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Abstract

Background Most published studies evaluating digital

breast tomosynthesis (DBT) included a separate 2-dimen-

sional full-field digital mammogram (FFDM) for DBT

screening protocols, increasing radiation from screening

mammography. Synthesized mammography (SM) creates a

2-dimensional image from the DBT source data, and if

used in place of FFDM, it reduces radiation of DBT

screening. This study evaluated the implementation of

SM ? DBT in routine screening practice in terms of recall

rates, cancer detection rates (CDR), % of minimal cancers,

% of node-positive cancers, and positive predictive values

(PPV).

Materials and methods A multivariate retrospective insti-

tutional analysis was performed on 31,979 women who

obtained screening mammography (10/2013–12/2015) with

cohorts divided by modality (SM ? DBT, FFDM ? DBT,

and FFDM). We adjusted for comparison mammograms,

age, breast density, and the interpreting radiologist. Recall

type was analyzed for differences (focal asymmetry,

asymmetry, masses, calcifications, architectural distortion).

Results SM ? DBT significantly decreased the recall rate

compared to FFDM (5.52 vs. 7.83%, p\ 0.001) with no

differences in overall CDR (p = 0.66), invasive and/or

in situ CDR, or percentages of minimal and node-negative

cancers. PPV1 significantly increased with SM ? DBT

relative to FFDM (9.1 vs. 6.2%, p = 0.02). SM ? DBT

did not differ significantly in recall rate or overall CDR

compared to FFDM ? DBT. There were statistically sig-

nificant differences in certain findings recalled by screen-

ing modality (e.g., focal asymmetries).

Conclusions SM ? DBT reduces false positives compared

to FFDM, while maintaining the CDR and other desirable

audit outcome data. SM ? DBT is more accurate than

FFDM alone, and is a desirable alternative to FFDM ?

DBT, given the added benefit of radiation reduction.

Keywords Breast cancer � Screening � Mammography �
Tomosynthesis � Cancer detection � Digital breast
tomosynthesis

Introduction

Digital breast tomosynthesis (DBT) decreases the recall

rate for screening mammography compared to full-field

digital mammography (FFDM) while simultaneously

maintaining or increasing the cancer detection rate [1–7].

As such, the National Cancer Comprehensive Network

(NCCN) guidelines for breast cancer screening state to

‘‘consider tomosynthesis’’ for all women 40 and older,

regardless of risk [8]. When used for screening, an addi-

tional 2-dimensional (2D) mammography image is rec-

ommended to be obtained in addition to DBT [9–11].

Acquiring both DBT and a separate 2D FFDM exam nearly

doubles the radiation dose to the patient over FFDM alone
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[12, 13]. While this ‘‘double-dose’’ exposure for

FFDM ? DBT falls below the United States Food and

Drug Administration (USFDA) thresholds for screening

mammography [13], minimizing the radiation dose is of

paramount importance if DBT is to become the new stan-

dard of care for mammographic screening within the gen-

eral population.

Recent technology has developed a ‘‘virtual’’ or syn-

thesized mammogram (SM) that is reconstructed from the

DBT source data, potentially eliminating the need to obtain

a standard FFDM. SM ? DBT technology was recently

approved for clinical use by the FDA, and has been

incorporated in some clinical practices [14]. However, data

regarding the clinical implementation of SM ? DBT

remain limited. Initial prototypes of SM technology

demonstrated inferior sensitivity to FFDM ? DBT

[15, 16]. Subsequent versions of SM technology demon-

strated improvement with a few clinical and reader studies

suggesting that SM ? DBT can be used as an alternative to

FFDM ? DBT [16–19]. To date, only one study in the

United States has published the results of using

SM ? DBT technology in clinical practice. This study did

not control for multiple possible confounders (including

breast density, presence of comparison mammograms, and

effect of the interpreting radiologist), thus limiting the

ability to understand the feasibility of implementation and

the implications of switching from either a FFDM or a

FFDM ? DBT program to a SM ? DBT screening pro-

gram [20].

The purpose of our study is to analyze the basic clini-

cally relevant audit outcome data including recall rates and

cancer detection rates (CDR) between the SM ? DBT

technology in our screening program compared to histori-

cal cohort of FFDM ? DBT technique, as well as com-

pared to the FFDM alone during the same time periods,

adjusting for multiple possible confounders.

Materials and methods

Study population and screening interpretations

This retrospective study used HIPAA standards and was

approved by the institutional review board with a waiver

for informed consent. We extracted data from institutional

databases (MagView, Epic Radiant, and GE Centricity)

including all women (n = 31,979, age 19–100) who pre-

sented for screening mammography to any screening

facility of our academic medical center from 10/1/13 to

12/31/15. As part of our workflow, two facilities have

capability of performing DBT and/or FFDM (Dimensions,

Hologic, Inc., Bedford, MA), whereas three have only

FFDM capability (Selenia, Hologic, Inc., Bedford, MA).

All women who presented to our sites equipped with DBT

from October 2013 through December 2014 were pre-

sented with the option to receive combination

FFDM ? DBT, while being informed that this option

involved higher radiation dose than FFDM alone

(n = 1019 women chose FFDM ? DBT screening, Cohort

2). Secondary to concerns over increased radiation from

FFDM ? DBT, our institution implemented SM ? DBT

technology (C-View software, Hologic, Inc.) starting Jan-

uary 2015. All women who presented to a site with SM

technology from 1/1/2015 to 12/31/15 were screened using

SM ? DBT (n = 9525, Cohort 1). Throughout the same

time periods (10/1/13–12/31/15), all women who presented

to facilities with FFDM only capability, and those 10/1/

13–12/31/14 who opted not to receive FFDM ? DBT,

were screened with standard FFDM (n = 21,435, Cohort

3). All interpreting radiologists (n = 10) met MQSA and

FDA guidelines for FFDM and DBT interpretation and

were breast imaging specialists (n = 8 fellowship trained

or equivalent; experience range 1–26 years). We evaluated

patient demographics of each cohort with respect to age,

mammographic breast density (according to BIRADS

recommended categories (almost entirely fat, scattered

areas of fibroglandular density, heterogeneously dense, and

extremely dense) [21]), and the presence of prior com-

parison mammograms (Table 1).

Study outcomes measures

As the primary outcome, we evaluated the recall rate (%

recalled from screening for additional evaluation) and the

cancer detection rate (CDR) (# of cancers detected/1000

screening exams) of the SM ? DBT group (Cohort 1)

compared with the historical FFDM ? DBT group (Cohort

2) and with the historical and concurrent FFDM only group

(Cohort 3). We analyzed results both based on actual rates,

as well as controlling for the presence of prior mammo-

grams, patient age, breast density and the effect of the

individual radiologist. We initially divided Cohort 3 into

two sub-cohorts with time periods to match Cohort 1 and

Cohort 2, respectively; however, upon initial analysis, the

recall rate for the two sub-cohorts were identical (8.8%)

and the CDR for the two cohorts were similar (5.4/1000

and 5.6/1000); therefore, the two cohorts were included

together for comparison. Additionally, we evaluated the

finding type recalled using BIRADS 5th edition lexicon

(asymmetry, focal asymmetry, mass, architectural distor-

tion, and calcifications) [21]. We measured the basic clin-

ically relevant audit screening outcomes including invasive

CDR (# invasive cancers/1000 screening exams); in situ

CDR (# of ductal carcinoma in situ/1000 screening exams),
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percentage of cancers that are ‘‘minimal’’ (defined as all

invasive cancers\=10 mm in size, or DCIS of any size),

percentage of node-negative cancers, PPV 1 (# of cancers/

all exams recalled at screen), PPV 2 (# of cancers/# of

biopsy recommendations at the diagnostic work-up after

recall), and PPV 3 (# of cancers/biopsies actually

performed).

Statistical analysis

Patient characteristics were compared using a v2 test for

categorical variables and a Kruskal–Wallis analysis of

variance for ordered categorical variables. Although there

were no clinically significant differences between patient

age and breast density between the cohorts, the differences

were statistically significant (Table 1). Therefore, all

multivariable models adjusted for age, breast density, and

the presence of comparison mammograms at the time of

interpretation in addition to the effect of the individual

radiologist on interpretation. We also analyzed the recall

rate in a multivariable analysis comparing dense (hetero-

geneously dense and extremely dense breasts) to that of

non-dense breasts (almost entirely fat and scattered areas of

fibroglandular density categories).

The analysis was performed using a multivariable mixed

effects Poisson regression model, yielding adjusted pro-

portions and relative risk for the outcome variables for

cohort 1 relative to cohorts 2 and 3. Radiologist was

included as a random effects term, with patients nested

within radiologist in a multilevel fashion. Age category

was included as a fixed effects factor, using indicator or

dummy variables, for the age categories. Presence of

comparison mammograms at the time of interpretation was

included as a single fixed effects indicator variable.

Adjusted percentages, which are percentages estimated

while controlling for the variables included in the model,

were computed using the method of average marginal

effects [22], also known as marginal standardization [23].

Including radiologist as a random effect controlled for

radiologist experience and interpretation preferences of

images. Frequently, the estimate of effect size from a

random effect term in a model is reported as an intra-class

correlation coefficient. A more intuitive way to express it,

which is consistent with how other factors in the model are

expressed, is as a risk ratio. However, there are many risk

ratios, since there is one for each radiologist compared to

every other radiologist. To provide a single risk ratio, we

report it as the median risk ratio (MRR) [24, 25]. It is

interpreted as the average, or median, risk ratio for the

outcome when comparing a radiologist who has a higher

propensity to have the outcome to a radiologist with a

lower propensity to have the outcome. For example, if the

recall rate MRR = 1.31, radiologists who have a higher

recall rate are 1.31 times more likely, on average, to recall

a mammogram compared to radiologists who have a lower

recall rate.

Statistical tests were performed using STATA Version

14.2 (StataCorp LP, College Station, TX) and the database

was stored in Excel (Microsoft Office 2013). All p values

represent a two-sided comparison.

Table 1 Patient demographics

Cohort 1 Cohort 2 Cohort 3 p value

Screen type SM ? DBT FFDM ? DBT FFDM only

Study period 1/1/15–12/31/15 10/1/13–12/31/14 10/1/13–12/31/15

Number 9525 1019 21435

Age (year) \.001

\40 147 (1.5) 17 (1.7) 298 (1.4)

40–49 2592(27.2) 280 (27.5) 5576 (26.0)

50–59 3047 (32.0) 349 (34.2) 6790 (31.7)

60–69 2445 (25.7) 258 (25.3) 5456 (25.5)

70–74 681 (7.1) 70 (6.9) 1680 (7.8)

[74 613 (6.4) 45 (4.4) 1635 (7.6)

Breast density \.001

Almost entirely fatty 1175 (12.3) 76 (7.5) 3365 (15.7)

Scattered areas of fibroglandular densities 4358 (45.8) 422 (41.4) 9768 (45.6)

Heterogeneously dense 3309 (34.7) 428 (42.0) 7157 (33.4)

Extremely dense 683 (7.2) 93 (9.1) 1145 (5.3)

Prior comparison mammogram 8310 (87.2) 783 (76.8) 16281 (76.0) \.001

Unless otherwise indicated, each expressed as # of patients (%)
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Results

Cohort characteristics

Cohort 1 consists of all women from 1/1/2015 to 12/31/15

who were screened using SM ? DBT (n = 9525). Cohort

2 is all women from October 2013 through December 2014

who received combination FFDM ? DBT (n = 1019).

Cohort 3 includes all women from 10/1/13 to 12/31/15,

who were screened with standard FFDM (n = 21,435).

Although there were no clinically significant differences

between patient age and breast density between the cohorts,

the differences were statistically significant (Table 1).

Recall rate

The overall unadjusted actual recall rate for SM ? DBT

was significantly lower than standard FFDM alone (5.78

vs. 8.68%); when controlling for the presence of prior

mammograms, breast density, patient age, and the effect of

the individual radiologist on interpretation, the adjusted

recall rate is 5.52 versus 7.83% respectively [adjusted risk

ratio (aRR) = 0.70, 95% confidence interval (CI) (0.64,

0.78), p\ 0.001, MRR = 1.31]. There was also a decrease

in the unadjusted actual recall rate of SM ? DBT versus

FFDM ? DBT, (5.78 vs. 6.97%) with adjusted recall rates

of 5.52 versus 6.39%, respectively, although this was not

statistically significant [aRR = 0.86 95% CI (0.67, 1.11),

p = 0.25] (Table 2).

When broken down by density (Table 3), the improve-

ment in adjusted recall rate for SM ? DBT compared to

FFDM was significant for both dense and non-dense

breasts with a relatively greater decrease for non-dense

breasts [aRR = 0.61 non-dense (95% CI (0.53, 0.71),

p\ 0.001)] versus aRR = 0.80 dense [95% CI (0.70, 0.91),

p = 0.001]. For the non-dense breasts, the adjusted likeli-

hood of recall was also significantly decreased for

SM ? DBT relative to FFDM ? DBT [aRR = 0.65 (95%

CI (0.45, 0.94), p = 0.021)].

In analyzing the recall rate by finding type (Table 4), a

patient was significantly less likely to be recalled using

SM ? DBT compared to FFDM for findings of focal

asymmetries, asymmetries, and calcifications [aRR, 0.42

(95% CI (0.34, 0.53)), p\ 0.005; 0.28 (95% CI (0.21,

0.38)), p\ 0.005; and 0.78 (95% CI (0.62, 0.98)), p\ 0.05

respectively]. Conversely, a patient was significantly more

likely to be recalled for the finding of a mass using

SM ? DBT relative to FFDM alone [aRR, 1.33 (95% CI

(1.13, 1.57), p\ 0.005)]. There were no significant dif-

ferences in recall by finding type between the SM ? DBT

and the FFDM ? DBT exams, although there was a non-

significant trend toward less frequent call-back for a mass

on SM ? DBT compared to FFDM ? DBT. There was

notably no significant difference in being recalled for

architectural distortion between the SM ? DBT and

FFDM or the SM ? DBT and FFDM ? DBT.

Cancer detection

The overall unadjusted actual CDR for SM ? DBT was

identical to that of FFDM (5.9/1000) and lower than that of

FFDM ? DBT (6.9/1000) (Table 2). When controlling for

the presence of prior mammograms, patient age, breast

density, and the effect of the interpreting radiologist, there

remained no difference CDR for SM ? DBT relative to

FFDM [5.4/1000 vs. 5.0/1000; aRR 1.08 (95% CI (0.78,

1.49), p = 0.66)]. There was also no significant difference

in the adjusted CDR for the SM ? DBT versus

FFDM ? DBT [5.4/1000 vs. 5.7/1000; aRR 0.95 (95% CI

(0.43, 2.10), p = 0.90)].

Additionally, both the invasive and in situ cancer

detection rates were not significantly different between

SM ? DBT and either the FFDM ? DBT or FFDM alone

(adjusted invasive CDR: 4.3/1000 versus 3.4/1000 and 3.9/

1000, respectively, and adjusted in situ CDR: 1.2/1000 vs

1.8/1000 and 1.2/1000, respectively) (Table 2). The

adjusted percent of minimally invasive cancers and node-

negative cancers also did not differ significantly between

modalities.

There was a trend, although not significant, towards

higher adjusted PPVs for PPV2 and PPV 3 for the

SM ? DBT relative to FFDM alone [36.4 vs. 30.9%; (aRR

0.85, 95% CI (0.61, 1.17), p = 0.32) and 36.7 vs. 31%;

(aRR 0.84, 95% CI (0.61, 1.16) p = 0.30), respectively]

with a statistically significant improvement in the adjusted

PPV1 for SM ? DBT relative to FFDM [9.1 vs. 6.2%; aRR

0.69, 95% CI (0.50, 0.95), p = 0.02)] (Table 5).

Discussion

Our study supports the implementation of SM ? DBT

technology as a replacement for FFDM ? DBT in clinical

practice, as SM ? DBT maintains the statistically signifi-

cant decrease in recall rate for FFDM ? DBT compared to

FFDM. Further, we demonstrate that we decrease the false

positives, while maintaining the cancer detection rate of

FFDM. Additionally, although our comparison cohort of

FFDM ? DBT is small, and likely biased by selection bias,

our recall rate and CDR using SM ? DBT were not sta-

tistically significantly different from those of

FFDM ? DBT, although our cohort for this comparison is

underpowered to detect such a change. We know from

prior studies, that SM ?DBT decreases the radiation dose

from FFDM ? DBT by approximately 45% on average,
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averaging approximately 8% more than FFDM alone

[13, 17]. Thus, being able to maintain our audit parameters

of cancer detection, including minimal cancer percentage,

invasive CDR, in situ CDR, and node-negative cancers,

while improving our false positive rate at nearly the same

radiation dose as FFDM alone demonstrates that the tech-

nology is able to be implemented in widespread clinical use

as an improvement to standard FFDM screening or

FFDM ? DBT where accessible.

While SM ? DBT was implemented in our practice

with an abrupt change from FFDM ? DBT, we found that

our interpretation performance was maintained relative to

FFDM ? DBT with near no learning curve to adjust to the

SM technology. Interestingly, we found that in women with

non-dense breasts, there was a statistically significant

reduction in recalls for the SM ? DBT technology com-

pared to FFDM ? DBT technology, a result that to the best

of our knowledge has not been described previously. The

likelihood of being recalled with SM ? DBT technology in

women with dense breasts (adjusted recall rate 7.11%) is

similar to the likelihood of recall in non-dense breasted

women on FFDM alone (adjusted recall rate 7.34%),

meaning the experience of reading SM ? DBT in women

with dense breasts approaches that of FFDM with fatty

breasts, which is well established to be more accurate.

A strength of our study is that in addition to reporting

our actual audit data, we also controlled for the effects of

confounders including age, density, presence of prior

comparison mammograms, and for the effect of the indi-

vidual interpreting radiologist as it has been previously

shown that DBT technology may not have a uniform effect

on recalls and cancer detection among all radiologists [2].

In fact, for many of the recalled findings, there was a

marked effect with the chance for recall depending on the

individual radiologist, most notable for calcifications with a

MRR of 1.82. Therefore, our study is the first to demon-

strate the power of the SM ? DBT technology itself in a

real-world clinical U.S. population in a routine setting

versus the FFDM ? DBT or FFDM alone. To the best of

our knowledge, this level of adjustment has not been per-

formed in the clinical setting for SM ? DBT and has only

been adjusted for an occasion in a few of the studies

comparing FFDM ? DBT to FFDM [4, 5]. We noted in

both the unadjusted and adjusted recalls, statistically sig-

nificant decreases in asymmetries and focal asymmetries

being recalled, and an increase in masses being recalled,

for SM ? DBT compared to FFDM, which likely accounts

for increases in the PPV1, PPV2, and PPV3 for

SM ? DBT relative to FFDM. That is, while decreasing

the overall false positives, the accuracy of the recalls is

improved. This is not surprising given the DBT technology

works by reducing superimposition of overlapping benign

breast tissue. We noted a statistically significant decrease

in calcifications being recalled from SM ? DBT relative to

FFDM, which may be explained by the fact that the SM is

created from the low-dose (lower resolution, higher noise)

DBT projection images, and thus some calcifications may

not be well seen on the SM. However, this did not result in

a decrease in the in situ CDR, again, suggesting the

SM ? DBT recalls are more accurate. Although there was

a significant decrease in recall for calcifications for

SM ? DBT compared to FFDM, a non-significant

increased recall rate was observed for SM ? DBT com-

pared to FFDM ? DBT. This observation may partially be

accounted for by the reconstruction algorithms for SM

technology that over-emphasize high-attenuation structures

such as calcifications in an attempt to not under-call cal-

cifications. This trend in our data is different from the data

found by Zuckerman et al. which showed a decrease in

calcifications recalled with SM ? DBT relative to

FFDM ? DBT [20]. Surprisingly, there was no significant

difference in the recalls of architectural distortion between

the modalities in our study, which may suggest a learning

curve for our practice on recognizing architectural

Table 3 Adjusted recall rates in dense versus non-dense breasts

Adjusted recall

rate cohort 1 (%)

Adjusted recall

rate cohort 2 (%)

Adjusted recall

rate cohort 3 (%)

aRR1 aRR2

Dense 7.11 6.63 8.92 1.07

95% CI (0.76, 1.51)

p = 0.69 MRR = 1.37

0.80

95% CI (0.70, 0.91)

p = 0.001 MRR = 1.37

Non-dense 4.50 6.92 7.34 0.65

95% CI (0.45, 0.94)

p = 0.021 MRR = 1.24

0.61

95% CI (0.53, 0.71)

p\ 0.001 MRR = 1.24

Significant values are indicated in bold

Adjusted for patient age, mammographic breast density, presence of prior comparison mammograms, and the effect of the individual interpreting

radiologist

aRR1 adjusted Relative Risk ratio, controlling for priors, age, density, and effect of radiologist of Cohort 1 relative to Cohort 2

aRR2 adjusted Relative Risk ratio, controlling for priors, age, density, and effect of radiologist of Cohort 1 relative to Cohort 3
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distortion on DBT as it has been shown that this finding is

more conspicuous on DBT than FFDM. Alternatively, this

lack of a difference may be accounted for by the relative

rarity of the finding of pure architectural distortion in the

screening population as we are likely underpowered to

demonstrate a difference.

Our study results differ from the prospective STORM-2

trial performed in Europe that demonstrate that

FFDM ? DBT and SM ? DBT showed a statistically

significant incremental increase in CDR relative to FFDM

alone (2.2/1000 and 2.5/1000, respectively) [19]. However,

this increase in CDR was accompanied by a similar

increase in recall rate that was statistically significant

(3.97% and 4.45% for FFDM ? DBT and SM ? DBT,

respectively, versus 3.42% for FFDM alone) [19]. Our

results are likely quite different from the STORM-2 trial,

and more similar to other U.S. studies of DBT, given the

differences in screening between Europe with this study

demonstrating a much lower recall rate in general (3.42%

for FFDM), and a screening population that excludes

women under 49 and is recommended every two years

rather than many receiving it annually.

Additionally, our study adds to the total numbers in the

literature for SM ? DBT implementation which may be

helpful in terms of proving an overall improvement in CDR

when pooled with other studies on SM ? DBT in an even-

tual meta-analysis, given the overall small numbers of can-

cers relative to negative screens in the routine population.

Our study is limited in that this is a retrospective review

of the database and not a prospective collection. We are

comparing cohorts to one another, as opposed to comparing

the different technologies on the exact same patient. Our

Cohort 2 of FFDM ? DBT is relatively small compared to

the other cohorts, is likely biased by selection bias as

patients were presented with the option to decline the DBT

if desired, and is underpowered, which all likely limit the

interpretation of the audit data in this cohort. Additionally,

as our practice is newer to DBT technology (2013), our

results may be limited by experience and a learning curve

of DBT. We do not have multi-year follow-up to be able to

track our patients in the state tumor registry to allow for

calculation of the true sensitivity and specificity of the

technologies, although this tracking is planned for future

follow-up. Additionally, there is a possible confounding

factor that our practice sometimes used online screening

with immediate results as opposed to delayed batch inter-

pretation for some of these patients. It is not possible to

control for this possible confounder in the database col-

lected, although there is mixing within the cohorts of

patients having immediate online results versus delayed

batch reading.

In conclusion, our results demonstrate that SM ? DBT

is feasible in clinical implementation in the routine clinicalT
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b
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screening setting with a moderate (adjusted 29.5%)

reduction in false positive exams relative to FFDM, while

maintaining the cancer detection rate, at a similar radiation

dose. Our results contribute substantially to the emerging

literature that SM ? DBT may serve as a replacement for

FFDM ? DBT and may emerge as the new standard of

care for screening mammography in the general

population.
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