known) was scattered fibroglandular densities (DM, 46.4%; 
DBT, 48.3%). Patient characteristics among those with at least 
3 or 6 months of follow-up data, required for biopsy rate and 
CDR outcomes, were comparable with those of the overall  
cohort (Tables S1, S2).

Recall Rate
We observed an RR of 9.4% (95% CI: 9.4, 9.4) among  
2 528 063 screening mammograms (Table 2; Figures 2, 3). 
The RR among examinations in women with and without 
prior screening mammograms was 7.9% (95% CI: 7.9, 8.0) 
and 16.1% (95% CI: 16.0, 16.2), respectively. Examinations 
in women with heterogeneously or extremely dense breast tis-
sue had RRs of 11.4% (95% CI: 11.3, 11.4) and 10.0% (95%  
CI: 9.8, 10.1), respectively. Examinations in women with almost 
entirely fatty breasts had an RR of 5.6% (95% CI: 5.5, 5.7), and 
those with scattered fibroglandular densities had an RR of 8.4% 
(95% CI: 8.3, 8.4). RR was lower with older patient age, with 
13.6% (95% CI: 13.5, 13.7) among women aged 40–44 years 
and 6.9% (95% CI: 6.8, 7.1) among those aged 75–79 years.

We observed a lower crude RR in the DBT group (8.9% 
[95% CI: 8.9, 9.0]) than in the DM group (10.3% [95% CI: 
10.3, 10.4]; P < .001), a trend seen across demographic and clin-
ical subgroups, with the exception of those with extremely dense 
breast tissue, where the crude RR was higher in the DBT group 
(10.1% [95% CI: 9.9, 10.3]) than in the DM group (9.7% 
[95% CI: 9.5, 10.0]). After adjustment for potential confound-
ers, DBT was associated with lower RR (OR, 0.92 [95% CI: 
0.91, 0.93]; P < .001) (Fig 4).

Cancer Detection Rate
A total of 9714 cancers were detected (DM, 3421; DBT, 
6293) among 1 948 098 screening mammograms with at 
least 6 months of postindex follow-up (DM, 766 587; DBT, 
1 181 511) (Table 3). The overall CDR was 5.0 of 1000 
screening mammograms, which increased with patient age 
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Table 1: Characteristics of the Cohort, Overall and by Index Screening Modality (DM vs DBT)

Characteristic
Overall  
(n = 2 528 063)

DM  
(n = 834 336)

DBT  
(n = 1 693 727)

Age (y)
  Mean and SD 57 ± 10 57 ± 10 57 ± 10
  Median and IQR 57 (49–65) 57 (49–65) 57 (49–66)
Age category
  40–44 years 325 598 (12.9) 103 585 (12.4) 222 013 (13.1)
  45–49 years 358 883 (14.2) 118 725 (14.2) 240 158 (14.2)
  50–54 years 384 229 (15.2) 132 935 (15.9) 251 294 (14.8)
  55–59 years 399 564 (15.8) 136 059 (16.3) 263 505 (15.6)
  60–64 years 366 384 (14.5) 124 507 (14.9) 241 877 (14.3)
  65–69 years 322 822 (12.8) 99 861 (12.0) 222 961 (13.2)
  70–74 years 235 571 (9.3) 74 075 (8.9) 161 496 (9.5)
  75–79 years 135 012 (5.3) 44 589 (5.3) 90 423 (5.3)
Race
  Asian 160 132 (7.7) 72 636 (10.5) 87 496 (6.3)
  Black 286 884 (13.8) 121 765 (17.7) 165 119 (11.8)
  Other* 85 640 (4.1) 25 357 (3.7) 60 283 (4.3)
  White 1 552 653 (74.5) 468 768 (68.1) 1 083 885 (77.6)
  Unknown 442 754 145 810 296 944
Ethnicity
  Hispanic 146 787 (8.3) 48 332 (8.9) 98 455 (8.0)
  Not Hispanic 1 630 845 (91.7) 496 003 (91.1) 1 134 842 (92.0)
  Unknown 750 431 290 001 460 430
Menopause status
  Postmenopause 1 506 351 (80.8) 492 556 (80.1) 1 013 795 (81.1)
  Premenopause 358 448 (19.2) 122 538 (19.9) 235 910 (18.9)
  Unknown 663 264 219 242 444 022
Elevated risk status 595 721 (23.6) 197 106 (23.6) 398 615 (23.5)
Breast density
  Almost entirely fatty (A) 215 131 (8.7) 76 360 (9.3) 138 771 (8.3)
  Scattered fibroglandular densities (B) 1 184 485 (47.7) 380 795 (46.4) 803 690 (48.3)
  Heterogeneously dense (C) 934 293 (37.6) 308 265 (37.6) 626 028 (37.6)
  Extremely dense (D) 149 428 (6.0) 55 057 (6.7) 94 371 (5.7)
  Unknown 44 726 13 859 30 867
Initial screening BI-RADS category
  0 236 764 (9.4) 85 958 (10.3) 150 806 (8.9)
  1 1 377 085 (54.5) 410 436 (49.2) 966 649 (57.1)
  2 912 367 (36.1) 337 372 (40.4) 574 995 (33.9)
  3 1263 (0.0) 377 (0.0) 886 (0.1)
  4 512 (0.0) 160 (0.0) 352 (0.0)
  5 72 (0.0) 33 (0.0) 39 (0.0)
Supplemental screening
  US 63 827 (2.5) 11 886 (1.4) 51 941 (3.1)
  MRI 8492 (0.3) 2502 (0.3) 5990 (0.4)
  None 2 455 744 (97.1) 819 948 (98.3) 1 635 796 (96.6)
At least 2 screening examinations 2 071 741 (81.9) 687 759 (82.4) 1 383 982 (81.7)
Screening interval
  ≤24 months 1 445 925 (84.5) 412 238 (82.2) 1 033 687 (85.5)
  >24 months 265 316 (15.5) 89 557 (17.8) 175 759 (14.5)
  Unknown 816 822 332 541 484 281

Note.—Unless otherwise specified, data are numbers of screening mammograms, with percentages in parentheses. All percentages are 
calculated based on the number of screening mammograms in patients with nonmissing data. BI-RADS = Breast Imaging Reporting and 
Data System, DBT = digital breast tomosynthesis, DM = digital mammography.
* “Other” includes individuals who identified as American Indian or Alaska Native, multiracial, Native Hawaiian, other Pacific Islander, or 
other categories not specified within the data source.
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from 2.2 of 1000 (95% CI: 2.1, 2.4) among women aged 
40–44 years to 8.5 of 1000 (95% CI: 8.0, 9.1) among women 
aged 75–79 years. The overall crude CDR was higher in the 
DBT group (5.3 of 1000 [95% CI: 5.2, 5.5]) than the DM 
group (4.5 of 1000 [95% CI: 4.3, 4.6]; P < .001), a find-
ing persistent across subgroups including breast tissue den-

sity and race, where Asian women who underwent DBT had 
the highest CDR (5.7 of 1000 [95% CI: 5.1, 6.4]). Among 
examinations in women with only one observed screening 
examination, the crude CDR was higher for DM than for 
DBT (17.9 of 1000 [95% CI: 17.2, 18.6] vs 16.0 of 1000 
[95% CI: 15.4, 16.6]; P < .001). After adjustment, DBT was 

Table 2: Recall Rates, Overall and by Select Patient Characteristics

Characteristic

Overall

Recall Rate for DM Recall Rate for DBT
No. of Screening  
Mammograms Recall Rate 

All screening mammograms 2 528 063 9.4 (9.4, 9.4) 10.3 (10.3, 10.4) 8.9 (8.9, 9.0)
Screening mammogram count
  1 456 322 16.1 (16.0, 16.2) 17.8 (17.6, 18.0) 15.3 (15.2, 15.4)
  2 or more 2 071 741 7.9 (7.9, 8.0) 8.7 (8.7, 8.8) 7.5 (7.5, 7.5)
Screening interval
  ≤24 months 1 445 925 7.0 (6.9, 7.0) 7.6 (7.5, 7.6) 6.7 (6.7, 6.8)
  >24 months 265 316 10.2 (10.1, 10.3) 11.1 (10.9, 11.3) 9.7 (9.6, 9.8)
  Unknown 816 822 13.4 (13.3, 13.5) 13.5 (13.4, 13.7) 13.3 (13.2, 13.4)
Age category
  40–44 years 325 598 13.6 (13.5, 13.7) 15.4 (15.1, 15.6) 12.8 (12.6, 12.9)
  45–49 years 358 883 11.6 (11.4, 11.7) 12.8 (12.6, 13.0) 10.9 (10.8, 11.1)
  50–54 years 384 229 9.9 (9.8, 10.0) 10.6 (10.4, 10.8) 9.5 (9.4, 9.6)
  55–59 years 399 564 8.3 (8.2, 8.4) 9.0 (8.8, 9.1) 8.0 (7.9, 8.1)
  60–64 years 366 384 7.9 (7.8, 8.0) 8.8 (8.7, 9.0) 7.4 (7.3, 7.5)
  65–69 years 322 822 7.7 (7.6, 7.8) 8.6 (8.4, 8.8) 7.3 (7.2, 7.5)
  70–74 years 235 571 7.2 (7.1, 7.3) 7.9 (7.7, 8.1) 6.9 (6.8, 7.0)
  75–79 years 135 012 6.9 (6.8, 7.1) 7.4 (7.2, 7.6) 6.7 (6.5, 6.9)
Race
  Asian 160 132 10.2 (10.0, 10.3) 10.2 (9.9, 10.4) 10.2 (10.0, 10.4)
  Black 286 884 9.7 (9.6, 9.8) 11.2 (11.0, 11.4) 8.5 (8.4, 8.7)
  Other* 85 640 10.3 (10.1, 10.5) 11.1 (10.7, 11.5) 10.0 (9.8, 10.2)
  White 1 552 653 8.9 (8.9, 9.0) 9.6 (9.5, 9.7) 8.7 (8.6, 8.7)
  Unknown 442 754 10.3 (10.2, 10.4) 11.9 (11.7, 12.0) 9.5 (9.4, 9.6)
Short-term risk status†

  Normal risk 1 932 342 9.9 (9.9, 10.0) 11.0 (10.9, 11.0) 9.4 (9.4, 9.5)
  Elevated risk 595 721 7.6 (7.6, 7.7) 8.2 (8.1, 8.4) 7.4 (7.3, 7.4)
Breast density
  Almost entirely fatty (A) 215 131 5.6 (5.5, 5.7) 6.3 (6.2, 6.5) 5.2 (5.1, 5.3)
  Scattered fibroglandular densities (B) 1 184 485 8.4 (8.3, 8.4) 9.4 (9.3, 9.5) 7.9 (7.8, 8.0)
  Heterogeneously dense (C) 934 293 11.4 (11.3, 11.4) 12.5 (12.4, 12.7) 10.8 (10.7, 10.9)
  Extremely dense (D) 149 428 10.0 (9.8, 10.1) 9.7 (9.5, 10.0) 10.1 (9.9, 10.3)
  Unknown 44 726 10.3 (10.0, 10.5) 10.2 (9.7, 10.7) 10.3 (10.0, 10.6)
History of breast implants
  Yes 70 304 7.6 (7.4, 7.8) 8.3 (7.9, 8.7) 7.3 (7.1, 7.6)
  No 2 457 759 9.4 (9.4, 9.5) 10.4 (10.3, 10.4) 9.0 (8.9, 9.0)
Supplemental screening
  US 63 827 11.9 (11.7, 12.2) 12.5 (11.9, 13.1) 11.8 (11.5, 12.0)
  MRI 8492 6.6 (6.1, 7.1) 8.1 (7.1, 9.3) 5.9 (5.4, 6.6)
  None 2 455 744 9.3 (9.3, 9.4) 10.3 (10.2, 10.4) 8.8 (8.8, 8.9)

Note.—The recall rate (per 1000 screening mammograms) was calculated as the proportion of screening mammograms resulting in recalls 
at digital mammography (DM) (n = 834 336) and digital breast tomosynthesis (DBT) (n = 1 693 727). Data in parentheses are 95% CIs.
* “Other” includes individuals who identified as American Indian or Alaska Native, multiracial, Native Hawaiian, other Pacific Islander, or 
other categories not specified within the data source.
† Short-term risk status was determined with use of the Gail model 5-year risk score, where elevated risk was defined as a score of 1.66 or 
higher.
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significantly associated with a 
higher CDR than DM (OR, 
1.24 [95% CI: 1.19, 1.30]; P 
< .001) (Fig 4).

Positive Predictive Value of 
Recall
A total of 186 949 screening 
mammograms (DM, 79 483; 
DBT, 107 466) led to recall, 
and the overall PPV1 was 
5.2% (95% CI: 5.1, 5.3) (Ta-
ble 4). By modality, the crude 
PPV1 was higher for DBT 
(5.9% [95% CI: 5.7, 6.0]) 
than for DM (4.3% [95% CI: 
4.2, 4.5]; P < .001), a pattern 
that was observed across all 
characteristics with the excep-
tion of those with only one 
prior screening mammogram. 
Among those with a single 
screening examination, crude 
PPV1 was lower for DBT 
(9.7% [95% CI: 9.4, 10.1]) 
than for DM (10.0% [95% 
CI: 9.6, 10.4]). After adjust-
ment, DBT remained associ-
ated with higher PPV1 (OR, 
1.33 [95% CI: 1.27, 1.40]; P 
< .001) (Fig 4).

Biopsy Rate
The biopsy rate among 
2 092 346 screening mam-
mograms (DM, 779 716; 
DBT, 1 312 630) in women 
who had at least 3 months of 
follow-up was 16.4 of 1000 
screening mammograms 
(95% CI: 16.2, 16.6) (Table 
S3). By modality, the crude biopsy rate was 17.6 of 1000 
(95% CI: 17.4, 17.8) for DBT and 14.5 of 1000 (95% CI: 
14.2, 14.7) for DM (P < .001). Crude biopsy rates in the 
DBT group were consistently higher than those in the DM 
group, except for women with only one observed screening 
mammogram, where the biopsy rate was higher for the DM 
group (38.4 of 1000 [95% CI: 37.4, 39.4]) than the DBT 
group (36.6 of 1000 [95% CI: 35.8, 37.4]). When women 
were stratified by race, examinations in Asian women in the 
DBT group had the highest crude biopsy rate at 21.8 of 
1000 (95% CI: 20.7, 22.9), compared with 18.0 of 1000 
(95% CI: 17.7, 18.3) for White women and 15.9 of 1000 
(95% CI: 15.2, 16.6) for Black women. The association be-
tween DBT and biopsy rate was statistically significant in 
adjusted analyses (adjusted OR, 1.33 [95% CI: 1.30, 1.37]; 
P < .001) (Fig 4).

Positive Predictive Value of Biopsy
The overall PPV3 among 34 357 screening mammograms 
(DM, 11 271; DBT, 23 086) that led to biopsies during the 
3-month follow-up period was 29.5% (95% CI: 29.1, 30.0) 
(Table S4). By modality, the crude PPV3 was 29.3% (95% 
CI: 28.7, 29.9) and 30.0% (95% CI: 29.2, 30.9) for DBT 
and DM, respectively (P = .16). No evidence of a difference 
was found for PPV3 when stratified by subgroups, except 
among White women (32.3 [95% CI: 31.1, 33.4] for DM 
vs 29.6 [95% CI: 28.9, 30.4] for DBT) and Asian women 
undergoing DM (29.5 [95% CI: 26.7, 32.4] vs 24.4 [95% 
CI: 22.2, 26.7]), as well as among women with elevated risk 
(39.7 [95% CI: 37.9, 41.6] vs 32.1 [95% CI: 30.9, 33.4]). 
The null association between DBT and PPV3 remained af-
ter adjustment (OR, 0.95 [95% CI: 0.90, 1.00]; P = .16) 
(Fig 4).

Figure 2:  Images in a 42-year-old woman who presented for routine screening. (A) Two-dimensional craniocaudal 
digital mammogram and (B) two-dimensional mediolateral digital mammogram show heterogeneously dense breast 
tissue with no abnormality. (C) Mediolateral digital breast tomosynthesis image shows subtle architectural distortion 
(arrows) extending superiorly from the nipple level. (D) Target US image of the right breast shows a highly suspicious, 
hypoechoic, irregular mass (arrow). US-guided core biopsy yielded invasive ductal carcinoma with extensive ductal 
carcinoma in situ (T2N0M0; estrogen receptor–positive, progesterone receptor–positive, and human epidermal growth 
factor receptor 2–negative). (E) Right-breast MRI scan acquired to evaluate the extent of disease shows a clip artifact in 
the superior aspect of the irregular enhancing mass (arrows). No other suspicious lesions were seen.
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Discussion
This retrospective cohort study included 2 528 063 screen-
ing mammograms conducted in 1 100 447 women between 
2014 and 2020. Screening mammogram outcomes were 
compared between digital breast tomosynthesis (DBT) and 
digital mammography (DM). In crude analyses, DBT was 
associated with reduced recall rate (10.3% for DM vs 8.9% 
for DBT), increased cancer detection rate (4.5 of 1000 
screening mammograms vs 5.3 of 1000), positive predic-
tive value of recall (4.3% vs 5.9%), and biopsy rate (14.5 
of 1000 screening mammograms vs 17.6 of 1000). After 

adjustment for potential confounders, these associations 
remained.

Our study contributes to the existing literature by de-
scribing the use and outcomes of DBT and DM among a 
large cohort of women across the United States. Our results 
were consistent with those of prior studies reporting reduced 
RRs and increased CDRs, PPV1, and biopsy rates with DBT 
compared with DM (5,6,8), with a few key differences. For 
example, in an adjusted analysis of over 1.5 million screen-
ing mammograms, Lowry et al (11) found that the recall and 
CDR benefits associated with DBT were most pronounced 

among women undergoing their baseline mam-
mogram. In our study, those in the DM group 
with a single mammogram had higher CDRs, 
PPV1, and biopsy rates. However, because the 
presence of a single screening mammogram in 
our analysis may represent the only observed 
mammogram in the data rather than a true base-
line mammogram, results among women with 
only one screening mammogram cannot be di-
rectly compared with those from studies that 
identified baseline mammograms.

The DM and DBT groups were comparable 
in our study, with few imbalances, including the 
higher proportions of screening mammograms 
from postmenopausal and White women in the 
DBT group. While the focus of this analysis was 
not to evaluate access to or differences in DBT 
screening performance based on race or socioeco-
nomic factors, this has been previously described 
(25), and our adjusted findings for key screening  
outcomes remained consistent with only slight 
shifts in point estimates and 95% CIs from the 
crude analyses.

It is possible that residual confounding may 
contribute to at least some of the observed dif-

ferences between DM and 
DBT, including upward bias 
or positive confounding from 
unmeasured or imperfectly 
measured factors associated 
with both the choice of mo-
dality and the risk of screen-
ing outcomes. For example, 
data on race, ethnicity, and 
breast density were miss-
ing for some patients in the 
study, and if this missing-
ness was not random across 
screening modality, it could 
account for least some of 
the observed differences in 
screening outcomes. Addi-
tionally, our analysis was not 
able to adjust for site or prac-
tice-level variables like op-
erator and reader experience, 

Figure 3:  Images in a 47-year-old woman who presented for routine screening. (A) Cranio-
caudal digital mammogram shows scattered fibroglandular densities. On the left digital mammo-
graphic craniocaudal view laterally, an asymmetry (arrow) is present. (B) Left craniocaudal digital 
breast tomosynthesis image shows no suspicious lesion but rather a superimposition of normal 
fibroglandular and ligamentous structures.

Figure 4:  Crude and adjusted associations between screening modality and breast cancer screening outcomes:  
comparison of digital breast tomosynthesis (DBT) with digital mammography (DM). Forest plot shows the crude and adjusted 
odds ratios (ORs), with 95% CIs in parentheses and vertical bars showing the range of 95% CIs, for the primary outcomes of 
recall rate (RR), cancer detection rate (CDR), positive predictive value of recall (PPV1), biopsy rate, and positive predictive 
value of biopsy (PPV3), comparing DBT with DM. ORs were adjusted for age category (40–44, 45–49, 50–54, 55–59, 
60–64, 65–69, 70–74, and 75–79 years), breast density, health system, and index year of examination. 
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which are known to influence the screening performance 
of DBT (26–28). However, the robustness of our results 
to sensitivity analyses suggests that the strength of any 
confounding would have to be relatively large to com-
pletely account for the associations we observed. The  

E-value is a measure related to evidence for causality rep-
resenting the minimum strength of association, on the risk 
ratio scale, that an unmeasured confounder would need 
to have with both the treatment and outcome to fully ex-
plain a treatment-outcome association, conditional on the 

Table 3: CDRs, Overall and by Select Patient Characteristics

Characteristic

Overall

CDR for DM CDR for DBT 
No. of Screening 
Mammograms CDR 

All screening mammograms 1 948 098 5.0 (4.9, 5.1) 4.5 (4.3, 4.6) 5.3 (5.2, 5.5)
Screening mammogram count
  1 323 983 16.8 (16.3, 17.2) 17.9 (17.2, 18.6) 16.0 (15.4, 16.6)
  2 or more 1 624 115 2.6 (2.6, 2.7) 1.6 (1.5, 1.7) 3.3 (3.2, 3.4)
Screening interval
  ≤24 months 1 077 898 4.1 (4.0, 4.3) 3.6 (3.4, 3.8) 4.4 (4.3, 4.6)
  >24 months 185 809 6.5 (6.1, 6.9) 6.3 (5.8, 6.9) 6.6 (6.1, 7.1)
  Unknown 684 391 5.9 (5.7, 6.1) 5.1 (4.8, 5.3) 6.7 (6.4, 6.9)
Age category
  40–44 years 255 194 2.2 (2.1, 2.4) 1.8 (1.5, 2.0) 2.5 (2.3, 2.8)
  45–49 years 277 706 3.4 (3.2, 3.6) 3.1 (2.8, 3.5) 3.6 (3.3, 3.9)
  50–54 years 299 461 4.2 (4.0, 4.5) 3.7 (3.4, 4.0) 4.6 (4.3, 4.9)
  55–59 years 309 666 4.6 (4.3, 4.8) 4.2 (3.8, 4.6) 4.8 (4.5, 5.1)
  60–64 years 280 640 5.6 (5.3, 5.9) 5.2 (4.8, 5.6) 5.9 (5.5, 6.3)
  65–69 years 245 847 6.9 (6.5, 7.2) 6.0 (5.5, 6.5) 7.4 (7.0, 7.8)
  70–74 years 177 196 7.8 (7.4, 8.2) 7.3 (6.6, 7.9) 8.1 (7.6, 8.7)
  75–79 years 102 388 8.5 (8.0, 9.1) 7.7 (6.9, 8.6) 9.0 (8.3, 9.8)
Race
  Asian 123 372 4.9 (4.5, 5.3) 4.2 (3.7, 4.7) 5.7 (5.1, 6.4)
  Black 203 412 5.3 (5.0, 5.6) 5.1 (4.7, 5.5) 5.6 (5.1, 6.1)
  Other* 56 961 4.2 (3.7, 4.7) 3.1 (2.4, 3.9) 4.9 (4.2, 5.7)
  White 1 179 274 5.2 (5.1, 5.3) 4.8 (4.6, 5.0) 5.5 (5.3, 5.6)
  Unknown 385 079 4.3 (4.1, 4.5) 3.3 (3.0, 3.6) 4.8 (4.5, 5.1)
Short-term risk status†

  Normal risk 1 489 247 4.7 (4.6, 4.8) 4.0 (3.8, 4.2) 5.2 (5.0, 5.3)
  Elevated risk 458 851 5.9 (5.7, 6.1) 6.0 (5.6, 6.3) 5.9 (5.6, 6.1)
Breast density
  Almost entirely fatty (A) 163 707 4.2 (3.9, 4.5) 4.0 (3.5, 4.5) 4.4 (4.0, 4.8)
  Scattered fibroglandular densities (B) 902 874 5.0 (4.9, 5.2) 4.6 (4.4, 4.9) 5.3 (5.1, 5.5)
  Heterogeneously dense (C) 721 756 5.3 (5.1, 5.5) 4.6 (4.3, 4.8) 5.8 (5.6, 6.0)
  Extremely dense (D) 120 672 3.8 (3.5, 4.2) 3.1 (2.6, 3.6) 4.4 (3.9, 4.9)
  Unknown 39 089 4.9 (0.3, 74.4) 5.4 (4.3, 6.8) 4.7 (3.9, 5.6)
History of breast implants
  Yes 53 305 2.3 (1.9, 2.7) 2.2 (1.5, 3.1) 2.3 (1.9, 2.8)
  No 1 894 793 5.1 (5.0, 5.2) 4.5 (4.4, 4.7) 5.4 (5.3, 5.6)
Supplemental screening
  US 41 001 NA NA NA
  MRI 7349 NA NA NA
  None 1 899 748 5.1 (5.0, 5.2) 4.5 (4.4, 4.7) 5.5 (5.4, 5.6)

Note.—The cancer detection rate (CDR) (per 1000 screening mammograms) was calculated for examinations in women with at least 
6 months of follow-up as the number of screening-detected cancers identified within 6 months of index at digital mammography (DM) 
(766 587 examinations) and digital breast tomosynthesis (DBT) (1 181 ,511 examinations). Data in parentheses are 95% CIs. NA = not 
applicable.
* “Other” includes individuals who identified as American Indian or Alaska Native, multiracial, Native Hawaiian, other Pacific Islander, or 
other categories not specified within the data source.
† Short-term risk status was determined with use of the Gail model 5-year risk score, where elevated risk was defined as a score of 1.66 or higher.
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measured covariates (29). For this study, E-values rang-
ing from approximately 1.3 to 1.8 were calculated for the 
primary outcomes of RR, CDR, and biopsy rate, while 
associations reported in the literature (30) are more mod-
est in magnitude than those resulting from the E-value  

sensitivity analysis; thus, our findings are not likely to be 
fully accounted for by confounding.

Our study had several limitations. First, as this is an ob-
servational study, cautious interpretation of associations is 
warranted given the potential for residual and unmeasured 

Table 4: PPV1 for Cancer Screening, Overall and by Select Patient Characteristics

Characteristic

Overall

PPV1 for DM (%) PPV1 for DBT (%)
No. of Examinations 
Resulting in Recall PPV1 (%)

All screening mammograms 186 949 5.2 (5.1, 5.3) 4.3 (4.2, 4.5) 5.9 (5.7, 6.0)
Screening mammogram count
  1 55 086 9.9 (9.6, 10.1) 10.0 (9.6, 10.4) 9.7 (9.4, 10.1)
  2 or more 131 863 3.2 (3.2, 3.3) 1.9 (1.8, 2.0) 4.3 (4.1, 4.4)
Screening interval
  ≤24 months 76 130 5.8 (5.7, 6.0) 4.7 (4.4, 4.9) 6.5 (6.3, 6.8)
  >24 months 19 217 6.3 (5.9, 6.6) 5.7 (5.2, 6.2) 6.8 (6.3, 7.3)
  Unknown 91 602 4.4 (4.3, 4.6) 3.8 (3.6, 4.0) 5.0 (4.8, 5.2)
Age category
  40–44 years 35 168 1.6 (1.5, 1.8) 1.1 (1.0, 1.3) 2.0 (1.8, 2.2)
  45–49 years 32 774 2.9 (2.7, 3.1) 2.4 (2.2, 2.7) 3.2 (3.0, 3.5)
  50–54 years 30 170 4.2 (4.0, 4.4) 3.5 (3.2, 3.8) 4.8 (4.5, 5.1)
  55–59 years 26 328 5.4 (5.1, 5.6) 4.6 (4.3, 5.0) 5.9 (5.6, 6.3)
  60–64 years 22 633 6.9 (6.6, 7.3) 5.8 (5.4, 6.3) 7.8 (7.4, 8.3)
  65–69 years 19 571 8.6 (8.2, 9.0) 6.9 (6.3, 7.5) 9.8 (9.3, 10.3)
  70–74 years 13 127 10.5 (10.0, 11.1) 9.2 (8.4, 10.0) 11.5 (10.8, 12.2)
  75–79 years 7178 12.1 (11.4, 12.9) 10.4 (9.3, 11.5) 13.4 (12.4, 14.5)
Race
  Asian 12 901 4.7 (4.3, 5.0) 4.1 (3.7, 4.6) 5.2 (4.7, 5.8)
  Black 20 915 5.2 (4.9, 5.5) 4.5 (4.2, 4.9) 6.1 (5.6, 6.7)
  Other* 6095 3.9 (3.4, 4.4) 2.8 (2.2, 3.5) 4.7 (4.0, 5.4)
  White 106 826 5.8 (5.6, 5.9) 4.9 (4.7, 5.2) 6.3 (6.1, 6.5)
  Unknown 40 212 4.1 (3.9, 4.3) 2.7 (2.5, 3.0) 5.0 (4.7, 5.3)
Short-term risk status†

  Normal risk 151 473 4.6 (4.5, 4.7) 3.6 (3.5, 3.8) 5.4 (5.2, 5.5)
  Elevated risk 35 476 7.6 (7.4, 7.9) 7.2 (6.8, 7.6) 7.9 (7.6, 8.3)
Breast density
  Almost entirely fatty (A) 9606 7.2 (6.7, 7.7) 6.2 (5.5, 6.9) 8.0 (7.3, 8.7)
  Scattered fibroglandular densities (B) 77 601 5.8 (5.7, 6.0) 4.9 (4.7, 5.1) 6.6 (6.3, 6.8)
  Heterogeneously dense (C) 83 819 4.6 (4.4, 4.7) 3.6 (3.5, 3.8) 5.3 (5.1, 5.5)
  Extremely dense (D) 12 046 3.8 (3.5, 4.2) 3.2 (2.7, 3.7) 4.3 (3.8, 4.8)
  Unknown 3877 5.0 (4.3, 5.7) 5.4 (4.3, 6.7) 4.7 (4.0, 5.6)
History of breast implants
  Yes 4177 2.9 (2.4, 3.4) 2.6 (1.8, 3.7) 3.0 (2.4, 3.7)
  No 182 772 5.2 (5.1, 5.4) 4.3 (4.2, 4.5) 5.9 (5.8, 6.1)
Supplemental screening
  US 6134 NA NA NA
  MRI 450 NA NA NA
  None 180 365 5.4 (5.3, 5.5) 4.4 (4.2, 4.5) 6.1 (6.0, 6.3)

Note.—Positive predictive value of recall (PPV1) is reported as the proportion of examinations in women diagnosed with screening-
detected breast cancer within 6 months of recall at digital mammography (DM) (79 483 examinations) and digital breast tomosynthesis 
(DBT) (107 466 examinations). Data in parentheses are 95% CIs. NA = not applicable.
* “Other” includes individuals who identified as American Indian or Alaska Native, multiracial, Native Hawaiian, other Pacific Islander, or 
other categories not specified within the data source.
† Short-term risk status was determined with use of the Gail model 5-year risk score, where elevated risk was defined as a score of 1.66 or 
higher.
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confounding. Nonetheless, as discussed earlier, the primary 
comparison groups of interest were relatively similar with re-
spect to baseline characteristics and were robust even after mul-
tivariable adjustment.

Second, this study used secondary data collection, and 
therefore, information not documented at the time of data re-
trieval was not available. Data on some baseline characteristics 
(breast density, race, ethnicity, menopause status, screening in-
terval) were missing for substantial proportions (1.7%–32.2%) 
of screening mammograms, and while supplemental screen-
ing data were extracted for this analysis, these practices vary by 
site, and the reasons for using US or MRI were not collected. 
As such, some imaging examinations may have been misclassi-
fied as supplemental screening. There may also be cases where 
breast cancers were identified by means of incidental findings 
at other imaging (eg, PET), and these imaging procedures were 
not captured. Additionally, the identification of a breast cancer 
diagnosis relied on institutional cancer registry data. Because 
the potential lag in case reporting, some cancer cases may not 
have been reported at the time of data retrieval, and screening 
mammograms conducted before an observed lag were excluded. 
However, overestimation of the CDR is possible because false-
negative results may have been included. As this would be a rare 
event with either imaging modality, it would not be expected to 
appreciably bias the results.

Third, while this study allowed exploration of the compari-
son of DBT versus DM in key patient subgroups of interest, 
such as those stratified by race and breast density, these analy-
ses were hypothesis-generating in nature and should not be 
overinterpreted given the risks inherent to multiple-subgroup 
analysis that is exploratory.

In summary, data from a multi-institutional, United States–
based database of over 2.5 million screening mammograms found 
consistent improvement in screening outcomes with digital breast 
tomosynthesis (DBT). This data set may be used in future analyses 
that require large data sets, such as in the comparison of the detec-
tion rates of advanced breast cancers or in subgroup analysis of 
women who underwent DBT or digital mammography.
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