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KEY POINTS

� Mammography has been well established through randomized controlled trials in the 1980s and 1990s to decrease breast
cancer mortality. However, these trials accumulated data from patients imaged with analog imaging, one of the very
earliest mammography techniques.

� In addition, rigorous quality standards had not yet been firmly established, resulting in inconsistent practice across breast
imaging facilities. Not only were there differences in expertise in image acquisition, but there were also varying levels of
specialization of the radiologists interpreting the mammograms.

� Significant technical improvements over the past few decades, including digital mammography and, more recently, digital
breast tomosynthesis, have further improved the performance of screening mammography. These improvements will
likely contribute significantly to the decline in breast cancer mortality in regions where routine screening is available.
BENEFITS OF MAMMOGRAPHY
Since mammography became a widespread screening
tool in the mid-1980s, some population-wide studies
have demonstrated up to a 40% decrease in disease-
specific mortality [1,2]. Not only do patients who are
routinely screened benefit from an improved survival,
but they are also more likely to be candidates for breast
conserving surgery, thus improving quality of life [3].
Despite differences in practice in European countries, it
is recommended by the American College of Radiology
and the National Comprehensive Cancer Network that
average risk women undergo screening mammography
beginning at age 40 years [4]. However, despite efforts
to educate patients on the importance of screening
mammography, there are suboptimal rates of patient
compliance with routine screening in the United States
[5]. Besides challenges in access and education,
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discomfort from breast compression during mammog-
raphy has been found to be a factor. Some studies have
found that anxiety plays an even bigger role [6]. Breast
centers can improve compliance by employing well-
trained technologists, who closely communicate with
the patients and improve the patient experience [7].
New techniques and protocols have aimed to improve
patient comfort by particularly focusing on breast
compression [8]. With the implementation of Affordable
Care Act, studies have shown that certain groups, such as
Hispanic women and cancer survivors, have increased
use of mammography, possibly due to the increase in
insured women in these subpopulations [9].

DIGITAL MAMMOGRAPHY
After US Food and Drug Administration (FDA)
approval in 2001, conversion from screen-film
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mammography (SFM) (analog) to the digital technique
eliminated film processing, improved acquisition,
display, storage, and retrieval of images. Given the
popularity of digital mammography, studies were
necessary to prove superiority in performance relative
to film to justify the cost of adoption. In 2003, Skaane
and colleagues [10] compared SFM and full-filed digital
mammography (FFDM) for asymptomatic women in
the Norwegian Breast Cancer Screening Program in
the Oslo I study. Of the 3683 women who underwent
both analog and FFDM, analog mammography resulted
in a 0.76% cancer detection rate, which was remarkably
similar to FFDM with a 0.62% cancer detection rate.
However, the study also demonstrated a higher recall
rate and thus a lower positive predictive value (PPV)
for digital mammography. The Oslo II study was con-
ducted to further evaluate the 2 types of modalities in
a prospective randomized trial that enrolled 25,263
women, who were randomized to either film or digital
mammography for breast cancer screening. The results
demonstrated a breast cancer detection rate of 0.41%
in the filmmammography cohort and 0.59% in the dig-
ital mammography group; however, not statistically sig-
nificant (P5 .06). In addition, the recall rate was higher
for digital mammography than with film mammog-
raphy (3.8% vs 2.5% for age group 50–69 years,
P<.05) without a significant difference in the PPV [11].

In 2005, the Digital Mammographic Imaging
Screening Trial (DMIST) was conducted by the Amer-
ican College of Radiology Imaging Network and funded
by the National Cancer Institute to further evaluate the
outcome differences between SFM and digital
mammography in the US environment. Among the 33
participating institutions within the United States and
Canada, a total of 49,528 women were included in
the study. The images from the 2 modalities were inter-
preted by 2 independent on-site radiologists and took
place over 25.5 months. Pisano and colleagues [12]
found that, among 42,760 women whose data were
available for analysis, the diagnostic accuracy of digital
and film mammography was similar. However, after
subgroup analysis, in younger women less than 50 years
of age, premenopausal and perimenopausal women,
and women with heterogeneously or extremely dense
breasts, digital mammography outperformed film
mammography. To further evaluate the differences of
diagnostic accuracy between film and digital mammog-
raphy within the 3 subgroups, a retrospective study was
conducted with the DMIST data in 2008, which showed
persistent improvement in the diagnostic accuracy of
digital mammography for younger patients (<50 years
of age) with dense breasts, as well as statistically
nonsignificant improvement in diagnostic accuracy of
film mammography for women older than 65 years of
age or women with fatty breasts. Unfortunately, there
is no definitive explanation for the differences seen in
these subgroups [13].

Although several large DMIST-based studies showed
that the overall diagnostic accuracy did not differ be-
tween film mammography and FFDM, additional
studies have shown various finding-specific benefits.
In 2005, a retrospective study based at a single institu-
tion investigated images in 55 patients with microcalci-
fications. They found that there was a greater sensitivity
(95.2% vs 91.9%) and specificity (41.4% vs 39.3%) of
digital mammography compared with film mammog-
raphy, as well as higher reliability for characterizing
microcalcifications [14].
RADIATION DOSE WITH DIGITAL
MAMMOGRAPHY
Not only was there improved efficiency and perfor-
mance with digital screening mammography, the digital
technique also decreased overall radiation dose to the
patient. Because digital mammography has a wider dy-
namic range, it allows higher contrast resolution but
with slightly lower spatial resolution [15]. Several
studies using phantoms have found that the reduced ra-
diation dose using digital mammography units does
not significantly compromise image quality, especially
given the finer contrast adjustments with appropriate
window settings. In a study involving 1116 mammo-
grams, Hermann and colleagues [16] found that digital
systems needed approximately 25% less dose compared
with conventional SFM.
TECHNICAL CONSIDERATIONS WITH
DIGITAL MAMMOGRAPHY
Before producing the final presentation state, process-
ing of the images acquired from the detectors is per-
formed through a variety of algorithms. For example,
some algorithms are used to correct for detector inho-
mogeneity or to enhance the visualization of details
within fatty regions [17]. Many of these factors are
manufacture dependent. At display, the images are
given a Digital Imaging and Communications in Medi-
cine header, which contains all the information neces-
sary for storage, display, and retrieval of the images.
Softcopy viewing as part of digital mammography al-
lows digital images to be displayed at different levels
and windows, which can be adjusted by the reader. Sub-
sequently, the degree of contrast can be adjusted
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leading to greater focus on areas of dense breast tissue,
where cancer is oftenmissed. In addition, it also enables
advanced applications such as computer-aided detec-
tion (CAD) and diagnosis as well as remote interpreta-
tion (tele-mammography). However, Cole and
colleagues [18] examined the impact of CAD systems
on radiologists’ diagnostic accuracy based on the
DMIST data and found no statistically significant effect
of CAD on diagnostic accuracy, specificity, or sensitivity.

With the rapid adoption of digital mammography,
storage and archiving the images presented a technical
challenge. The storage size of the images is dependent
on pixel size and the number of images acquired.
Although many institutions had established Picture
Archive and Communication System (PACS) to facili-
tate image storage, factors such as long-term versus
short-term storage and readily available previous
studies for comparison proved to be challenging for
facilities to easily display images for interpretation.
TRANSITION TO DIGITAL MAMMOGRAPHY
Although the overall diagnostic accuracy of digital
mammography was found to be similar to that of
SFM, digital mammography showed a significant oper-
ational benefit. The advantages not only included
greater contrast resolution, lower radiation dose, but
also included the ease of use, such as increased options
in image manipulations at display, convenience of stor-
age and retrieval, and enabling advanced applications.
However, purchasing and managing new machines
translated into large capital investments. New digital
mammography units range from $250,000 to
$500,000, with additional operational costs related to
digital monitors, technical support, and training of
technologists and radiologists [19]. However, elimi-
nating film mammography offset some of these added
expenses by removing the costs of film processing and
storage of the hardcopy images.

With standardization of digital mammography, the
US FDA in 2003, mandated accreditation for each digi-
tal mammography unit. However, quality control tests
for digital mammography encompassed an increased
number of steps, not only involving image quality at
acquisition but also softcopy workstation evaluation,
and thus was more complex compared with that of
SFM. Facilities also faced additional challenges during
the transition period; specifically, operating in a hybrid
environment (having analog and digital equipment),
whether or not the preexisting PACS could be used for
image storage, the ability to view hardcopy for compar-
ison with softcopy studies, and ergonomic issues
regarding location and set up of reading rooms for
interpreting studies.

Once patients were screened repeatedly with digital
mammography in the late 2000s, the benefits of the
digital technique became even clearer. In 2014, the Nor-
wegian Breast Cancer Screening Program demonstrated
that, out of 557,942 screening examinations performed
for women aged 50 to 69 years, the recall rate was 2.1%
for the second round or incident screen with digital
mammography versus 2.6% for SFM in patients who
had previous SFM (P<.001). In addition, the biopsy
rate followed the same trend contributing to a higher
PPV for biopsy for digital mammography-based
screening [20]. In a smaller study, Weber and colleagues
[21] found that, with digital mammography, lower-
grade tumors and smaller sizes of invasive cancers
were detected. By the end of 2010, nearly three-
quarters of mammography units in the United States
were digital machines [22]. Despite these improve-
ments with digital units, mammography was still criti-
cized for low sensitivity and specificity, particularly in
women with dense breast tissue.
DIGITAL BREAST TOMOSYNTHESIS
Digital breast tomosynthesis (DBT), a low-dose multi-
angle method to obtain multiple images of the breast,
was developed to improve on the main limitations of
mammography. Because tissue superimposition ob-
scures abnormalities and generates the appearance of
pseudolesions, the different angled images with DBT
provides more information to aid in interpretation. It
was hypothesized that this technique would allow the
radiologist to identify cancers more readily and dismiss
findings that were not true abnormalities at the time of
screening. This would translate into improved accuracy,
and decreased patient recall. Following the promise of
this improved technique, Skaane and colleagues per-
formed a large prospective screening trial to evaluate
the clinical value of DBT at a single European institu-
tion. The study evaluated 12,631 consented participants
who were selected from a Norwegian Breast Cancer
Screening Program during the period from November
2010 to December 2011. There were 4 study arms: dig-
ital mammography (DM) alone, DM plus CAD, DM
plus DBT (DM/DBT), and DM plus synthetic mammog-
raphy. Each study arm included the same patient popu-
lation, therefore, each patient received 4 separate
assessments. The interpreting radiologists scored the ex-
aminations based on a 5-point scale to indicate their
level of suspicion. All cases that received a score of 2
or greater in at least 1 study arm were discussed during
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a group arbitration to determine a consensus-based
clinical treatment decision. Ultimately, this study
design permitted comparison of cancer detection rates,
false-positive rates before arbitration, PPVs for women
recalled after arbitration, and the type of cancers
detected for the different study arms. DM/DBT resulted
in a 27% increase in overall cancer detection rate
compared with DM, with a notable 40% increase in
detection of invasive cancers. Furthermore, DM/DBT
resulted in a 15% decrease in false-positive rates before
arbitration compared with DM. These results were
particularly relevant to discussions of screening harms,
such as over detection of clinically insignificant low-
grade malignancy, false-positive results, and excessive
follow-up imaging as well as biopsies [23].

To assess the screening benefits of tomosynthesis in
the United States, Friedewald and colleagues performed
a multi-institutional study including academic and
community-based radiology practices in the United
States. Similar to Skaane’s study, the screening perfor-
mance of DM/DBT was compared with that of DM
alone. The comparison was made by assessing 13
different sites during 2 time periods; 1 period occurred
during the year preceding tomosynthesis implementa-
tion (with dates ranging from March 2010 to October
2011), and the other occurred after the initiation of
tomosynthesis screening depending on date of imple-
mentation up to December 31, 2012. A total of
454,850 screening mammograms were interpreted at
all 13 sites. Retrospective analysis demonstrated that
the addition of tomosynthesis resulted in significant
improvements across all measurements. Eleven of 13
sites observed a decreased recall rate with DM/DBT
screening compared with DM. In addition, the overall
cancer detection rate (CDR) per 1000 examinations
increased by 1.2/1000 when screening was performed
with DM plus tomosynthesis. Similar to Skaane and
colleagues, the invasive CDR also increased by 1.2 per
1000 with supplemental tomosynthesis [24].

The goal of screening mammography is to detect
cancer at an early stage and minimize false-positive
findings that result in unnecessary testing, anxiety,
and costs. The combined effect of lowering recall rates
while simultaneously increasing the CDR, underscores
the potential value of this technology with breast
screening, and implies that the relative yield for every
screening recall will increase with the use of tomosyn-
thesis. This was specifically illustrated by the PPV for
recall (likelihood of cancer diagnoses in women
recalled for additional imaging), which increased from
4.3 to 6.4 (relative increase of 49%) after the addition
of tomosynthesis. Similarly, the PPV for biopsy also
demonstrated a relative increase by 21%. These results
demonstrated that the use of tomosynthesis as a
screening tool could potentially address the concerns
of unnecessary tests and biopsies, while still increasing
CDRs [24].

Following the demonstration of the potential bene-
fits of tomosynthesis in screening, using the same data-
set as obtained with the Friedewald study, the authors
investigated whether or not there were differences in
performance of DBT in different age groups. This study
demonstrated that, when adjusted for age, the addition
of tomosynthesis resulted in an increased CDR and
decreased recall rate for dense and nondense breasts.
Furthermore, on subgroup analysis, the heterogeneous-
ly dense group benefited most from the addition of
tomosynthesis. Of note, there was no significant
difference in cancer detection of DM compared with
DM/DBT for the small population of women with
extremely dense breasts. Therefore, caution should be
taken to avoid overgeneralization of the benefits of
tomosynthesis with regard to women with dense
breasts, given that women with extremely dense breasts
did not share the incremental benefits seen with the het-
erogeneously dense group [25].
DIGITAL BREAST TOMOSYNTHESIS AND
NATIONAL GUIDELINES
The appropriate age to commence breast cancer
screening has been debated owing to the relatively low
incidence of breast cancer and the higher rate of false-
positive screens within the 40- to 49-year age group.
The United States Preventive Services Task Force guide-
lines advocate biennial screening for women 50 to
74 years of age and argue against routine screening for
women ages 40 to 49 [26]. The American Cancer Society
(ACS) guidelines recommend annual screening for
women 45 to 54 years of age and a transition to biennial
screening at age 55 years. In 2015, following a systematic
review of evidence regarding screening mammography,
the ACS issued an updated guideline for women ages
40 to 44 years stating that women in this age group
should have the opportunity to begin annual screening.
As a qualified recommendation, this revision acknowl-
edged the presence of evidence regarding the benefit of
screening; however, it also noted that factors such as
the balance of benefits and harms as well as patient pref-
erences within this group remain unclear [27]. Given
that tomosynthesis decreases recall rates while simulta-
neously increasing CDRs, the technology can potentially
address the concerns of screening harms within the 40-
to 49-year age group. The relevance of tomosynthesis
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with regard to this controversy was examined from the
previously collected multicenter data collected by Frie-
dewald and colleagues. This time, the screening perfor-
mance of DM/DBT was assessed as a function of age,
and data were adjusted for breast density to exclude
the potential confounding factor. The addition of tomo-
synthesis to screening mammography resulted in
decreased recall rates across all age groups. Even more
striking, although, were the performance gains for the
group of women in their 40s. Results for this group
demonstrated the largest decrease in recall rate (relative
reduction of 16%), while simultaneously resulting in a
69% relative increase in invasive cancer detection
(1.6–2.7 per 1000 women screened). The invasive CDR
with the use of tomosynthesis for women in their 40s
was even greater than the rate for women in their 50s
screened with DM alone. Therefore, the supplementa-
tion of tomosynthesis to screening seems to shift the
benefits for this age group beyond the performance of
screening with DM alone for women in their 50s. These
results highlight the value of commencing breast cancer
screening at the age of 40 years [28].
TRANSITION TO DIGITAL BREAST
TOMOSYNTHESIS
The demonstration of the potential screening gains with
supplemental tomosynthesis sparked excitement across
the United States, and many practices quickly moved
to implement the new technology. However, this shift
occurred before establishing an understanding of the sus-
tainability and clinical effectiveness of tomosynthesis.
The rapid adoption prohibited long-term data collection
that is required to assess sustainability and outcomes.
McDonald and colleagues studied the longitudinal per-
formance of DBT in screening mammography at a pop-
ulation and individual level. The study population
included all women undergoing screening mammog-
raphy at a large, urban academic practice from
September 1, 2010, to September 30, 2014, for a total
of 44,468 screening events (23,958 unique women).
Women who presented during the first year of screening
(year 0) underwent DM alone, and, during the following
3 years (years 1–3), underwent DM plus tomosynthesis.
They found that the reduced recall rate at a population
level following the implementation of DBT was sustain-
able in the following 2 years, and for women with more
than 1 round of DBT screening, the recall rate continued
to decrease with each additional DBT examination. With
regard to cancer detection rate, they questioned whether
the reported increase in CDR after the initial implemen-
tation of DBT was an effect of prevalence. Results from
their study suggested that there is a possible
prevalence-screening effect in the first round of screening
with DBT, which is reflected by a decrease in the CDR
from 13 per 1000 screened in the first round to 6.2 per
1000 in the second incidence round. However, the sec-
ond round incidence rate of detection with DM/DBT re-
mains higher than the published rate of 4.2 per 1000 for
an incidence screening round with DM, and the CDR
increased again in the third round of cancer DBT
screening [29]. This demonstrates that the additional
use of DBT in screening results in a sustained increase
in cancer detection compared with that of DM, support-
ing the movement to implement DBT.
TECHNICAL CONSIDERATIONS WITH
DIGITAL BREAST TOMOSYNTHESIS
The incorporation of tomosynthesis into a practice
mandates attention to several technical issues. Financial
implications include the cost of new equipment,
additional space, and expanded technical support.
Compared with a standard DM screening mammo-
gram, a DBT examination is also a higher expense for
the patient depending on insurance coverage. Allevi-
ating some of this cost to the patient was when the Cen-
ters for Medicare and Medicaid Services began coverage
for DBT effective in 2015 [30].

Most technical factors associated with DBT are related
to data acquisition, storage, and image sharing. The data
for a single screening examination with DBT is substan-
tially larger than a DM study, and the significantly
increased volume of data may prohibit some institutions
from implementingDBT. In addition, the storage of a sin-
gle DBT examination may be too large for a typical
compactdisc, complicatinghardcopy transferof examina-
tions. Not only is image size challenging, the additional
number of images significantly increases interpretation
time for the radiologist. One study demonstrated that
increased physician experience was not associated with
decreased interpretation time for DBT examinations, sug-
gesting that the number of images is the limiting factor
rather thanphysician experiencewith the new technology
[31]. Patient radiation dose exposure is also of note. In a
literature review of clinical studies comparing DBT with
DM, Svahn and colleagues [32] found that DM/DBT in-
creases the radiation dose by a factor of approximately
2.25 in comparison with the dose of DM alone.
SYNTHETIC IMAGING
Software manufacturers have sought to address dose
limitations by creating synthetic mammographic (SM)
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images, which are 2D images reconstructed from the
raw DBT dataset. Like DM, SM images permit global
assessment of breasts for density, lesions (especially cal-
cifications and asymmetries), and easier side by side
comparison with the contralateral breast and previous
images. Patients receive radiation only from the DBT
component, representing a 39% to 45% decrease in ra-
diation exposure [33]. In May, 2013, the FDA approved
the use of synthetic mammography in combination
with DBT. Since then, SM has been used more
frequently and has replaced DM at some institutions.
The images are acquired by applying a manufacturer-
specific algorithm to a tomosynthesis dataset, which
summates and filters the reconstructed sections of the
dataset to simulate a true digital mammogram. Ulti-
mately, the designed algorithm increases the visibility
of masses, architectural distortions, and calcifications.
Studies have shown that the combined implementation
of SM/DBT results in accuracy, sensitivity, and speci-
ficity comparable with DM/DBT for screening
mammography [34]. However, as is expected with the
implementation of any new technology, SM can create
artifacts. An institutional review of the experience noted
specific artifacts of the technology including pseudocal-
cifications, decreased axillary contrast resolution, sub-
cutaneous blurring, and decreased contrast resolution
around foreign bodies [35]. The various manufacturer’s
equipment may perform differently, and it is important
to be aware of these factors as they can influence image
interpretation. Further research is needed to guide the
use of SM/DBT in clinical practice.
DIGITAL BREAST TOMOSYNTHESIS-
GUIDED BIOPSY
With the use of digital breast tomosynthesis, a role
has arisen for DBT-guided vacuum-assisted biopsy
(DBT-VAB) for sampling suspicious imaging findings
that are occult on MRI and ultrasound, and are more
conspicuous on DBT compared with DM. Traditionally,
stereotactic VAB (S-VAB) has been the preferred method
of sampling suspicious mammographic findings, such as
microcalcifications and sonographically occult masses.
However, DBT-VAB has demonstrated to be advanta-
geous compared with S-VAB; in 1 study, DBT-VAB out-
performed S-VAB in all evaluated aspects [36].
Although S-VAB requires the radiologist to triangulate
the depth of the abnormality with the use of paired ste-
reo images, DBT excludes this step. Rather, the depth of
the target lesion is readily determined by simply selecting
the DBT image that best visualizes the target lesion. The
software then automatically calculates needle insertion
depth, stroke margins, and distance to skin. This elimi-
nates steps that can lead to technical errors deeming a
need for additional exposures, and has shown to
decrease the overall procedural time by 50% compared
with S-VAB [36]. DBT-VAB also increases the accuracy
of biopsy by enabling precise determination of the nee-
dle tip location with respect to the lesion, ultimately
resulting in high radiographic-pathological concordance
rates. A small study of 51 women who underwent
DBT-VAB showed good patient tolerance and no major
complications. The only complication of note was self-
limiting vasovagal reaction experienced by 2 patients,
which was not significantly different than the rate of
vasovagal seen by the group who underwent S-DBT [36].
SUMMARY
DM and now DBT have improved on standard SFM, the
only imaging test proven to decrease breast cancer mor-
tality. As we use these techniques for breast cancer imag-
ing, it is important to continue to refine our technology
to improve performance and increase compliance with
breast cancer screening.
REFERENCES
[1] Swedish Organized Service Screening Evaluation Group.

Reduction in breast cancer mortality from organized ser-
vice screening with mammography: 1. Further confirma-
tion with extended data. Cancer Epidemiol Biomarkers
Prev 2006;15(1):45–51.

[2] Timmers JM, den Heeten GJ, Adang EM, et al. Dutch dig-
ital breast cancer screening: implications for breast cancer
care. Eur J Public Health 2012;22(6):925–9.

[3] Tabár L, Dean PB, Chen TH, et al. The incidence of fatal
breast cancer measures the increased effectiveness of ther-
apy in women participating in mammography screening.
Cancer 2018;125(4):515–23.

[4] Monticciolo DL, Newell MS, Hendrick RE, et al. Breast
cancer screening for average-risk women: recommenda-
tions from the ACR commission on breast imaging.
J Am Coll Radiol 2017;14(9):1137–43.

[5] Gathirua-Mwangi W, Cohee A, Tarver WL, et al. Factors
associated with adherence to mammography screening
among insured women differ by income levels. Womens
Health Issues 2018;28(5):462–9.

[6] Rutter DR, Calnan M, Vaile MS, et al. Discomfort and
pain during mammography: description, prediction,
and prevention. BMJ 1992;305(6851):443–5.

[7] Mendat CC, Mislan D, Hession-Kunz L. Patient comfort
from the technologist perspective: factors to consider in
mammographic imaging. Int J Womens Health 2017;9:
359–64.

[8] de Groot JE, Branderhorst W, Grimbergen CA, et al. To-
wards personalized compression in mammography: a

http://refhub.elsevier.com/S2589-8701(19)30011-2/sref1
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref1
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref1
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref1
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref1
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref2
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref2
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref2
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref3
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref3
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref3
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref3
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref4
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref4
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref4
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref4
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref5
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref5
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref5
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref5
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref6
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref6
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref6
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref7
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref7
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref7
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref7
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref8
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref8


Digital Mammography 25
comparison study between pressure- and force-standard-
ization. Eur J Radiol 2015;84(3):384–91.

[9] White-Means SI, Osmani AR. Affordable care act and dis-
parities in health services utilization among ethnic minor-
ity breast cancer survivors: evidence from longitudinal
medical expenditure panel surveys 2008-2015. Int J Envi-
ron Res Public Health 2018;15(9) [pii:E1860].

[10] Skaane P, Young K, Skjennald A. Population-based
mammography screening: comparison of screen-film
and full-field digital mammography with soft-copy
reading–Oslo I study. Radiology 2003;229(3):877–84.

[11] Skaane P, Skjennald A. Screen-film mammography
versus full-field digital mammography with soft-copy
reading: randomized trial in a population-based
screening program–the Oslo II study. Radiology 2004;
232(1):197–204.

[12] Pisano ED, Gatsonis C, Hendrick E, et al, Digital
Mammographic Imaging Screening Trial (DMIST) Inves-
tigators Group. Diagnostic performance of digital versus
film mammography for breast-cancer screening. N Engl J
Med 2005;353(17):1773–83.

[13] Pisano ED, Hendrick RE, Yaffe MJ, et al. Diagnostic accu-
racy of digital versus film mammography: exploratory
analysis of selected population subgroups in DMIST.
Radiology 2008;246(2):376–83.

[14] Fischer U, Baum F, Obenauer S. Comparative study in
patients with microcalcifications: full-field digital
mammography vs screen-film mammography. Eur Ra-
diol 2002;12(11):2679–83.

[15] Mahesh M. AAPM/RSNA physics tutorial for residents:
digital mammography: an overview. Radiographics
2004;24(6):1747–60.

[16] Hermann KP, Obenauer S, Marten K, et al. Average glan-
dular dose with amorphous silicon full-field digital
mammography - clinical results. Rofo 2002;174(6):
696–9.

[17] Pisano ED, Zuley M, Baum JK, et al. Issues to consider in
converting to digital mammography. Radiol Clin North
Am 2007;45(5):813–30, vi.

[18] Cole EB, Zhang Z, Marques HS, et al. Impact of
computer-aided detection systems on radiologist accu-
racy with digital mammography. AJR Am J Roentgenol
2014;203(4):909–16.

[19] Parikh J. Digital mammography: current capabilities and
obstacles. J Am Coll Radiol 2005;2(9):759–67.

[20] Hofvind S, Skaane P, Elmore JG, et al. Mammographic
performance in a population-based screening program:
before, during, and after the transition from screen-film
to full-field digital mammography. Radiology 2014;
272(1):52–62.

[21] Weber RJ, Nederend J, Voogd AC, et al. Screening
outcome and surgical treatment during and after the
transition from screen-film to digital screening
mammography in the south of The Netherlands. Int J
Cancer 2015;137(1):135–43.

[22] Available at: http://wayback.archive-it.org/7993/2017011
2094139/http://www.fda.gov/Radiation-EmittingProducts/
MammographyQualityStandardsActandProgram/Doc-
umentArchives/ucm199497.htm#dec. Accessed December
10, 2018.

[23] Skaane P, Bandos AI, Gullien R, et al. Prospective trial
comparing full-field digital mammography (FFDM) versus
combined FFDM and tomosynthesis in a population-
based screening programme using independent double
reading with arbitration. Eur Radiol 2013;23(8):2061–71.

[24] Friedewald SM, Rafferty EA, Rose SL, et al. Breast cancer
screening using tomosynthesis in combination with dig-
ital mammography. JAMA 2014;311(24):2499–507.

[25] Rafferty EA, Durand MA, Conant EF, et al. Breast cancer
screening using tomosynthesis and digital mammography
indenseandnondensebreasts. JAMA2016;315(16):1784–6.

[26] U.S. Preventive Services Task Force. Screening for breast
cancer: U.S. Preventive Services Task Force recommenda-
tion statement. Ann Intern Med 2009;151:716–26.

[27] Oeffinger KC, Fontham ET, Etzioni R, et al. Breast cancer
screening for women at average risk: 2015 guideline up-
date from the American Cancer Society. JAMA 2015;314:
1599–614.

[28] Rafferty EA, Rose SL, Miller DP, et al. Effect of age on
breast cancer screening using tomosynthesis in combina-
tion with digital mammography. Breast Cancer Res Treat
2017;164(3):659–66.

[29] McDonald ES, Oustimov A, Weinstein SP, et al. Effective-
ness of digital breast tomosynthesis compared with dig-
ital mammography: outcomes analysis from 3 years of
breast cancer screening. JAMA Oncol 2016;2(6):737–43.

[30] Available at: https://www.cms.gov/Outreach-and-Edu-
cation/Medicare-Learning-Network-MLN/MLNMatters
Articles/Downloads/MM8874.pdf Accessed December
10, 2018.

[31] Dang PA, Freer PE, Humphrey KL, et al. Addition of to-
mosynthesis to conventional digital mammography: ef-
fect on image interpretation time of screening
examinations. Radiology 2014;270(1):49–56.

[32] Svahn TM, Houssami N, Sechopoulos I, et al. Review of
radiation dose estimates in digital breast tomosynthesis
relative to those in two-view full-field digital mammog-
raphy. Breast 2015;24(2):93–9.

[33] Alshafeiy TI, Wadih A, Nicholson BT, et al. Comparison
between digital and synthetic 2D mammograms in
breast density interpretation. AJR Am J Roentgenol
2017;209(1):W36–41.

[34] Hofvind S, Hovda T, Holen ÅS, et al. Digital breast tomo-
synthesis and synthetic 2D mammography versus digital
mammography: evaluation in a population-based
screening program. Radiology 2018;287(3):787–94.

[35] Ratanaprasatporn L, Chikarmane SA, Giess CS. Strengths
and weaknesses of synthetic mammography in screening.
Radiographics 2017;37(7):1913–27.

[36] Schrading S, Distelmaier M, Dirrichs T, et al. Digital
breast tomosynthesis-guided vacuum-assisted breast bi-
opsy: initial experiences and comparison with prone ste-
reotactic vacuum-assisted biopsy. Radiology 2015;
274(3):654–62.

http://refhub.elsevier.com/S2589-8701(19)30011-2/sref8
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref8
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref9
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref9
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref9
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref9
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref9
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref10
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref10
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref10
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref10
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref11
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref11
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref11
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref11
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref11
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref12
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref12
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref12
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref12
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref12
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref13
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref13
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref13
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref13
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref14
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref14
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref14
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref14
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref15
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref15
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref15
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref16
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref16
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref16
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref16
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref17
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref17
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref17
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref18
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref18
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref18
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref18
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref19
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref19
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref20
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref20
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref20
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref20
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref20
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref21
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref21
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref21
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref21
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref21
http://wayback.archive-it.org/7993/20170112094139/http://www.fda.gov/Radiation-EmittingProducts/MammographyQualityStandardsActandProgram/DocumentArchives/ucm199497.htm#dec
http://wayback.archive-it.org/7993/20170112094139/http://www.fda.gov/Radiation-EmittingProducts/MammographyQualityStandardsActandProgram/DocumentArchives/ucm199497.htm#dec
http://wayback.archive-it.org/7993/20170112094139/http://www.fda.gov/Radiation-EmittingProducts/MammographyQualityStandardsActandProgram/DocumentArchives/ucm199497.htm#dec
http://wayback.archive-it.org/7993/20170112094139/http://www.fda.gov/Radiation-EmittingProducts/MammographyQualityStandardsActandProgram/DocumentArchives/ucm199497.htm#dec
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref23
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref23
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref23
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref23
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref23
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref24
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref24
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref24
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref25
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref25
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref25
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref26
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref26
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref26
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref27
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref27
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref27
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref27
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref28
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref28
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref28
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref28
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref29
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref29
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref29
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref29
https://www.cms.gov/Outreach-and-Education/Medicare-Learning-Network-MLN/MLNMattersArticles/Downloads/MM8874.pdf
https://www.cms.gov/Outreach-and-Education/Medicare-Learning-Network-MLN/MLNMattersArticles/Downloads/MM8874.pdf
https://www.cms.gov/Outreach-and-Education/Medicare-Learning-Network-MLN/MLNMattersArticles/Downloads/MM8874.pdf
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref31
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref31
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref31
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref31
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref32
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref32
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref32
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref32
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref33
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref33
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref33
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref33
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref34
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref34
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref34
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref34
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref35
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref35
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref35
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref36
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref36
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref36
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref36
http://refhub.elsevier.com/S2589-8701(19)30011-2/sref36

	Digital Mammography
	Key points
	Benefits of mammography
	Digital mammography
	Radiation dose with digital mammography
	Technical considerations with digital mammography
	Transition to digital mammography
	Digital breast tomosynthesis
	Digital breast tomosynthesis and national guidelines
	Transition to digital breast tomosynthesis
	Technical considerations with digital breast tomosynthesis
	Synthetic imaging
	Digital breast tomosynthesis-guided biopsy
	Summary
	References


