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Abstract

Digital mammography (DM) combined with digital breast tomosynthesis (DBT) has emerged as a promising
primary breast cancer screening technology with improvements in specificity and sensitivity compared to
screening with DM alone. However, the total radiation dose of a combined DM/DBT study is often twice that of
screening with DM alone, raising concerns about the cumulative dose over a lifetime of screening. In 2013, the
FDA approved synthetic “2D-like” (s2D) images, derived from data acquired during the DBT acquisition, as a
replacement for the conventional “dose” DM imaging in DBT screening. Our preliminary single site data and
early reader studies suggest that s2D/DBT screening may further reduce recall and biopsy rates compared to
DM/DBT, while providing high invasive breast cancer detection rates but reduced detection of ductal carcinoma
in situ (DCIS). In addition, the mammographic density assignments from s2D/DBT screening changed
significantly with less patients deemed “dense”, which could impact risk assessment and density-based clinical
decisions regarding supplemental screening since breast density notification is mandated by laws in more than
half of US states. We propose a multi-center observational study with adequate power to comprehensively
characterize multiple aspects of s2D/DBT screening performance. We will leverage a natural experiment at
early adopter radiology facilities participating in the University of Vermont and University of Pennsylvania
PROSPR Research Centers that have transitioned from DM/DBT to s2D/DM for routine screening. Our
specific aims are 1) To determine the clinical screening performance (e.g., sensitivity and specificity) of breast
cancer screening with s2D/DBT; 2) To evaluate the rates of specific malignant and benign lesions detected by
breast cancer screening with s2D/DBT; and 3) To determine the distribution of mammographic breast density
assessments on s2D/DBT exams. For all aims, we will compare s2D/DBT screening performance to the
performance of DM/DBT screening at the same facilities prior to their adoption of s2D/DBT. We anticipate a
sample size of approximately 86,000 s2D/DBT exams and 98,000 DM/DBT exams. The University of Vermont
and University of Pennsylvania PROSPR Research Centers have prospectively collected breast cancer
screening data since 2011 in a standardized fashion to permit pooled analyses. Our registries contain examlevel breast imaging common data elements, including high quality information on indication of exam (i.e.,
screening vs. diagnostic), mammographic views, assessments, and breast density, linked to pathology
databases and statewide cancer registries thereby permitting investigation of both benign and malignant
diagnoses. The results of this project will provide needed evidence for women evaluating screening options,
providers assessing whether to adopt s2D/DBT, health care payers considering reimbursement rates, and
policy makers debating breast cancer screening recommendations in the context of this new technology.
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Narrative

Digital breast tomosynthesis (“3D mammography”) is a new breast imaging technology that improves breast
cancer screening performance when added to conventional 2D digital mammography, though there are
concerns regarding the extra radiation does. Our multi-center study will evaluate the clinical performance of a
new approach in which digital breast tomosynthesis is used without conventional 2D mammography.
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Specific Aims

Digital breast tomosynthesis (DBT) is disseminating widely into clinical practice for primary breast cancer
screening.1-3 This new x-ray technique images the breast with multiple low-dose exposures obtained across an
arc, which are reconstructed into a series of thin images of the breast.4,5 We and others have shown that DBT
reduces the frequency of false-positive exams and increases invasive breast cancer detection when added to
conventional 2D digital mammography (DM).6,7 This evidence has resulted in accelerated adoption of DBT
technology in clinical practice, expanded health insurance reimbursement for the additional costs of DBT, and
provides the basis for ongoing policy debates about optimal breast cancer screening strategies.
However, implementation of DBT is changing since the FDA approved in 2013 the use of DBT with
synthesized two-dimensional (s2D) mammography to reduce the total radiation dose when compared to
imaging with combined DM/DBT. Nearly all evidence to date regarding the performance of DBT has been
based on imaging exams in which DBT is performed concurrently with DM.6-8 The goal of this proposal is to
evaluate the clinical performance of DBT with s2D (s2D/DBT), without conventional 2D DM imaging.
With concurrent DM/DBT the interpreting radiologist has access to both the conventional 2D DM views as well
as the quasi-3D DBT image set. By exchanging the “dose” DM images with s2D images reconstructed from the
DBT acquisition, the radiation dose is significantly reduced but the interpreting radiologist is presented only with
s2D images that may appear quite different from a conventional DM image. Our preliminary single site data
and early reader studies suggest that s2D/DBT screening may further reduce recall and biopsy rates compared
to DM/DBT, while providing high invasive breast cancer detection rates but reduced detection of ductal
carcinoma in situ (DCIS).9,10 In addition, there may be a significant change in mammographic density ratings
when s2D/DBT is used,9 potentially impacting risk assessment and density-based clinical decisions regarding
supplemental screening, as density notification is now mandated by law in more than half of US states.11
In this application we propose a multi-center assessment of the clinical performance of DBT with synthetic 2D
images (s2D/DBT), with comparison to the performance metrics at these same facilities when using DM/DBT
prior to their adoption of s2D/DBT. We will analyze existing data from two comprehensive breast imaging
registries within the National Cancer Institute’s PROSPR (Population-based Research Optimizing Screening
Through Personalized Regimens) consortium: the University of Vermont and the University of Pennsylvania
PROSPR Research Centers. These centers include data from diverse radiology facilities that have been early
adopters of s2D/DBT screening, thereby offering a unique opportunity to efficiently assess the performance of
this new breast cancer screening test. Our specific aims are:
1) To determine the clinical performance characteristics of breast cancer screening with s2D/DBT. We
hypothesize that compared to DM/DBT screening performance, s2D/DBT will have lower recall and higher
specificity, with comparable overall cancer detection, sensitivity, and false negative rates.
2) To evaluate the rates of specific malignant and benign lesions detected by breast cancer screening
with s2D/DBT. We hypothesize that compared to DM/DBT detection rates, s2D/DBT will have elevated
invasive breast cancer detection, lower DCIS detection, and lower benign biopsy rates.
3) To determine the distribution of mammographic breast density assessment on s2D/DBT exams. We
hypothesize that compared to the density distribution for DM/DBT screening exams, the prevalence of
heterogeneously and extremely dense breasts will be lower on s2D/DBT screening exams.
Since 2011, the University of Vermont and University of Pennsylvania PROSPR Research Centers have
prospectively collected breast imaging and outcomes data in a standardized fashion to permit pooled analyses.
The registries contain exam-level breast imaging common data elements, including high quality information on
indication of exam (i.e., screening vs. diagnostic), mammographic views, results, and breast density, linked to
regional and statewide cancer registries and pathology databases thereby permitting investigation of both
benign and malignant diagnoses. Radiologist and imaging facility IDs are available for all exams to permit
consideration of within-radiologist and within-facility effects. Our study will include approximately 86,000
s2D/DBT screening exams and 98,000 DM/DBT exams interpreted by 22 radiologists at 7 screening
facilities, and for the first time provide adequate cancer outcomes follow-up and statistical power to
examine specificity, sensitivity, false negative rates, and the distribution of malignant and benign
lesions. We have previously demonstrated our ability to collaborate productively addressing breast cancer
screening questions, including the performance of DM/DBT and variation in breast density assessment.6,12
The results of this project will provide needed evidence as to whether there are clinically significant differences
in the performance of s2D/DBT breast cancer screening compared to DM/DBT. Our findings will be informative
for women evaluating screening choices, providers assessing whether to adopt s2D/DBT, health care payers
considering reimbursement rates, and policy makers debating breast cancer screening recommendations in
the context of this new technology.
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A. SIGNIFICANCE

Among US women, breast cancer is the most common cancer and the second most common cause of cancer
mortality.13 Due to advances in screening and treatment, the mortality rate for breast cancer in the US has
decreased steadily over the past 25 years.14,15 However, there remains widespread controversy and
uncertainty regarding optimal screening regimens, due in part to concerns regarding the harms and limitations
of mammography screening, including false-positive exams, benign biopsies, and missed cancers.16-20 The
United States Preventive Services Task Force has controversially advocated reduced screening intensity to
mitigate screening harms.3,21 At the same time, digital breast tomosynthesis (DBT) has emerged as a new
screening modality that could substantially improve the benefit-to-harm ratio for screening.1 Evidence on the
screening performance of DBT is accumulating; however, this evidence is almost exclusively based on the
performance of DBT imaging in combination with conventional 2D digital mammography. A new technique is
now FDA-approved to create synthetic 2D images reconstructed from the DBT views without the requirement
of the 2D digital mammogram. This substantially reduces the radiation dose to the patient and is therefore
highly attractive to health care providers and patients, yet there is very little evidence to date regarding the
screening performance of this new approach.
A.1. Digital breast tomosynthesis (DBT) has emerged as a promising primary screening technology.
Digital mammography has been the standard of care for breast cancer screening of the general population
since it supplanted film mammography more than 10 years ago.22 In 2011, a new technology called digital
breast tomosynthesis (DBT; often referred to as “3D mammography”) was FDA-approved for use in
combination with digital mammography (DM) and has since steadily disseminated into clinical practice for
primary breast cancer screening.1-3 This novel x-ray technique images the breast with multiple low-dose
exposures obtained across an arc, which are then reconstructed into a series of thin images or “slices” of the
breast.4,5 The radiologist can scroll through many thin mammographic images, thereby minimizing the masking
effects of overlapping tissue that are problematic on conventional digital mammography views.23 If DBT can
“bend the curve” by improving both the sensitivity and specificity of breast cancer screening, the balance of
benefits and harms for patients could improve dramatically.
Early observational studies suggest that DBT decreases recall rates and increases invasive cancer detection
rates when added to conventional DM.7,8,24-31 The largest study to date (173,000 DBT screens) used aggregate
data from 13 breast centers and found that combined DM/DBT screening was associated with an absolute
reduction in recall rate of 16 per 1000 (95% CI, 14-18) and an increase in cancer detection rate of 1.2 per 1000
(95% CI, 0.8-1.6) compared to DM alone.7 While early data are promising, the USPSTF concluded in early
2016 that there is insufficient evidence to evaluate the benefits and harms of DBT for screening.3 The
supporting AHRQ evidence review concluded that studies are needed from community practice that
comprehensively capture interval cancers during at least one year of follow-up so that false-negative rates,
sensitivity, and specificity can be accurately determined, as well as studies evaluating cancer characteristics to
assess if DBT increases detection of indolent vs. aggressive cancer types.24 Nevertheless, in January 2015 the
Centers for Medicare & Medicaid Services enacted add-on billing codes to pay for the higher costs of adding
DBT to digital mammography (DM) breast cancer screening.32
A.2. Synthetic two-dimensional image reconstruction offers reduced radiation dose to patients.
Although it is beneficial to recall and cancer detection rates, the addition of DBT to DM screening effectively
doubles the radiation dose to patients.33,34 While this dose still fall within the Mammography Quality Standards
Act limit of 3.0 mGy,35 mammography screening should be performed at the lowest possible dose that
maintains optimal benefits.36 Synthesized two-dimensional (s2D) mammography, generated via slab
reconstruction from the DBT image set, was approved by the FDA in May 2013 as an alternative to combined
DM/DBT screening. When s2D mammography is used in the place of DM, the dose received by patients is only
from the DBT image acquisition; this was estimated to be approximately 45% lower than that of a combination
DM/DBT study.37 There have been a few reader studies and limited single institution clinical studies that
compare the performance of s2D mammography versus digital mammography/DBT.9,10,37-41 Results have been
mixed: two clinical studies and one reader study showed similar performance between both combination
modalities;10,37,39,40 two clinical studies observing reduced recall rates and comparable cancer detection;9,41 and
one reader study that showed lower sensitivity and comparable specificity in s2D mammography and DBT
(referred to as s2D/DBT) versus DM/DBT.38 The clinical studies to date have been limited by small sample
sizes at single institutions, in addition to various threats to validity. In one study, symptomatic patients were
included such that the cohort was not a true screening population.37 In another analysis, DM was used to
select cancer cases for reader interpretation, which may have led to selection bias.10,40
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A.3. Current breast cancer screening performance lags behind expert-recommended benchmarks.
There is widespread interest in evaluating the extent to which DBT technology can improve breast cancer
screening performance metrics. Recently published screening performance statistics based on digital
mammography found that in a large national sample of radiologists, only 59% had recall rates below the
expert-recommended threshold of 12%, and 62% of radiologists did not meet the recommended range of 2040% for positive predictive value of biopsy recommendation.42 In contrast, 92% of radiologists had a cancer
detection rate above the expert-recommended threshold. These findings suggest a major need for improved
specificity in breast cancer screening. DBT offers the promise of improved specificity by providing image sets
across the 3D architecture of the breast, thereby enabling the radiologist to resolve suspicious areas that
would appear on 2D projection images due to overlapping tissue. Evidence to date on combined DM/DBT
exams supports this premise, with recall rates reduced by approximately 20%.6,7 Other aspects of DM/DBT
performance remain unclear, including the effects on positive predictive value for biopsy recommendation, the
rate of benign biopsies, the rate of interval cancers, and the distribution of specific malignant and benign
diagnoses. Furthermore, the potential impact of replacing “dose” DM views with s2D is poorly understood.
We hypothesize that s2D/DBT screening performance will differ from combined DM/DBT because the
reconstructed 2D image appears different than the conventional 2D DM image. Areas of subtle architectural
distortion reconstructed from the tomosynthesis acquisition or distinct, high optical density ligaments may be
enhanced in the s2D reconstruction algorithm and may appear more conspicuous.43 While this may cause
subtle malignancies to appear more conspicuous on s2D than on DM resulting in improved detection, other
reconstructed normal structures such as dense ligamentous structures may undergo over-enhancement on
reconstruction. This over-enhancement may make some normal structures appear more conspicuous and
“pop” with focal density mimicking calcification-like densities thereby resulting in false positive recalls.
Our preliminary data suggests that s2D/DBT screening may permit further reductions in recall rate while
maintaining high cancer detection.9 Notably, there was a maintenance of invasive cancer detection with a
reduction in recall due specifically to asymmetries, suggesting that radiologists are better able to resolve these
findings when using s2D/DBT compared to DM/DBT. However, there was also a reduction in calcific lesions
and the detection of DCIS on s2D/DBT suggesting that radiologists may not be able to detect or correctly
characterize some calcific lesions.43 Anecdotal evidence from radiologists suggests an increased tolerance for
calcification-like densities due to the over-enhancement effect, thereby potentially leading to a decline in both
benign and malignant lesions that present primarily via calcifications (e.g., atypical ductal hyperplasia, DCIS).

B. INNOVATION

S2D/DBT screening is a new technique for breast cancer screening that offers the potential benefits of DBT
imaging without the extra radiation associated with combined DM/DBT exams. We propose the first multicenter study to evaluate this new approach as implemented in clinical practice.
B.1. We will examine multiple aspects of s2D/DBT screening performance that impact patient care.
In addition to the core screening performance metrics assessed in Aim 1, we will investigate additional aspects
of performance that affect patient management in Aims 2 and 3. An increasing concern regarding breast
cancer screening is overdiagnosis. Concerns regarding breast cancer overdiagnosis are focused primarily on
ductal carcinoma in situ (DCIS; stage 0 breast cancer). While DCIS overdiagnosis cannot be directly
quantified, various sources of evidence suggest that as few as half of detected DCIS cases would actually
progress to invasive breast cancer if left untreated.17,44-47 Thus, the relative detection of invasive breast cancer
vs. DCIS on screening may have a substantial impact on the benefits and harms of screening.
Detection of benign disease is also often perceived as a limitation or harm of screening, as the goal of
screening is to advance the detection of cancer. Nevertheless, certain benign lesions are considered high-risk
and frequently surgically excised. Optimal management of benign lesions remains an area of uncertainty.48 We
seek to understand the extent to which s2D/DBT changes the rate of benign lesion detection and the
distribution of specific low-risk and high-risk benign lesions. Overall, these results will provide evidence as to
the extent to which s2D/DBT influences the balance of aggressive vs. indolent screen-detected lesions.
Finally, mammographic breast density has emerged as an important factor in breast cancer screening. Breast
density refers to the relative amounts of radiodense stromal and epithelial tissue vs. the radiolucent fat tissue
appearing on a mammogram.49 Radiologists qualitatively rate breast density during mammogram interpretation
using four categories defined by the American College of Radiology’s Breast Imaging Reporting and Data
System (BI-RADS): “almost entirely fat ”, “scattered fibroglandular densities”, “heterogeneously dense”, and
“extremely dense”50. Breast density has been recognized as a major risk factor for breast cancer49,51 and also
impairs mammography performance.52-55 To ensure that women with dense breasts are aware of the limitations
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of mammography and their increased breast cancer risk, over 50% of US states have enacted laws mandating
the disclosure of breast density directly to women.11,56 In many states these notifications are required to include
language advising women with dense breasts to discuss supplemental screening tests with her providers.57,58
The Food and Drug Administration is also considering an amendment to its regulations issued under the
Mammography Quality Standards Act that would require density reporting to patients.59 These legislative and
regulatory initiatives have generated controversy because of the large number of women affected and the lack
of evidence or consensus in the medical community regarding appropriate supplemental screening strategies
for women with dense breasts. Breast density notification laws generally define “dense breasts” as those rated
on mammograms as “heterogeneously dense” or “extremely dense”. Approximately 40% of US women aged
40-74 have dense breasts based on this definition.60 The 2016 evidence review for the USPSTF concluded that
there is insufficient evidence to support supplemental screening strategies (including DBT) at this time for
women with dense breasts.61 Density assessment is a subjective measure and we have recently shown high
variability in the use of density categories across radiologists in clinical practice.12 The replacement of
conventional 2D DM images with s2D images is likely to alter radiologists’ perception of breast density. Our
preliminary data suggests that s2D/DBT screening exams are less likely than DM/DBT exams to be assessed
as high density.9 Our study proposes to investigate this potential shift in density assessment in a multi-center
study with a large number of radiologists.
B.2. Our study provides a unique opportunity to efficiently assess s2D/DBT screening performance.
The University of Vermont and University of Pennsylvania PROSPR Research Centers were established in
2011 within the newly formed PROSPR consortium, at a time in which DM/DBT just began to disseminate into
clinical practice. The participating radiology facilities within our PROSPR centers included very early adopters
of DM/DBT screening, and many of these facilities are now early adopters of s2D/DBT screening. Our research
centers established prospective breast cancer screening data collection using common data elements to
permit valid pooling of data across sites. As a result, we are uniquely positioned to assess the performance of
s2D/DBT screening. The high quality breast imaging data elements are collected directly from radiology
facilities, including indication for exam (to accurately identify screening exams), mammographic views,
mammographic breast density, and patient characteristics. We also link to regional and statewide cancer
registries and pathology databases to ensure high capture of false negative exams as well as an ability to look
at both malignant and benign diagnoses. Our multi-center approach increases the sample size and improves
generalizability due to our diverse patient populations; the University of Vermont PROSPR Research Center
includes a predominantly white rural population, whereas the University of Pennsylvania medical center covers
an urban population that is nearly 50% African-American.

C. APPROACH

We propose a multi-center study of s2D/DBT screening using data from the University of Vermont and
University of Pennsylvania PROSPR Research Centers. We will include data from radiology facilities that have
transitioned from DM/DBT to s2D/DBT screening. Screening outcomes will be assessed via linkage to cancer
registries and pathology databases. Statistical analyses will be performed to assess s2D/DBT screening
performance, with comparisons to DM/DBT screening performance prior to the adoption of s2D/DBT.
C.1. Study Population
C.1.a. The University of Vermont PROSPR Research Center. The University of Vermont PROSPR Research
Center collects integrated patient, radiology, pathology, and outcomes data for all women undergoing breast
imaging in the state of Vermont (approximately 80,000 women per year).62,63 All women undergoing breast
imaging exams in one of Vermont’s 15 breast imaging facilities complete a health questionnaire. Passive
consent to use their data for research is collected on this form via an opt-out checkbox. Approximately 95% of
subjects participate (do not opt out). Combined DM/DBT screening in Vermont began at a handful of facilities
in 2012, and 11 of the 15 facilities are now using DBT as part of routine screening. s2D/DBT screening with no
concurrent DM began at one facility in 2014 and is now used uniformly in DBT screening (i.e., routine use for
all patients receiving DBT exams) at 6 facilities, including three facilities within the University of Vermont
medical center and three community practice facilities located at small hospitals. These six facilities screen a
combined annual volume of approximately 38,000 women, with mammograms interpreted by 16 radiologists.
C.1.b. The University of Pennsylvania PROSPR Research Center. The University of Pennsylvania PROSPR
Research Center collects integrated breast cancer screening data for women undergoing screening in Penn
Medicine’s integrated health network (approximately 74,000) per year. A waiver of informed consent was
secured to allow inclusion of data from all women undergoing breast cancer screening at the six breast
imaging radiology facilities in the Penn Medicine network. Combined DM/DBT screening in the Penn Medicine
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network began in 2011, with all six facilities now using DBT as part of routine screening. Routine s2D/DBT
screening with no concurrent DM was adopted uniformly at the University of Pennsylvania medical center in
2015, with an annual volume of approximately 11,000 women and mammograms interpreted by 6 radiologists.
C.1.c. Eligibility criteria and study population characteristics. Eligibility will be restricted to women undergoing
breast cancer screening mammography at radiology facilities within our PROSPR Research Centers that
performed DM/DBT screening for at least 1 year and subsequently adopted s2D/DBT screening on a uniform
basis. The study period will include screening exams performed between 2011 and 2017. Women with a prior
personal history of breast cancer will be excluded since mammography protocols for breast imaging of
survivors frequently involves additional views to assess the site of the prior breast cancer location.
Characteristics of women screened at the included facilities for this study are provided in Table 1.
C.2. Available data
The University of Vermont and University of Pennsylvania
PROSPR Research Centers obtain data from participating
radiology facilities, pathology facilities, and statewide cancer
registries. The strength of this integrated data at both centers
has been demonstrated in numerous publications. The
University of Vermont PROSPR Research Center has
particular strengths in evaluation of breast cancer risk,60,64-68
utilization of screening,63,69-72 and screening performance.42,7377
The University of Pennsylvania has particular strengths in
evaluating screening performance6,7,27,55,74,78-80 and
mammographic and MRI-based image biomarkers including
breast density.81-92 Our centers have recently collaborated on
a number of analyses addressing breast cancer etiology,93
implementation of breast cancer screening recommendations
in primary care,94-96 breast density assessment,12 development
of novel conceptual models for the evaluation of cancer
screening,97,98 and evaluation of DM/DBT screening.6
C.2.a. Patient data. Data on patient characteristics are
obtained from radiology information systems and patient
electronic medical records. Women undergoing breast
imaging at participating facilities complete a questionnaire
that includes clinically relevant breast cancer risk factors
(family history of breast cancer,reproductive and menstrual history, etc.), patient demographics (age, race,
education, etc.), and medical history (prior cancer diagnoses, date of last mammogram, breast symptoms,
etc.).
C.2.b. Radiology exam data. Radiology data elements recorded prospectively by the interpreting radiologist
include indication for exam (e.g., screening), breast density, assessments, and recommendations. These data
are transmitted electronically from the facilities’ radiology information systems.
C.2.c. Benign and malignant diagnoses. The University of Vermont PROSPR Research Center receives
pathology data on all benign and malignant breast specimens evaluated at pathology facilities in Vermont on a
standardized abstraction form accompanied by a copy of the facility’s pathology report. The University of
Pennsylvania PROSPR Research Center accesses pathology data electronically within Penn Medicine
electronic health records. Pathology data available for the study include specimen type and diagnosis,
including behavior, histology, grade, size, estrogen and progesterone hormone receptor status, HER2 status,
and OncotypeDX recurrence scores. Consolidated data on breast cancer diagnoses among Vermont and
Pennsylvania residents are obtained from the Vermont and Pennsylvania Cancer Registries. This provides
additional validated data for cancer cases, including stage at diagnosis, and ensures the capture of cancer
diagnosis data for cases screened at participating radiology facilities but diagnosed with cancer elsewhere.
C.2.d. Pooling data from the two centers. Through the PROSPR consortium, the University of Vermont and
University of Pennsylvania PROSPR Research Centers developed common data elements for submitting
breast cancer screening and outcomes to the PROSPR central data repository. The data collection instruments
at both PROSPR centers align closely with national standards, including the BI-RADS atlas,99 the College of
American Pathologists breast specimen examination protocols,100,101 and the North American Association of
Central Cancer Registries data standards.102 For this study the University of Pennsylvania PROSPR Research
Center will prepare an exam-level analytic dataset containing the required common data elements to address
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the Specific Aims. The dataset will be securely transferred to the University of Vermont for pooling with
corresponding exam-level data from the Vermont PROSPR Research Center.
C.2.e. Preliminary data. Preliminary data from the University of Pennsylvania Research Center based on 5,366
s2D/DBT screening exams and 15,571 DM/DBT screening exams suggests that s2D/DBT screening results in
lower recall rates (7.1% vs. 8.8%, P<0.001) and comparable overall cancer detection (5.0 vs, 5.5 per 1000,
P=0.72).9 Recall for calcifications and asymmetries were reduced for s2D/DBT compared to DM/DBT (p<0.05).
The DCIS detection rate was lower with s2D/DBT (0.9 vs. 1.5 per 1000) though this finding did not reach
statistical significance (P=0.30). We also observed that fewer s2D/DBT exams were categorized as “dense”
(28.6% vs. 32.5%).
We have previously published screening performance estimates for DM/DBT using data from the Vermont and
Pennsylvania PROSPR Research Centers, combined with data from the Dartmouth PROSPR Research
Center (Table 2).6 This demonstrates our ability to pool data across our centers and also provides estimates of
DM/DBT performance metrics to inform our power calculations.
C.3. Primary exposures of interest: DM/DBT and s2D/DBT
All facilities from both the University of Vermont and University of
Pennsylvania PROSPR Research Centers that use DBT in screening
use the Hologic® Selenia® Dimensions® 2D/3D Mammography™
system (Hologic; Bedford, MA), which was the first tomosynthesis unit
approved by the FDA and remains the most common tomosynthesisenabled mammography machine in the country. All facilities performing
s2D/DBT screening use Hologic’s C-View™ software to reconstruct
synthesized 2D images from the DBT image set. All screening exams
routinely include bilateral craniocaudal and mediolateral oblique images.
All analyses will be restricted to screening exams performed at radiology
facilities (N=7) that performed DM/DBT screening for at least 1 year and
then switched to s2D/DBT. Two cohorts will be constructed based on
the type of mammography screening performed: 1) DM/DBT screening
performed prior to the adoption of s2D/DBT; and 2) s2D/DBT with no
DM. Notably, some facilities used DM/DBT combined with s2D for a small period of time during the transition to
s2D/DBT; these exams will be excluded from the study.
C.4. Primary outcomes of interest
C.4.a. Aim 1: Clinical breast cancer screening performance metrics. We will follow the ACR BI-RADS 5th
edition manual for defining all performance metrics, including the cancer detection rate, abnormal interpretation
(recall) rate, positive predictive value-1 (PPV1), false negative rate, sensitivity, and specificity.99 Radiologists
at each participating facility prospectively record a BI-RADS assessment for each screening exam: negative
(1), benign (2), probably benign (3), needs additional evaluation (0), suspicious (4), highly suggestive of
malignancy (5). A positive screening exam is defined as assessment categories 0, 3, 4, or 5; recall rate is
positive exams divided by total number of exams. Cancer outcomes are defined based on diagnoses within 12
months following the screening exam. Cancer detection rate is defined as true positive exams divided by the
total number of exams. False negative rate is defined as false negative exams divided by the total number of
exams. Sensitivity is calculated by dividing the number of true positive exams by the total number of exams
associated with cancer (true positive plus false negative), and specificity is calculated by dividing the number of
true negative exams by the total number of exams without cancer (true negative plus false positive). Positive
predictive value is the number of true positive exams divided by the total number of positive exams.
C.4.b. Aim 2: Rates of specific screen-detected malignant and benign lesions. Linkage of screening exam data
with pathology databases and cancer registries permits the determination of cancer detection rates for specific
malignant and benign lesions. We will determine the rates of invasive breast cancers, DCIS, and benign lesion
detection via positive screening exams. Benign lesions will be further subdivided as non-proliferative changes,
fibroepithelial proliferations, proliferative lesions without atypia, and atypical lesions. Exploratory analyses will
examine invasive breast cancers according to ER/PR/HER2 subtypes.
C.4.c. Aim 3: Mammographic breast density. Radiologists at participating facilities prospectively record breast
density assessments in one of four categories according to BI-RADS lexicon.99 We will conduct analyses using
these four categories, as well as a dichotomized variable representing dense (heterogeneously or extremely
dense) vs. non-dense (almost entirely fatty or scattered fibroglandular density), which corresponds to the
definition of dense breasts in density notification laws.
C.5. Statistical analyses and power
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We estimate data will be available on 98,850 DM/DBT and 86,850 s2D/DBT exams performed at 7 facilities
and interpreted by 22 radiologists during 2011-2017. Descriptive statistics will first be used to compare patient
characteristics between women undergoing DM/DBT vs. s2D/DBT. We anticipate minimal differences given
the study conditions; however, patient variables known to be associated with screening performance (e.g., age,
screening interval, etc.) will be incorporated as covariates in regression models to control confounding.
C.5.a. Aim 1: Clinical breast cancer screening performance metrics. General estimating equations (GEE) will
be used to estimate performance metrics (cancer detection rate, recall rate, biopsy rate, PPV, false negative
rate, sensitivity, and specificity) by type of screening exam (DM/DBT or s2D/DBT). To control for correlations
between exams within women, radiologists and facilities, we will use the approach described by Miglioretti and
Heagerty for modeling marginal (population average) effects from data with multilevel, non-nested clustering.103
While confounding by patient characteristics is not anticipated, we will investigate the influence of including
covariates in the model to adjust for patient factors known to be associated with screening performance,
including age, race/ethnicity, breast density, family history of breast cancer, and screening interval.
Interactions between the patient characteristics and type of imaging will be examined to determine if their
effects on accuracy are different for DM/DBT and s2D/DBT.
It is difficult to determine a priori how adjustment for correlations within women, radiologists and facilities will
affect power because it can either increase or decrease GEE variance estimates.103 However, because both
DM/DBT and s2D/DM exams will be obtained from all participating radiologists and facilities, as well as from
most women, it is unlikely that adjustment will increase the variances for comparisons of the two imaging
modalities. With 98,850 DM/DBT exams and 86,850 s2D/DBT exams, we will have 80% power to detect
absolute differences of 0.4% in the recall rate and 0.8 per 1000 in the cancer detection rate. We anticipate
having a total of 1,114 breast cancers (true positives plus false negatives) and 174,546 non-cancer outcomes
(true negatives plus false positives), which will provide 80% power to detect absolute differences of 5.6% in
sensitivity and 0.4% in specificity between DM/DBT and s2D/DBT.
C.5.b. Aim 2: Rates of specific screen-detected malignant and benign lesions. Using similar methods to Aim 1,
we will use descriptive statistics to describe the detection of invasive breast cancer, DCIS, and benign lesions
via s2D/DBT screening and compare to DM/DBT statistics using logistic regression. We will have 80% power
to detect absolute decreases of 0.8 per 1000 in invasive breast cancer detection, 0.5 per 1000 in DCIS
detection, and 1.5 per 1000 in benign lesion detection.
C.5.c. Aim 3: Mammographic breast density. We will determine the percent of exams rated in each of the four
BI-RADS density categories for s2D/DBT and compare to the density distribution for DM/DBT exams using chisquare testing and logistic regression with adjustment for patient factors associated with breast density,
including age, race/ethnicity, and body mass index. Analyses will also be conducted based on the
dichotomized dense vs. non-dense categories. We will have 80% power to detect an absolute difference as
small as 0.6% in the proportion of exams with dense breasts between s2D/DBT and DM/DBT screening.
C.6. Potential problems and alternate strategies
The gold standard for evaluation of new screening strategies is a randomized controlled trial. However, our
observational study design makes efficient use of a natural experiment that has limited threats to validity for the
following reasons: 1) both types of exams come from the same set of facilities and radiologists; 2) the
demographic and risk characteristics of the patient population served at each facility were unlikely to change
substantially during the study period; and 3) s2D/DBT adoption occurred uniformly at the facility level (i.e.,
s2D/DBT was not targeted towards certain patient subgroups). Furthermore, our comprehensive exam-level
data on patient risk factors, demographics and screening history permits statistical control of potentially
confounding factors. Our study offers strong generalizability through the use of data from routine clinical
practice (i.e., outside of a trial environment) and permits the rapid and cost-efficient ascertainment of our study
aims by using existing data. Notably, the American College of Radiology Imaging Network (ACRIN) is initiating
a trial (TMIST; Tomosynthesis Mammographic Imaging Screening Trial) to compare DBT screening to digital
mammography.104 Current plans for this trial permit DBT sites to perform either combined DM/DBT screening
or s2D/DBT screening, with the primary aim of comparing DBT performance to DM-alone screening. Given the
current low level of adoption of s2D/DBT it is anticipated that the vast majority of DBT sites will employ
DM/DBT, and the trial does not aim to evaluate the performance of s2D/DBT in comparison to DM/DBT.
Current sample size plans include approximately 44,000 women in each arm (DBT vs. DM) so power would be
very limited to evaluate s2D/DBT even if there is moderate uptake by enrolling centers. Thus, our study will
contribute important and timely information about how the use of s2D impacts DBT screening performance.
C.7. Summary
Screening with s2D/DBT offers the potential to maintain the benefits of DBT technology without exposing the
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patient to the extra radiation of “dose” 2D DM imaging. Evidence regarding the screening performance of
s2D/DBT is urgently needed to inform health care providers who are considering this new technology but are
anxious about discontinuing 2D DM imaging, which has been the standard of care in breast cancer screening
for more than a decade. The transition to s2D/DBT screening could have multiple impacts on performance
metrics and patient care, including changes in recall rate, detection rates for malignant and benign lesions
detected, and the assessment of breast density. Our multi-center study leverages high quality clinical data
available from academic and community practice facilities that have been early adopters of s2D/DBT. Our
multi-disciplinary team has the required expertise in radiology, pathology, and epidemiology and a track record
of successful collaboration. Our findings will be informative for women considering breast cancer screening
options, providers assessing whether to adopt s2D/DBT, health care payers considering reimbursement rates,
and policy makers debating breast cancer screening recommendations in the context of this new technology.
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