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Abstract

Background: Digital breast tomosynthesis (DBT) may have a higher cancer detection rate and lower recall compared with 2-
dimensional (2D) mammography for breast cancer screening. The goal of this study was to evaluate screening outcomes
with DBT in a real-world cohort and to characterize the population health impact of DBT as it is widely adopted. Methods:
This observational study evaluated breast cancer screening outcomes among women screened with 2D mammography vs
DBT. We used deidentified administrative data from a large private health insurer and included women aged 40-64 years
screened between January 2015 and December 2017. Outcomes included recall, biopsy, and incident cancers detected. We
used 2 complementary techniques: a patient-level analysis using multivariable logistic regression and an area-level analysis
evaluating the relationship between population-level adoption of DBT use and outcomes. All statistical tests were 2-sided.
Results: Our sample included 7 602 869 mammograms in 4580698 women, 27.5% of whom received DBT. DBT was associated
with modestly lower recall compared with 2 D mammography (113.6 recalls per 1000 screens, 99% confidence interval [CI] =
113.0 to 114.2 vs 115.4, 99% CI = 115.0 to 115.8, P <.001), although younger women aged 40-44 years had a larger reduction in
recall (153 recalls per 1000 screens, 99% CI = 151 to 155 vs 164 recalls per 1000 screens, 99% CI = 163 to 166, P < .001). DBT was
associated with higher biopsy rates than 2 D mammography (19.6 biopsies per 1000 screens, 99% CI = 19.3 to 19.8 vs 15.2, 99%
CI=15.1t0 15.4, P <.001) and a higher cancer detection rate (4.9 incident cancers per 1000 screens, 99% CI = 4.7 to 5.0 vs 3.8,
99% CI = 3.7 to 3.9, P < .001). Point estimates from the area-level analysis generally supported these findings. Conclusions: In
a large population of privately insured women, DBT was associated with a slightly lower recall rate than 2D mammography
and a higher cancer detection rate. Whether this increased cancer detection improves clinical outcomes remains unknown.

Two-dimensional (2 D) mammography has been the standard of
care for breast cancer screening for nearly 4 decades, but it has
important limitations that result in imperfect sensitivity and
specificity (1). Digital breast tomosynthesis (DBT) is a newer
breast imaging modality that uses multiple x-ray exposures to
create a quasi 3-dimensional image of breast tissue (2). Initial
studies of DBT have generally found that women screened with
DBT are less likely to need follow-up imaging for an abnormal
finding (known as recall) compared with women screened with
2D mammography (3-5). Several studies have also reported a
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higher cancer detection rate among women screened with DBT
(4-7). This early experience with tomosynthesis has generated
enthusiasm, resulting in growing use of DBT in the United
States. By the end of 2017, more than 40% of privately insured
women were screened with tomosynthesis, and by 2021 77% of
mammographic facilities reported ownership of a tomosynthe-
sis unit (8,9).

Although early studies suggest that DBT has some advan-
tages compared with 2D mammography, the current body of
evidence has important limitations. First, many studies reflect

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please email: journals.permissions@oup.com

1515

ARTICLE



https://orcid.org/0000-0001-7438-8907
https://orcid.org/0000-0002-9606-4388
https://orcid.org/0000-0001-6519-1731
https://orcid.org/0000-0002-2409-4246
https://academic.oup.com/

%
=
a
a
tm

1516 | JNCIJ Natl Cancer Inst, 2021, Vol. 113, No. 11

the experience of high-volume centers, early adopters, or lim-
ited geographies (4,5,7,10). Results from these selected settings
may not be broadly applicable to diverse patients and practices
and do not capture the potential population health impact of
changes in screening technology use. Second, published studies
have reported discrepant findings regarding DBT performance.
Among US studies, a recent meta-analysis of tomosynthesis
studies demonstrated a wide range in the reduction in recall
with statistical heterogeneity among studies (11). European
studies, including some randomized trials, generally have
reported lower recall rates overall and have not consistently
shown reductions in recall with DBT (11-13). Last, studies have
reported conflicting results with respect to cancer detection,
with many reporting no increase in cancer detection with DBT,
albeit with limited power to detect small differences (11,14).
Thus, important questions remain about the effectiveness of
tomosynthesis for breast cancer screening, particularly in real-
world clinical practice.

Our study aims to address these gaps in knowledge in 2
ways. Our primary approach was to evaluate the comparative
effectiveness of DBT and 2D mammography using cross-
sectional data from a large real-world cohort of privately in-
sured women undergoing screening. Specifically, we compared
proximal screening outcomes, including recall and cancer de-
tection, among privately insured women undergoing DBT com-
pared with 2D mammography. Our second approach was to
evaluate population-level changes in recall and cancer detec-
tion over time with the introduction of DBT. This approach both
mitigates confounding by using a longitudinal design and eval-
uates the population-level impact of the introduction of DBT on
screening outcomes.

Methods

Data Source and Study Sample

We used data from the Blue Cross Blue Shield Axis, a large data-
base of deidentified commercial insurance claims, accessed
through a secure data environment. We included women aged 40-
64 years who had at least 1 screening mammogram between
January 1, 2015, and December 31, 2017, and who were continu-
ously enrolled during the 2 years before the index mammogram
and the year following the index mammogram. We excluded
women with a history of breast cancer, as defined by a breast can-
cer-related diagnosis code on any claim in the 2 years before mam-
mography. We also excluded women who had claims indicating a
genetic cancer syndrome or prophylactic mastectomy. Additional
details about sample selection are provided in the Supplementary
Methods and Supplementary Table 1 (available online).

Exposure

We identified screening 2D mammograms using a validated algo-
rithm that distinguishes screening from diagnostic mammograms
(Supplementary Methods; Supplementary Table 1, available online)
(15). Because DBT must always be billed with a 2D mammogram,
we identified screening DBT based on the presence of a claim for
DBT on the same day as a screening 2D mammogram, as defined
by a previously validated algorithm (16).

Outcomes

We evaluated 2 types of outcomes following the index screening
mammogram: subsequent workup and incident breast cancers.
For subsequent workup, we measured recall, magnetic reso-
nance imaging (MRI), and biopsies. We defined “recall” as any
diagnostic mammogram (either 2D or DBT) or unilateral or lim-
ited ultrasound in the 4 months following the index screening
mammogram. We separately evaluated ultrasounds that were
likely screening exams (bilateral, whole breast) and did not con-
sider them to constitute recall. We also evaluated breast MRI
use, but did not consider MRI to indicate recall because MRI is
typically either used for high-risk screening or for workup of a
newly diagnosed malignancy. Lastly, we measured biopsy use,
identified by current procedural terminology (CPT) code, follow-
ing screening mammography.

We identified incident breast cancers in the 4 months fol-
lowing mammography using a validated algorithm designed to
identify screen-detected cancers (17). As an exploratory analy-
sis, we also identified potential interval cancers by applying a
modified version of this algorithm to the period between 5 and
12months after the index screening test. Interval cancers are
those identified clinically before the next scheduled mammo-
gram (18). Details of these definitions are provided in the
Supplementary Methods and Supplementary Table 1 (available
online).

Finally, we calculated the positive predictive value (PPV)
among those recalled as the proportion of women diagnosed
with cancer among those who had recall imaging (diagnostic
mammogram, diagnostic DBT, or diagnostic ultrasound). We
also calculated the positive predictive value among those who
underwent biopsy, a value that is similar to the “PPV3” metric
commonly used in mammography benchmarking (19).

Covariates

We evaluated clinical and demographic differences between
women screened with 2D and DBT, including age, use of sup-
plemental screening ultrasound, family history of breast cancer,
screening time period, residence in a metropolitan region, time
since last breast cancer screening, and hospital referral region
(HRR) of residence. Women were assigned to HRRs based on zip
code of residence (20). Supplemental ultrasound was defined by
a claim for bilateral, whole-breast ultrasound. Additional details
of covariates are included in the Supplementary Methods and
Supplementary Table 1 (available online).

Mammogram-Level Analysis

We evaluated demographic and clinical differences among
women screened with 2D and DBT using j° testing. For the
mammogram-level analysis, we used both unadjusted and mul-
tivariable logistic regression to model the relationship between
screening type (DBT or 2D mammography) and screening out-
come (recall, subsequent diagnostic testing, and cancer detec-
tion). Multivariable models were adjusted for age, metro
location, family history of breast cancer, time since last screen-
ing, use of supplemental screening ultrasound, time period, and
HRR modeled as fixed effects. We included cluster-robust stan-
dard errors at the person level to account for the correlation of
mammogram results in the same woman. We also performed
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Table 1. Sample selection

No. Remaining, %
57859780 — Female and aged 40+ y in 2015-2017
9153381 15.8
9123786 15.8

identified
9092718 15.7 Are 40+ y on day of screening mammogram
4861039 8.4
4821596 8.3

screening mammogram on first diagnosis
4781592 8.3

screening mammogram on any diagnosis
4781560 8.3
4778342 8.3
4760968 8.2
4580698 7.9 Were aged 40-64y at mammogram
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Description

Had a claim for potential screening mammogram in 2015-2017 (primary procedures)
Did not have a claim for any type of mammogram in the 9 mo before potential screening mammogram previously

Had continuous coverage 24 mo before through 12 mo after potential screening mammogram previously identified
Identified potential screening mammogram did not have any breast cancer diagnosis in the 24 mo before that
Identified potential screening mammogram did not have any breast cancer diagnosis in the 24 mo before that

Did not have claim for prophylactic removal of breast in the 24 mo before potential screening mammogram

Did not have claim for genetic susceptibility to breast cancer in the 24 mo before potential screening mammogram
Screening mammogram allows woman to be assigned to single hospital referral region

analyses for main outcome measures stratified by time period
and by age category. For all multivariable regression analyses,
we reported the results as risk-adjusted rates per 1000 screening
mammograms based on regression model-predicted probabili-
ties of the outcome evaluated at observed values for each pa-
tient. We also report regression results as odds ratios in the
Supplementary Table 2 (available online). As an alternate speci-
fication, we fit a multilevel mixed-effects model with patients
clustered within HRRs (see the Supplementary Methods, avail-
able online). Because we evaluated multiple screening out-
comes in multiple models, we used a more conservative P value
of less than .01 to suggest statistical significance. All statistical
tests were 2-sided.

Area-Level Analysis

We also performed a longitudinal, area-level analysis to quan-
tify the relationship between population-level DBT use and
population-level changes in screening outcomes among HRRs
during the study period. Here, the unit of analysis was the HRR,
and DBT use and screening outcomes were observed for each
HRR in 6-month intervals over a 3-year period. This area-level
approach was designed to be relatively robust to confounding
by indication (Supplementary Figure 1, available online).
Likewise, the longitudinal design accounts for factors that vary
across regions such as differences in population risk, referral
patterns, or radiologist practice style that may confound cross-
sectional analyses (21).

For this area-level analysis, we used the same exposure and
outcome definitions as in the mammogram-level analysis, but
both the exposure (DBT use) and outcomes were calculated as
the rate per 1000 women screened in each HRR at 6-month
intervals. For example, we defined DBT use as the number of
women who received DBT per 1000 women screened in an HRR

Table 2. Mammograms per patient

in a 6-month interval. Likewise, we measured the number of
recalls, biopsies, invasive cancers, and potential interval can-
cers per 1000 women screened over a 6-month period in each
HRR.

The area-level analysis used linear regression to evaluate
the relationship between DBT use and screening outcomes
among HRRs. Models were adjusted for area-level use of screen-
ing ultrasound, HRR, and time period fixed effects. We weighted
models screened population size in each HRR and clustered
standard errors by HRR. We expressed model results using mar-
ginal effects assuming 1% DBT use in a population or 99% DBT
use in a population. Models were evaluated using standard
methods, described in the Supplementary Methods (available
online). In a sensitivity analysis, we excluded HRR-level obser-
vations with fewer than 5 instances of the outcome or
covariates.

We used Stata versions 16.0 SE and 14.2 SE for statistical
analyses. Statistical code is available from the authors on re-
quest and as permitted by the data use agreement.

Results

Our final sample included 7602869 screening mammograms
performed in 4580698 women (Table 1). During the study pe-
riod, DBT was used in 27.5% of screening exams overall. DBT
use increased from 12.0% of screening exams in early 2015 to
43.2% of screening exams in late 2017. DBT screens were more
common among women who lived in a metropolitan area
(89.9% vs 84.7%, P < .001) and among women who had received a
mammogramin the past 24months (59.9% vs 55.1%, P <.001;
Table 3).

In the mammogram-level analysis, after adjusting for cova-
riates, the recall rate (diagnostic 2D mammography, diagnostic
DBT, and/or diagnostic ultrasound) was slightly lower among

Mammograms per screened woman, No. Women, No. Total mammograms, No.
1 2649990 2649990

2 1379355 2758710

3 731243 2193729

4 110 440

Total 4760698 7602 869
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Table 3. Characteristics of study sample by screening type

Characteristic

Total
Age,y
40-44
45-49
50-54
55-59
60-64
Metro status
Nonmetro
Metro
Unknown metro status
Timing of index mammogram
January 1, 2015-June 30, 2015
July 1, 2015-December 31, 2015
January 1, 2016-June 30, 2016
July 1, 2016-December 31, 2016
January 1, 2017-June 30, 2017
July 1, 2017-December 31, 2017
Months since last mammogram
9-12
12-24
>24
Not observed
Family history of breast cancer
No
Yes
Observed mammogram order
First
Second
Third
Fourth

2 D, No. (%)

5378213 (72.5)

681652 (12.7)
974359 (18.1)
1190903 (22.1)
1340285 (24.9)
1191014 (22.1)

810063 (15.1)
4557281(84.7)
10869 (0.2)

972514 (18.1)
1073 886 (20.0)
865146 (16.1)
932066 (17.3)
759036 (14.1)
775565 (14.4)

107 654 (2.0)
2855130 (53.1)
462672 (8.6)
1952757 (36.3)

5046692 (93.8)
331521 (6.2)

3542287 (65.9)

1415961 (26.3)

419915 (7.8)
50(0.001)

DBT, No. (%)

2044656 (27.5)

276124
388929
459060 (22.5)
496736 (24.3)
423807(20.7)

13.5)
19.0)

—~ e~ — —~

204497 (10.0)
1837285 (89.9)
2874 (0.1)

132436 (6.5)
216 883 (10.6)
267548 (13.1)
394516 (19.3)
443101 (21.7)
590172 (28.9)

44056 (2.2)
1179740 (57.7)
189810(9.3)
631050 (30.9)

1862544 (91.1)
182112 (8.9)

1038411 (50.8)
694 747 (34.0)
311438 (15.2)

60(0.003)

p2

<.001

<.001

<.001

<.001

<.001

<.001

2P value calculated using a 4 test. 2 D = 2-dimensional; DBT = digital breast tomosynthesis.

women screened with DBT compared with those screened with
2D mammography (113.6 recalls per 1000 screens, 99% Cl=
113.8 to 114.2 vs 115.4, 99% CI= 115.0 to 115.8, P <.001; Table 4).
In age-stratified analyses, women aged 40-44 years screened
with DBT had the largest reduction in recall (—11.5 recalls per
1000 screens, 99% Cl= —18.8 to —9.1, P <.001; Table 6). In ad-
justed analyses, women screened with DBT were also more
likely to undergo biopsy than those screened with 2D mam-
mography (19.6 biopsies per 1000 screens, 99% CI = 19.3 to 19.8
vs 15.2, 99% CI = 15.1 to 15.4, P <.001; Table 4). Among those
who had a biopsy, the proportion of women who were ulti-
mately diagnosed with breast cancer was similar (PPV3 =24.0%,
99% CI = 23.4% to 24.6% among those screened with DBT vs
23.6%, 99% CI = 23.2% to 24.0% for 2D, P =.24) (Table 4).

In adjusted analyses, DBT was associated with a higher rate
of cancer detection compared with 2D mammography (4.9 inci-
dent cancers per 1000 screens, 99% CI = 4.7 to 5.0 vs 3.8, 99% CI
= 3.7 to 3.9, P<.001; Table 4). DBT was associated with higher
cancer detection rates across all age groups (Table 6). Cancers
diagnosed between 5 and 12months after mammography,
which may include interval cancers, were slightly higher, with
DBT vs 2D (0.52 incident cancers per 1000 screens, 99% CI = 0.47
to 0.56 vs 0.46, 99% CI = 0.43 to 0.48, P<.001; Table 4).
Unadjusted results are reported in Table 4 and were generally
similar. Multilevel models with HRR-level random effects also
gave similar results (Table 5).

In analyses stratified by time period, reductions in recall var-
ied by time period, with smaller reductions in recall earlier on
(reduction in recall of —0.2 per 1000 screens, 99% CI = —2.8 to 2.4
January-June 2015 vs a reduction in recall of —1.3 per 1000, 99%
Cl = -2.9 to 0.3 in July-December 2017, Pinteraction = -007;
Table 7). In contrast, differences in the risk-adjusted rate of can-
cer detection did not statistically significantly change over time
(difference of 1.3 per 1000 screens, 99% CI = 0.7 to 1.9 in January-
June 2015 and 0.9 per 1000, 99% CI = 0.7 to 1.4 in July-December
2017, Pinteraction = -08; Table 7).

The area-level analysis modeled the relationship between
changes in population-level DBT use and population-level
screening outcomes over time at the regional level. We found
that at the population level, adoption of screening DBT was not
associated with a statistically significant change in recall rate.
Specifically, we found that if DBT were used in 1% of screening
exams, recall would be 117.2 per 1000 screens (99% CI = 114.1 to
120.4) vs a recall rate of 109.1 per 1000 (99% CI = 100.4 to 117.7) if
DBT were used in 99% of exams (Table 8). Using DBT for 1% of
screening exams would be associated with a cancer detection
rate of 4.0 per 1000 screens (99% CI = 3.7 to 4.2) vs a cancer de-
tection rate of 4.4 per 1000 (99% CI = 3.8 to 5.1) if DBT were used
in 99% screening exams (Table 8). A sensitivity analysis that ex-
cluded HRRs based on a minimum volume had similar results,
though estimated recall rates were higher overall and the reduc-
tion in recall with DBT was smaller.



Table 4. Screening outcomes, mammogram-level analysis

Adjusted?

Unadjusted

pc

Difference (99% CI)

DBT (99% CI)

2D (99% CI)

pc

Difference (99% CI)

DBT (99% ClI)

2D (99% CI)

Outcome per 1000

<.001

~1.8(-2.6t01.1)
~18.9(-19.5t018.2)

113.6(113.0t0 114.2)

115.4(115.0t0 115.8)

.15
<.001
<.001
<.001

0.4(-0.3t01.1)
~154(~16.0 to —14.9)

115.2(114.6 t0 115.8)

114.8(114.5t0 115.2)

Any recall

<.001
<.001
<.001
<.001
<.001

72.7 (72.2t073.2)
30.3(30.0t0 30.6)
88.1(87.5 10 88.7)

91.6(91.2t091.9)
13.0(12.8t013.1)
78.1(77.7 t0 78.4)

75 (7510 76)
41.2(40.8t041.5)
87.9(87.4 10 88.4)

90 (9010 91)
11.2(11.0t011.3)
78.1(77.8t0 78.4)

Diagnostic 2D mammogram

Diagnostic DBT

17.3(17.0t017.7)

30.0(29.6t030.4)

9.8(9.2t0 10.4) 10.0(9.3t010.7)

1.6(1.5t01.8)

Diagnostic ultrasound

MRI

1.6(1.4t01.8)

5.6(5.5t05.8)
19.6(19.3t019.8)

4.0(4.0t04.1)
15.2(15.1t0 15.4)

<.001
<.001

5.6 (5.5t05.8)
19.1(18.9t019.4)

4.0(4.0t04.1)
15.4(15.2t0 15.5)

44(40t04.7)

3.8(3.5t04.0)

Biopsy

Incident cancer

<.001

1.1(0.9t01.3)
0.07 (0.01t00.12)

4.9(4.7t05.0)
0.52(0.47 t00.56)

3.8(3.7t03.9)
0.45(0.43 t0 0.48)

<.001

<.001

0.97 (0.83t0 1.12)
0.04 (~0.01 t0 0.09)

48(4.7t04.9)

3.8(3.7t03.9)
0.46 (0.43 t0 0.48)

0-4mo

5-12mo
Positive predictive value

.002

(0.5t00.5)

0.5

<.001

1.01(0.87 t0 1.15)
0.34(~0.41t01.09)

42(41t04.4)
24.0 (2340 24.6)

3.2(3.2t03.3)
23.6(23.2t0 24.0)

<.001

41(40t04.2) 0.8(0.7t01.0)

24.1(23.5t024.6)

3.3(3.2t03.3)
23.6(23.2t0 24.1)

Recall?

24

.06

0.5(~0.2t01.2)

Biopsy®

hospital referral region;

digital breast tomosynthesis; HRR =

2-dimensional; DBT =

2Calculated as number of women diagnosed with cancer per 1000 women who had subsequent diagnostic imaging. CI = confidence interval; 2D

magnetic resonance imaging.
PCalculated as percent of women diagnosed with cancer from among those who underwent biopsy.

“Two-sided P values given from unadjusted or adjusted logistic regression models.

MRI =

dModels adjusted for use of screening ultrasound, age, time period of index mammogram, time since last mammogram, metro location, HRR, and family history of breast cancer.
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Discussion

We evaluated the comparative effectiveness of DBT and 2D
mammography in a large privately insured population of
women aged 40-64 years. In contrast to a number of other US
studies, we observed only a small reduction in recall with DBT
compared with 2D mammography. Other studies have demon-
strated a typical reduction in recall of 22 per 1000, which is sub-
stantially larger than the 1.8 per 1000 observed here (8).
Reduction in recall has been cited as a major advantage of DBT
because it may translate into lower costs, more efficient subse-
quent workup, and less potential anxiety for women undergo-
ing screening while preserving sensitivity (2). However, our
results suggest that recall may not be meaningfully reduced
among women screened with DBT compared with women
screened with 2D mammography.

There are several possible explanations for our findings re-
lated to recall. First, performance improvements with DBT may
simply be smaller than previously reported in initial studies, as
this technology is applied to more heterogeneous populations
and in less controlled settings. Second, time may play a role. Our
study captures relatively early experience with DBT, and several
studies have shown that reductions in recall may be smaller ear-
lier after adoption. This apparent effect of time may be driven by
several factors, including a patient’s previous screening history
and the availability of prior screens for comparison (22-25). Last, a
variety of other factors, such as differences in resolution across
imaging systems, may influence recall rates (26).

It is important to note that our study was observational, and
selection bias may also account for the small reduction in recall
noted in our study compared with other studies. For example, if
higher-risk women are preferentially referred to DBT, this may at-
tenuate any apparent reduction in recall. We designed an area-
level analysis to address this possibility. Point estimates from the
area-level analysis also suggested only a modest reduction in re-
call. Taken together, our findings suggest that when DBT use is
extended to typical populations, DBT may offer only a small im-
provement in recall compared with 2D mammography.

Our findings also have implications for the value of DBT. A
recent cost-effectiveness study found that DBT was not cost-
effective compared with 2D mammography at current DBT pri-
ces but could be cost-effective at a lower price (27). This cost-ef-
fectiveness analysis assumed approximately a 5%-10%
improvement in specificity with DBT. Although we did not for-
mally evaluate specificity, our findings imply that specificity is
not markedly improved with DBT and the overall cost effective-
ness of DBT may be even less than originally expected.

We also found that DBT is associated with a higher cancer de-
tection rate compared with 2D mammography. This finding was
similar in magnitude to previous studies, which have also esti-
mated an approximately 1 per 1000 increase in screen-detected
cancers (11). Though not statistically significant, the point esti-
mate from the area-level analysis was quite similar and supports
findings from the patient-level analysis. Overall, our results sug-
gest that DBT does indeed have a higher cancer detection rate
than mammography and that this greater sensitivity is sustained
even in the diverse practice settings studied here.

A key question is whether this increase in cancer detection
will translate into an improvement in health. Although a higher
cancer detection rate seems advantageous, identifying more
cancers does not necessarily translate into improved health and
may only contribute to longer lead times. Further, more sensi-
tive tests can actually cause harm through overdiagnosis.
Overdiagnosis and resultant overtreatment of some breast
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Table 5. Multilevel model

Outcome per 1000* 2D (99% CI) DBT (99% CI) Difference (99% CI) pt
Any recall 111.1 (107.5 to 114.7) 109.5 (106.0 to 113.1) —1.6 (—2.2t0 1.0) <.001
Biopsy 15.6 (15.2 to 16.0) 20.0 (19.5 to 20.6) 4.4 (42104.7) <.001
Incident cancer
0-4mo 3.8(3.7t03.9) 4.9 (4.8t05.1) 1.1(1.0to 1.2) <.001
5-12mo 0.45 (0.43 to 0.47) 0.50 (0.47 to 0.54) 0.05 (0.01 to 0.09) .009

*Model includes HRR-level random effects and mammograms are nested within HRRs. Models adjusted for use of screening ultrasound, age, time period of index mam-
mogram, time since last mammogram, metro location, and family history of breast cancer as fixed effects. CI = confidence interval; 2D = 2-dimensional; DBT = digital
breast tomosynthesis; HRR = hospital referral region.

TTwo-sided P value is from multilevel models.

Table 6. Adjusted mammogram-level results, stratified by age group

Outcome per 1000? 2D (99% CI) DBT (99% CI) Difference (99% CI) PP Pinteraction”

Any recall 115.4(115.0 to 115.8) 113.6(113.0 to 114.2) ~1.8(-2.6 to —1.1) <.001 <.001

%
=
a
a
tm

40-44-y age group
45-49-y age group
50-54-y age group
55-59-y age group
60-64-y age group
Biopsy
40-44-y age group
45-49-y age group
50-54-y age group
55-59-y age group
60-64-y age group

Cancer detection, 0-4 mo

40-44-y age group
45-49-y age group
50-54-y age group
55-59-y age group
60-64-y age group

Cancer detection, 5-12 mo

40-44-y age group
45-49-y age group
50-54-y age group
55-59-y age group
60-64-y age group

164 (163 to 166)
137 (136 to 137)
114 (114 to 115)
96 (95 to 97)
92(91 to 93)
15.2(15.1 to 15.4)
19.0(18.6 to 19.5)
17.0(16.6 to 17.3)
15.3(15.0 to 15.6)
13.3(13.0 to 13.6)
13.6(13.3 to 13.9)
8(3.7 t0 3.9)
3(2.2102.5)
3.2(3.0t03.3)
6(3.5t0 3.8)
0(3.9t04.2)
5.1(4.9 t05.3)
0.45 (0.43 to 0.48)
0.5(0.4 to 0.6)
5(0.5 to 0.6)
0.5(0.4 to 0.5)
5(0.4 to 0.5)
5(0.5 to 0.6)

153 (151 to 155) ~11.5(-13.8 to —9.1) <.001
135 (133 to 136) ~1.8(-3.7 t0 0.1) .02
116 (115 to 118) 1.9(0.3 to 3.5) 003
97/(95 to 98) 0.7(—0.7 t0 2.2) 18
89 (87 to 90) —3.2(-4.7 to —1.7) <.001
19.6 (19.3 to 19.8) 44(40t04.7) <.001 .001
23.7(22.9 to 24.6) 7(3.7 105.7) <.001
21.6(20.9 to 22.2) 4.6(3.8105.4) <.001
20.3(19.7 t0 20.9) 5.0(4.3t05.7) <.001
17.1(16.6 to0 17.7) 8(3.2t0 4.5) <.001
17.4(16.8 to 18.0) 8(3.1t0 4.5) <.001
4.9(4.7 10 5.0) 1(0.9 to 1.3) <.001 .001
2(2.8 t0 3.5) 8(0.5t01.2) <.001
3.9(3.6t04.2) 8(0.4 to 1.1) <.001
4.8(45105.1) 1.2(0.8 to 1.5) <.001
5.3(5.0 to 5.6) 3(1.0to 1.7) <.001
6.3(5.9 0 6.6) 1.2(0.8 to 1.6) <.001
0. 52 (0.47 t0 0.56) 0.07 (0.01 to 0.12) 002 54
6(0.4100.7) 0.04(—0.13 t0 0.21) 51
6(0.5 10 0.7) 0.03(—0.12 t0 0.17) 64
7(0.5 t00.8) 0.18(0.04 to 0.32) 001
5(0.4 t0 0.6) 0.02(—0.09 to 0.13) 69
6(0.5 0 0.7) 0.08(—0.05 to 0.22) 10

*Models adjusted for use of screening ultrasound, time period of index mammogram, time since last mammogram, metro location, hospital referral region, and family

history of breast cancer. CI = confidence interval; 2D = 2-dimensional; DBT = digital breast tomosynthesis.
*Two-sided P value is from multivariable logistic regression and indicates whether the difference in outcome is statistically significantly different from zero.
“Two-sided P value for interaction between screening type and age group from multivariable logistic regression model.

cancers are increasingly recognized as challenging consequen-
ces of mammography (28). Despite the increase in cancer detec-
tion, we did not see a decline in potential interval cancers up to
a year after screening, albeit using an exploratory definition.
Ongoing studies, including the Tomosynthesis Mammographic
Imaging Screening trial, will help answer the question of
whether DBT reduces the incidence of aggressive interval can-
cers or whether its increased sensitivity merely picks up small,
slower-growing breast cancers (29). However, it may be years
before that trial is complete. As screening becomes more sensi-
tive, we will need improved strategies for understanding which
screen-detected cancers are likely to progress and which are not.
This work has some important limitations. First, we used ad-
ministrative claims that provide information about use of clini-
cal services and outcomes but can be subject to error,
misclassification, and underreporting. When possible, we used
validated algorithms to identify key variables, including

screening mammography and incident breast cancers. To iden-
tify DBT use, we built on established algorithms. One limitation
of this approach is that it may underidentify DBT use if pro-
viders did not submit claims because DBT was not a covered
service. However, rates of DBT use observed in this study were
similar to use in Medicare, which did reimburse uniformly be-
ginning in 2015 (6). Our definition of recall also relied on observ-
ing subsequent imaging, which may undercount recall if
women do not return for follow-up. However, this is likely to be
a small proportion of women, and our recall rates were actually
somewhat higher overall than observed elsewhere.

Lastly, this was an observational study, which has inherent
limitations for assessing causality. Indeed, we observed impor-
tant demographic and clinical differences between women
screened with DBT and those screened with 2D mammography.
However, we adjusted for observed differences in our patient-
level analysis, and our longitudinal, area-level approach, which
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Table 7. Adjusted mammogram-level results, stratified by time period

Outcome per 1000? 2D (99% CI) DBT (99% CI) Difference (99% CI) PP Pinteraction”
Recall 115.4(115.0 to 115.8) 113.6 (113.0 to 114.2) ~1.8(—2.6 to —1.1) <.001 .007
Jan-Jun 2015 118(117 to 119) 118(115 to 120) —0.2(-2.8 t0 2.4) .84
July-Dec 2015 113 (112 to 114 111 (109 to 113 -2.1(-4.1t0 0.0 .009
Jan-Jun 2016 116 (115 to 117 115(114 to 117 —0.8(—2.8t01.2) .30
July-Dec 2016 —2.7(—4.4t0 1.0) <.001

( )
( )
114 (113 to 115)
( )
( )

( )
( )
111(110 to 113)
( )
( )

Jan-Jun 2017 116 (115 to 117, 115(113 to 116, -1.8(-3.5t00.01) .01
July-Dec 2017 115(114 to 116 114 (113 to 115 -1.3(-2.9t00.3) .04
Biopsy® 15.2(15.1 to 15.4) 19.6(19.3 to 19.8) 4 4(4.0 t0 4.7) <.001 .001
Jan-Jun 2015 16.0(15.7 t0 16.3) 20.7 (19.6 to 21.8) 7(35t05.8) <.001
July-Dec 2015 15.1(14.8 to 15.4) 19.5(18.6 to 20.3) 4(3.5t05.3) <.001
Jan-Jun 2016 15.5(15.1 to 15.8) 20.1(19.3 t0 20.9) 4 6(3.7 t0 5.5) <.001
July-Dec 2016 15.1(14.7 to 15.4) 19.5(18.9 to 20.1) 4 5(3.7 t0 5.2) <.001
Jan-jun 2017 15.1(14.8 to 15.5) 19.5(18.9 to 20.1) 4(3.6t05.1) <.001
July-Dec 2017 14.7 (14.3 to0 15.1) 18.6(18.1 to 19.1) 3 9 (3.3t0 4.6) <.001
Cancer detection, 0-4 mo 8(3.7t03.9) 4.9(4.7 t0 5.0) 1 1(0.9to 1.3) <.001 .08
Jan-Jun 2015 8(3.6t03.9) 5.0(4.5t05.6) .3(0.7 t0 1.9) <.001
July-Dec 2015 7(3.5t03.8) 5.0 (4.5 to 5.4) 1 3 (0.8t0 1.8) <.001
Jan-Jun 2016 3.9(3.7 to 4.1) 5.0(4.7 to 5.4) 1 1(0.7 to 1.6) <.001
July-Dec 2016 9(3.7t0 4.0) 5.0(4.7 to 5.4) .2(0.8t0 1.6) <.001
Jan-Jun 2017 8(3.6 t0 4.0) 49(4.6t05.2) 1 1(0.7 to 1.4) <.001
July-Dec 2017 8(3.7 t0 4.0) 4.7 (45105.0) 0.9(0.5 0 1.2) <.001
Cancer detection, 5-12 mo 0.45 (0.43 to 0.48) 0.52(0.47 to 0.56) 0.07 (0.01 to 0.12) .002 .54
Jan-Jun 2015 0.58(0.51 to 0.64) 0.64 (0.45 to 0.84) 0.07 (—0.14 to 0.28) 41
July-Dec 2015 0.52(0.46 to 0.58) 0.62 (0.46 t0 0.79) 0.10(~0.08 to 0.28) 14
Jan-Jun 2016 0.52(0.45 to 0.59) 0.61(0.47 to 0.76) 0.10(—0.07 to 0.26) 12
July-Dec 2016 0.52(0.46 to 0.59) 0.53(0.43 to 0.63) 0.01(—0.12 to 0.13) 91
Jan-jun 2017 0.44(0.37 t0 0.51) 0.60 (0.48 t0 0.72) 0.16(0.01 to 0.30) <.001
July-Dec 2017 0.49(0.42 to 0.57) 0.54(0.44 to 0.63) 0.04(—0.08 to 0.17) .39

*Models adjusted for use of screening ultrasound, age, time since last mammogram, metro location, hospital referral region, and family history of breast cancer. CI =
confidence interval; 2D = 2-dimensional; DBT = digital breast tomosynthesis.

bTwo-sided P value is from multivariable logistic regression and indicates whether the difference in outcome is statistically significantly different from zero.
“Two-sided P value for interaction between screening type and age group.

Table 8. Screening outcomes in the area-level analysis

Outcome per 1000 women screened?® HRRs, No. 1% Population use of DBT (99% CI) 99% Population use of DBT (99% CI) Difference  P°

All HRRs
Recall 306 117.2 (114.1 to 120.4) 109.1 (100.4 to 117.7) -8.1 .08
Biopsy 306 15.7 (15.1 to0 16.2) 18.4 (16.9 to 19.9) 2.7 .001
Incident cancer
0-4 mo 306 3.95(3.72t0 4.18) 4.44 (3.80 to 5.07) 0.49 15
5-12 mo 306 0.69 (0.61 to 0.77) 0.51 (0.29 to 0.72) -018 .10
Excluding HRRs with N <5 per outcome
Recall 154 124.1 (118.7 to 129.5) 117.7 (104.5 to 130.9) —6.4 38
Biopsy 153 15.7 (14.9 to 16.6) 18.8 (16.7 to 20.9) 3.1 .007
Incident cancer
0-4 mo 143 3.96 (3.66 to 4.26) 4.50 (3.76 to 5.23) 0.54 .18
5-12 mo 73 0.79 (0.66 to 0.92) 0.57 (0.28 to 0.86) —0.22 18

*Outcome indicates number per 1000 women screened, assuming 1% of the population uses DBT or 99% of the population uses DBT. Analyses adjusted for HRR fixed
effects, time period fixed effects, and use of screening ultrasound per 1000 screened women in each time period. Models were weighted by the size of the screened pop-
ulation in each HRR. CI = confidence interval; DBT = digital breast tomosynthesis; HRR = hospital referral region.

*Two-sided P value for coefficient for DBT in multivariable model.

is relatively robust to confounding, produced results supportive
of our main patient-level analysis.

Using administrative data from a large privately insured
population, we evaluated screening outcomes after DBT com-
pared with 2D mammography. Our results suggest that DBT is
associated with a higher cancer detection rate than 2D mam-
mography but may not substantially reduce the need for

subsequent imaging in typical practice. A critical remaining
question is whether improved cancer detection translates into
reductions in morbidity and mortality for women diagnosed
with breast cancer. Randomized prospective studies and long-
term follow-up are needed to determine whether DBT technol-
ogy improves outcomes in women undergoing regular mammo-
graphic screening.
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