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This topical review on digital breast tomosynthesis (DBT) 
is provided with the intent of describing the state of the 
art in terms of technology, results from recent clinical 
studies, advanced applications, and ongoing efforts to de-
velop multimodality imaging systems that include DBT. 
Particular emphasis is placed on clinical studies. The ob-
servations of increase in cancer detection rates, particu-
larly for invasive cancers, and the reduction in false-posi-
tive rates with DBT in prospective trials indicate its 
benefit for breast cancer screening. Retrospective multi-
reader multicase studies show either noninferiority or su-
periority of DBT compared with mammography. Methods 
to curtail radiation dose are of importance.
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tomosynthesis—its advantages, limitations, and the 
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n Recognize the differences between the various 
technological approaches to digital breast 
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n Demonstrate the potential of digital breast 
tomosynthesis in improving the confidence for 
diagnosis
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Screening asymptomatic women for 
breast cancer with mammography 
in conjunction with advances in 

therapy have shown to reduce breast 
cancer–related mortality (1–5). The sen-
sitivity of screen-film mammography for 
the detection of breast cancer varies with 
breast density and is lower for women 
with heterogeneously dense or extremely 
dense breasts (6–8). The positive pre-
dictive value (PPV2) of findings recom-
mended for biopsy range from 20% to 
40%, with a median of 31.4% (9). Over 
the past decade, mammography has 
transitioned from screen-film systems to 
digital detectors (10–12). Full-field digital 
mammography (FFDM) compared with 
screen-film mammography improved 
the diagnostic accuracy in certain sub-
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Essentials

 n Current clinical and clinical-
prototype digital breast tomosyn-
thesis (DBT) systems differ in 
imaging geometry, angular range 
of tube motion, number of pro-
jections, scan duration, acquisition 
method such as step-and-shoot 
or continuous x-ray motion, de-
tector technology and its opera-
tion such as pixel binning, and 
reconstruction algorithms.

 n Studies in screening populations 
show a statistically significant 
reduction in recall rate with two-
view DBT plus full-field digital 
mammography (FFDM) com-
pared with two-view FFDM.

 n Prospective trials in screening 
population from Europe show a 
statistically significant increase in 
cancer detection rate with two-
view DBT plus FFDM compared 
with two-view FFDM, and retro-
spective observational studies from 
the United States show either a 
significant or a nonsignificant 
increase.

 n Retrospective reader studies show 
either noninferiority or superiority 
of DBT compared with mammog-
raphy in terms of area under the 
curve or other equivalent figures 
of merit.

groups of women, including women 49 
years of age or younger and those with 
dense breasts (13). Among women who 
are screened annually, the median recall 
rate is approximately 9.3% in the United 
States (14). Major contributors to recall 
are breast density that can obscure a 
lesion and superimposition of fibroglan-
dular tissue that can be misinterpreted 
as a lesion when none is present. Tissue 
superposition creates a masking effect, 
referred to as “anatomical noise” in liter-
ature, which limits lesion detection, par-
ticularly soft-tissue abnormalities (15). 
Digital breast tomosynthesis (DBT) (16), 
a limited-angle tomographic breast im-
aging technique, was developed to over-
come tissue superposition and its clinical 
adaptation was facilitated by the develop-
ment of digital detectors.

In DBT, multiple projection views are 
acquired while the x-ray source traverses 
along a predefined trajectory, typically an 
arc spanning an angular range of 60° or 
less, and the acquired projection views 
are reconstructed to provide sections 
parallel to the breast support. While the 
general concept of tomosynthesis for ra-
diographic imaging dates back to early 
1930s (17), it was invented for breast 
imaging in the 1990s (18). In 1997, the 
landmark article by Niklason et al (16) 
demonstrated the feasibility of digital 
tomosynthesis for breast imaging using 
mastectomy specimens. A comprehen-
sive review of digital x-ray tomosynthesis 
for chest and breast imaging applications 
was provided by Dobbins and Godfrey 
(19). Specific to breast imaging, there 
have been several reviews addressing 
the advancements (20–23), clinical ap-
plications of DBT (24–29), and advance-
ments in DBT technology (30,31). Also, 
a recent article chronicled the transition 
of DBT from an imaging concept to the 
clinic from the perspective of an inven-
tor (32). A search of the PubMed data-
base identified more than 100 research 
articles on this topic since 2012. Hence, 
this review is provided with the intent of 
describing the state of the art in terms 
of technology, results from recent clin-
ical studies, advanced applications such 
as contrast media–enhanced DBT, and 
ongoing efforts to develop multimodality 
imaging systems that include DBT.

Imaging Systems

Current clinical and clinical-proto-
type DBT systems differ in imaging 
geometry, angular range of x-ray tube 
motion, number of projections and 
distribution, scan duration, acquisition 
method such as step-and-shoot or con-
tinuous x-ray motion, detector tech-
nology and its operation such as pixel 
binning, and reconstruction algorithms. 
Table 1 provides a summary of the 
specifications for some of the clinical 
DBT systems that have European regu-
latory (CE mark) approvals and at least 
three of these sys tems have U.S. Food 
and Drug Administration approval. DBT 
systems have also been developed by 
Sectra Mamea AB (Linkoping, Sweden) 
now part of Philips Healthcare (Best, 
the Netherlands), Fujifilm (Tokyo, Ja-
pan), Planmed Oy (Helnsinki, Finland), 
and XCounter AB (Danderyd, Sweden). 
Specifications for these systems are 
provided by Sechopoulos (30) and in 
the draft version of the quality control 
protocol by European Reference Or-
ganization for Quality Assured Breast 
Screening and Diagnostic Services (33).

Imaging Geometry
Current clinical-prototype and clinical 
DBT systems utilize differing imaging 
system geometries and four of these 
approaches are shown in Figure 1. In 
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Table 1

Specifications of Clinical DBT Systems

Manufacturer General Electric* Hologic Internazionale Medico Scientifica Siemens

Model/platform SenoClaire/Senographe Essential Selenia Dimensions Giotto Tomo MAMMOMAT Inspiration
Source to detector distance (cm) 66 70 68 65.5
Source to center-of-rotation  
 distance (cm)

62 70 66 60.8

Source to breast support distance (cm) 63.8 67.5 65.8 63.8
X-ray tube angular range 612.5° 67.5° 620° 625°
X-ray tube motion Step-and-shoot Continuous Step-and-shoot Continuous
Detector angular range Stationary 62.1° Stationary Stationary
X-ray tube target material(s) Mo/Rh W W W
X-ray filter material(s) Mo/Rh Al Rh/Ag Rh
No. of projections 9 15 13 25
Equiangular distribution of projections Yes Yes No† Yes
Scan time (sec) Typically ,10 3.7 12 25
Detector type a-Si indirect conversion a-Se direct conversion a-Se direct conversion a-Se direct conversion
Detector pixel size (mm)‡ 100 70 (2 3 2 binned) 85 85
Equal milliampere-second/projection Yes Yes No§ Yes
Reconstruction method Iterative (ASiR-DBT) FBP/Iterative contrast Iterative FBP/section thickness filter

Note.—Clinical prototypes have been developed by Sectra Mamea AB now part of Philips Healthcare, Fujifilm, Planmed Oy and XCounter AB. a-Se 5 amorphous selenium, a-Si 5 amorphous silicon,  
FBP 5 filtered back-projection.

* System uses a 5:1 linear antiscatter grid with focal distance of 65 cm.
† Finer angular sampling near central (0°) projection.
‡ Pixel size prior to binning.
§ Approximately 50% of total milliampere-second to 0° degree projection and the reminder distributed evenly over the 12 projections. Data compiled from references 30,33 and from manufacturer  
provided information.

Figure 1, A, the detector may also be 
angulated with respect to the center of 
rotation while the x-ray source traverses 
an arc in a predetermined ratio and is 
referred to as isocentric motion of the 
detector. In one such system, the detec-
tor is angulated by 62.1° while the x-ray 
source traverses 67.5°. In Figure 1, B, 
the detector remains stationary, while 
the x-ray source traverses an arc and is 
similar to the approach used in the feasi-
bility study (16). In Figure 1, C, the ap-
proach is similar to Figure 1, B, with the 
range of x-ray tube movement covering a 
larger angle. At least one system allows 
user-selectable modes that also control 
the angular range of x-ray tube move-
ment. A slot-scan DBT system (Fig 1, D), 
in which the center of rotation is located 
below the detector, has been developed 
(34). Another slot-scan DBT system uses 
linear tomosynthesis, in which the x-ray 
tube and detector are translated in a lin-
ear manner instead of the arc motion.

Each approach has its benefits and 
potential limitations. In the stationary 

detector geometry (Fig 1, B and C), 
the thickness of the detector assem-
bly can be minimal and may allow for 
improvement in patient positioning. 
Oblique x-ray incidence on the detec-
tor at large x-ray source angles can 
reduce spatial resolution in acquired 
projections (35,36). While it is possible 
to model this effect (37–39), it is unclear 
if corrections, either by processing the 
projections prior to reconstruction or 
as part of the reconstruction process, 
have been implemented. Additionally, 
the detector needs to be sufficiently 
large in the lateral direction so that 
the breast periphery is included in ac-
quired projections to minimize trunca-
tion. Systems using isocentric motion of 
the detector to reduce blurring due to 
oblique x-ray incidence (Fig 1, A) need to 
provide sufficient mechanical clearance 
for the detector motion. The thickness 
of the detector assembly can be reduced 
by shifting the center of rotation to the 
detector plane, resulting in detector tilt 
with x-ray source angle, and by using a 

smaller ratio of the detector to the x-ray 
source angulation. Slot-scan geometry 
has excellent x-ray scatter rejection 
properties. In one such implementation, 
the system used 21 photon-counting line 
detectors and the tomography angle was 
11° (34). In another implementation of 
slot-scan geometry, the system used 48 
line detectors and the breast is scanned 
in a linear manner over 18 seconds (40).

While adapting a FFDM system for 
DBT appears straightforward, there are 
several design aspects that need to be 
considered. The x-ray tube assembly 
and the patient face protective shield 
must be ensured not to interfere with 
patient positioning and not to strike the 
patient during tube motion. The me-
chanical design needs to minimize vi-
bration and provide for high precision. 
Lack of precision among projections 
can cause substantial reduction in le-
sion contrast (41). Asymmetric x-ray 
beam collimation that varies during the 
scan is needed to ensure that the x-ray 
field is restricted to the detector. Clin-
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ical DBT systems use either step-and-
shoot acquisition, in which the x-ray 
tube moves to a predetermined position 
(angle), acquires the projection, and 
then proceeds to the next position, or 
continuous x-ray tube movement. The 
former approach avoids blurring due 
to x-ray focal spot motion within each 
projection but requires appropriate me-
chanical design for stop-start motion 
of the gantry. In the latter approach, 
x-ray focal spot motion within each 
projection results in resolution degra-
dation. This can be partly mitigated by 
using pulsed x-ray source with as small 
a pulse-width as possible.

In general, the larger angular range 
of the x-ray tube motion results in more 
tomographic information yielding better 
section separation or vertical (z-axis) 
resolution. An increase in the angular 
range for the tube motion requires an 
increase in the number of projections 
for sufficient sampling (42,43). The 
need to acquire multiple projections 
in the shortest possible timeframe to 
minimize the likelihood for patient mo-
tion requires detector design with suit-
able temporal characteristics in terms 
of rapid signal readout and minimal 
image lag. To maintain the radiation 
dose to the breast from DBT at levels 
comparable to mammography, the x-

Figure 1: Clinical DBT systems vary in imaging system geometry and some of these approaches are 
shown. A, Detector is angulated with respect to the center of rotation while the x-ray source traverses an 
arc in a predetermined ratio and is referred to as isocentric motion of detector. B,C, Detector remains 
stationary, while the x-ray source traverses an arc covering a predetermined angular range, with the x-ray 
tube covering a larger angle in C than in B. D, A slot-scan DBT system is shown, in which the center of 
rotation is located below the breast.

Figure 1 

ray tube output is divided over multiple 
projections, so that each projection de-
livers a fraction of the radiation dose. 
This requires detectors with high detec-
tive quantum efficiency at low air kerma 
or exposure levels. Hence, detectors 
were specifically configured for DBT 
imaging (44–46). Current clinical DBT 
systems in the United States use either 
indirect conversion CsI:Tl scintillator 
coupled amorphous silicon detectors 
with a pixel pitch typically of 100 mm 
(46) or direct conversion amorphous 
selenium detectors (12,47). Depending 
on the manufacturer, amorphous sele-
nium–based DBT systems use a detec-
tor with a native pixel pitch of 65–85 
mm (12,47–50). Such systems are op-
erated in full resolution (47–50), in 2 
3 2 binned mode (12,49,50), or in 2 
3 1 asymmetric binned mode (47,48), 
where the binning in the asymmetric 
mode is along the x-ray source move-
ment direction. The use of pixel bin-
ning allows for faster detector readout, 
albeit at reduced spatial resolution. 
One amorphous selenium–based DBT 
system (49,50) uses hexagonal pixels 
that increase the proportion of pixel 
area sensitive to x-rays and allows user-
selectable modes that control pixel bin-
ning and x-ray tube angular range. In 
that system, the angular range can be 

selected to be 67.5° or 620°, takes 4 
or 9 seconds for acquisition, and pro-
vides reconstructed in-plane pixel size 
of 150 or 100 mm (33,50). For detec-
tors employing hexagonal pixels, the 
pixel spacing along the two orthogonal 
directions vary and require resampling 
to square pixels to suit grayscale dis-
plays. In theory, the hexagonal pixels 
can be resampled to square pixels of 
any desired pitch.

Image Reconstruction
In the first study (16), a clinical-pro-
totype FFDM system (GE Global Re-
search, Niskayuna, NY) was modified to 
acquire nine projections over an x-ray 
source angular range of 40° followed 
by reconstruction using a linear shift-
and-add algorithm. Suryanarayanan 
et al (51,52) modified a similar FFDM 
clinical prototype (11) to acquire seven 
projections over a 36° range to inves-
tigate the contrast-detail characteristics 
of tuned-aperture computed tomogra-
phy reconstruction algorithm developed 
by Webber and his colleagues (53,54) 
and a maximum likelihood-based iter-
ative reconstruction algorithm. Tuned-
aperture computed tomography is sim-
ilar to shift-and-add algorithm and uses 
radio-opaque fiducial markers to deter-
mine the geom etry from projections. Im-
provement in contrast-detail character-
istics with DBT compared with FFDM 
was observed in both studies (51,52). 
Wu et al (55) investigated back-projec-
tion that is similar to shift-and-add al-
gorithm, filtered back-projection that is 
routinely used in computed tomography, 
and maximum likelihood algorithms 
with phantoms and clinical images. The 
study observed trade-offs between back-
projection and filtered back-projection, 
with back-projection providing higher 
signal difference–to-noise ratio for 
low-contrast objects (masses) but with 
substantial out-of-plane artifacts and fil-
tered back-projection providing an im-
provement in visualizing microcalcifica-
tions (55). Overall, maximum likelihood 
provided better balance for both masses 
and microcalcifications compared with 
the other two algorithms (55). Chen et 
al (56) noted the need to account for 
the shift in the direction orthogonal  
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to x-ray tube movement during back-
projection. Several investigations into 
modeling (57–59) and optimizing filter 
kernels (60–62) used during filtered 
back-projection reconstruction have 
been reported.

Another class of algorithms utilizes 
linear algebra for reconstruction. Spe-
cific to DBT, simultaneous algebraic 
reconstruction (63,64) and matrix-in-
version tomosynthesis (65) have been 
investigated. Simultaneous algebraic 
reconstruction with selective diffusion-
based regularization (noise reduction) 
was shown to improve the contrast-
to-noise ratio while preserving the 
sharpness of microcalcifications (64). 
Gaussian frequency blending of filtered 
back-projection and matrix-inversion to-
mosynthesis was shown to provide bet-
ter reconstruction of microcalcifications 
with less high-frequency noise than fil-
tered back-projection and better low-
frequency content than matrix inversion 
tomosynthesis (65). Several additional 
algorithms (eg, 66–69) have been inves-
tigated for DBT reconstruction.

A few general inferences can be 
made regarding reconstruction algo-
rithms with the understanding that 
the systems used in aforementioned 
studies varied in terms of the imaging 
geometry, the angular range of x-ray 
source movement, and the detector 
characteristics that could substantially 
affect image quality. Traditional back-
projection reconstruction and similar 
techniques such as shift-and-add algo-
rithm and tuned-aperture computed to-
mography have largely been replaced by 
other algorithms, partly due to substan-
tial out-of-plane artifacts. The choice of 
filter kernel has a substantial effect on 
DBT reconstructions with filtered back-
projection. In general, filtered back-
projection accentuates high-frequency 
content on reconstructed images owing 
to the use of a ramp filter, and the high-
frequency noise on reconstructed im-
ages can be controlled to some extent 
with an appropriate apodization filter. 
Filtered back-projection requires less 
computational effort compared with 
maximum likelihood or other iterative 
reconstruction techniques. Maximum 
likelihood and several other statisti-

cal iterative reconstruction algorithms 
can tolerate higher image noise in 
projections. Simultaneous algebraic re-
construction can provide for faster re-
construction than maximum likelihood 
and can achieve image quality compa-
rable to maximum likelihood. Dobbins 
and Godfrey (19) and Sechopoulos (31) 
have provided comprehensive reviews 
of DBT reconstruction algorithms.

Radiation Dose
Radiation dose to the breast from x-ray 
imaging examinations is reported using 
the mean glandular dose (MGD) metric, 
which apportions the dose to the at-risk 
fibroglandular breast tissue (70). MGD 
is determined from measurement of air 
kerma (or exposure) incident on the 
breast or a breast-equivalent phantom, 
followed by scaling using a Monte Carlo 
simulation-derived conversion factor, re-
ferred to as normalized glandular dose 
coefficient that is specific to the x-ray 
beam quality. The variation in the nor-
malized glandular dose coefficient with 
x-ray tube angle relative to the central 
projection (0°), referred to as relative 
glandular dose, was weakly dependent 
on fibroglandular fraction and x-ray 
spectrum and showed a larger depen-
dence on breast size and thickness in 
mediolateral oblique (MLO) view com-
pared with craniocaudal (CC) view (71). 
Patient positioning, particularly for MLO 
view, was reported to cause a 5%–13% 
variation in MGD (72). While the initial 
study (71) was based on a DBT system 
using molybdenum or rhodium target x-
ray tube, subsequent studies addressed 
tungsten target x-ray tubes (72,73). Cur-
rently, many DBT systems use tungsten 
target with aluminum, silver, or rhodium 
filter (Table 1) and operate at a slightly 
higher applied tube voltage (kilovolts 
peak) than FFDM, partly to reduce radi-
ation dose to the breast.

Dosimetry protocols used in the 
United States differ from United King-
dom, European, and IAEA (Interna-
tional Atomic Energy Agency) protocols 
in terms of assumptions pertaining to 
fibroglandular fraction and skin layer 
thickness and its composition (74,75). 
Dance et al (76) provided a DBT 
system–specific factor in determining 

MGD as per United Kingdom, Europe-
an, and IAEA protocols. A recent task 
group report from the American Associ-
ation of Physicists in Medicine provided 
similar factors for each DBT system 
(77). Dosimetry of a system capable of 
DBT and FFDM acquisitions using the 
automated exposure control mechanism 
showed that in general, the MGD from 
DBT was higher than that from FFDM 
(77). For the combined DBT plus FFDM 
mode (hereafter, DBT-FFDM), the MGD 
determined as per dosimetry protocol 
used in the United States was lower 
than the regulatory limit of 3 mGy for a 
CC-equivalent view of an average breast 
(78). Data provided in that report (78) 
showed that for the same compressed 
breast thickness, the ratio of the MGD 
from DBT to that from FFDM showed a 
decreasing trend with increasing glandu-
lar fraction. The study also showed (78) 
that the MGD from FFDM and DBT for 
a single view increased with increasing 
breast thickness and was used to con-
struct the plots for 50% and 14.3% fi-
broglandular breasts in Figure 2a. A 
50% fibroglandular breast corresponds 
to the assumed average breast composi-
tion used in United States protocol and 
a 14.3% fibroglandular breast corre-
sponds to approximately average realis-
tic composition reported in recent stud-
ies (79–82). It is relevant to note that 
the estimated MGD is with automatic 
exposure control, and for the desired 
image quality, the technique factors and 
consequently the MGD can be chosen.

Several independent studies (34,83–
87) have reported the MGD for single 
view from FFDM and DBT and were 
used to construct the box plot shown 
in Figure 2b. Within each study, the 
FFDM and DBT systems were matched 
by vendor, if MGD from multiple FFDM 
sys tems were reported. Compared with 
FFDM, the median increase in the MGD 
for single view with DBT is similar to 
the slightly higher dose with screen-film 
mammography (88). It is arguable if 
this constitutes a meaningful increase 
in radiation-associated risk (89). How-
ever, there is approximate 2 mGy in-
crease with DBT-FFDM compared with 
FFDM alone (Fig 2b). This constitutes 
an approximate doubling of the MGD 
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as detailed in a recent review on the ra-
diation dose from DBT (90). One pos-
sible manner to limit the radiation dose 
to the breast is by using synthesized 
two-dimensional (2D) mammograms 
(SMs) from DBT (91,92), rather than 
acquiring an additional mammogram. 
DBT plus SM (hereafter, DBT-SM) can 
reduce the MGD by approximately 45% 
compared with DBT-FFDM (90). An 
alternative approach is to apportion a 
larger fraction of the x-ray tube output 
to the central (0°) projection during 
the DBT scan and to use this projection 
as a digital mammogram (93,94). One 
system apportions approximately 50% 
of the x-ray tube output to the cen-
tral (0°) projection, with the remain-
der distributed over other projections 
(Table 1).

In summary, there is wide variability 
in technological approaches used in cur-
rent clinical and clinical-prototype DBT 
systems. At present there is limited in-
formation on comparative evaluation of 
these approaches using objective physics-
based metrics (33), and more impor-
tantly comparative clinical studies are 

Figure 2: (a) MGD for a single CC-equivalent view from FFDM, DBT, and the combined DBT-FFDM provided in reference 78 for various com-
pressed breast thicknesses and for 50% and 14.3% fibroglandular breasts (fg) are shown. (b) Box plot of the increase in MGD from a single 
view, in units of milligrays, with respect to FFDM, due to DBT alone and the combined DBT-FFDM study. Symbol within each box is the mean 
and the whiskers the maximum and minimum. Dashed line 5 difference in MGD between screen-film mammography (SFM) and FFDM re-
ported by the Digital Mammographic Imaging Screening Trial (DMIST ) study (88). Data for b were compiled from references 34,83–87. Within 
each study, the FFDM and DBT systems were matched by vendor, if MGD from multiple FFDM systems were reported.

Figure 2 

lacking. Such studies can provide a bet-
ter understanding of the relative merits 
of these approaches.

Clinical Studies

There have been several clinical stud-
ies investigating DBT either alone or as 
an adjunct to FFDM. We broadly clas-
sified these investigations as studies in 
screening populations, studies in diag-
nostic populations, retrospective reader 
studies, and studies intended for clini-
cal management following diagnosis.

Studies in Screening Populations
Table 2 provides a summary of stud-
ies comparing FFDM alone with DBT-
FFDM in screening populations. Two 
studies were prospective clinical tri-
als from Europe (the OTST [Oslo To-
mosynthesis Screening Trial] and the 
STORM [Screening with Tomosynthesis 
or Mammography] trial) that follow a 
biennial screening program as per Eu-
ropean guidelines and two were retro-
spective studies from the United States 
that report on their observations of 

screening performance metrics after 
introduction of DBT in routine clinical 
practice.

The OTST is a four-arm study compar-
ing FFDM, adjunctive use of computer-
aided detection (CAD) to FFDM (FFDM- 
CAD), DBT-FFDM, and DBT-SM in 
women 50–69 years of age from which 
interim analyses with 12 621 women 
have been reported (86,95). Consenting 
women underwent bilateral two-view 
combined DBT-FFDM examination. For 
each arm of the study, one of eight radi-
ologists independently interpreted the 
images. Unless all four interpretations 
were negative or definitely benign, con-
sensus-based arbitration with at least 
two radiologists was used to determine 
if the patient needed to be recalled. 
The prearbitration scores were used to 
determine the false-positive rate and 
the cancer detection rate attributable 
to each arm. Compared with FFDM, 
DBT-FFDM increased the cancer de-
tection rate from 6.1 to 8.0 per 1000 
and decreased the prearbitration false-
positive rate from 6.1% to 5.3%, which 
were significant after adjusting for 
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reader-specific performance levels (95). 
The study noted that while all four arms 
were considered during the arbitra-
tion, limited follow-up data were avail-
able regarding interval cancers, thus 
providing relative performance levels. 
Of the 121 cancers detected from all 
four arms, 77 were detected at FFDM 
alone and 101 were detected at DBT- 
FFDM. Of the 29 cancers with ra-
diologic finding of microcalcifications 
alone, 26 and 25 were detected at 
FFDM and DBT-FFDM, respectively. 
A key observation from the study was 
that use of DBT-FFDM detected 25 ad-
ditional invasive cancers. A subsequent 
report (86) provided analysis of paired 
double-read comparing 2D imaging (ie, 

Table 2

Clinical Studies Comparing FFDM with DBT-FFDM in Screening Population

Study and Reference No. Study Design Key Results

OTST trial (86,95) Four-arm prospective study comparing FFDM,  
  FFDM-CAD, DBT-FFDM, and DBT-SM. 

Subjects underwent combined DBT-FFDM 
examination. Independent reading by four 
radiologists, one for each arm, followed by 
arbitration.

DBT-FFDM vs FFDM (n 5 12,621): DBT-FFDM, 
-reduced prearbitration FPR from 6.1% to 5.3% 
-increased CDR from 6.1 to 8.0 
-detected 25 additional invasive cancers  
Paired double-read–(DBT-FFDM; DBT-SM) vs (FFDM; FFDM-CAD) (n 5 12,621): In DBT arm,  
-Prearbitration FPR reduced from 10.3% to 8.5%  
-CDR increased from 7.1 to 9.4  
-27 additional invasive cancers detected

STORM trial (96) Prospective study comparing FFDM vs DBT- 
  FFDM. Subjects underwent combined DBT-

FFDM examination. Sequential double reading 
of FFDM followed by DBT-FFDM.

DBT-FFDM vs FFDM (n 5 7292): In DBT arm,  
-Estimated FPR reduction of 17%  
-CDR increased from 5.3 to 8.1  
-20 additional cancers detected

Malmo Breast  
  Tomosynthesis 

Screening Trial (103)

Prospective study comparing one-view (MLO)  
  DBT vs two-view FFDM. Subjects underwent 

both examinations. Independent reading for 
each arm followed by arbitration. (Interim 
results)

One-view DBT vs two-view FFDM (n 5 7,500): In DBT arm,  
-CDR increased from 6.3 to 8.9  
-20 additional cancers detected  
-Recall rate increased from 2.6% to 3.8%

Rose et al (98) Retrospective observational study before and  
  after introduction of DBT in clinic. Subjects 

self-elected to undergo DBT-FFDM.

FFDM (n 5 13,856) vs DBT-FFDM (n 5 9,499): For subjects in DBT-FFDM group,  
-RR reduced from 8.7% to 5.5%  
-PPV1 increased from 4.7% to 10.1%  
-Nonsignificant increase in CDR from 4.0 to 5.4

Haas et al (101) Retrospective observational study. Subjects  
  underwent DBT-FFDM based on system 

availability.

FFDM (n 5 7058) vs DBT-FFDM (n 5 6100): For subjects in DBT-FFDM group,  
-RR reduced from 12.0% to 8.4%  
-RR reduced for women ,70 years of age and BIRADS breast density  2.  
-Nonsignificant increase in CDR from 5.2 to 5.7

Friedewald et al (102) Retrospective observational study before and  
  after introduction of DBT from 13 academic 

and nonacademic sites.

FFDM (n 5 281,187) vs DBT-FFDM (n 5 173,663): For subjects in DBT-FFDM group,  
-RR reduced from 10.7% to 9.1%  
-PPV1 increased from 4.3% to 6.4%  
-Significant increase in CDR from 4.2 to 5.4.

Note.—BIRADS 5 Breast Imaging Reporting and Data System, CDR 5 cancer detection rate per 1000 screens, FPR 5 false-positive rate, PPV1 5 positive predictive value for recalls in percentage,  
RR 5 recall rate in percentage.

FFDM, FFDM-CAD) with 2D imaging 
plus DBT (DBT-FFDM, DBT-SM) that 
simulates the European reading pro-
tocol. The analysis indicated that the 
2D imaging plus DBT pair improved 
cancer detection rates from 7.1 to 9.4 
per 1000, depicted 27 additional inva-
sive cancers, and reduced false-positive 
rates from 10.3% to 8.5%. As noted by 
the authors, the study was not a pure 
double-read as within each pair, the 
modalities differed. However, it was 
noted that the effects within each pair 
were small compared with between 
pairs. The increase in the detection of 
invasive cancers is highly important.

The STORM trial compared FFDM 
with DBT-FFDM in 7292 women, 48 

years of age or older, who attended the 
Verona and Trento screening services 
in Italy (96). Consenting participants 
underwent bilateral two-view combined 
DBT-FFDM examination. Each study 
was double-read by two of eight radi-
ologists. Each radiologist sequentially 
read the FFDM study followed by the 
DBT-FFDM study. If either of the in-
terpretations recommended recall then 
the subject was recalled. Fifty-nine 
cancers were detected in 57 women. 
All 59 cancers were detected with 
DBT-FFDM, whereas 39 cancers were 
detected with FFDM alone. Of the 20 
additional cancers detected with DBT-
FFDM, three were ductal carcinoma in 
situ and the remaining 17 were invasive 
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cancers. Compared with FFDM, DBT-
FFDM improved the cancer detection 
rate from 5.3 to 8.1 per 1000. Similar 
to the OTST, the study had limited data 
on interval cancers, thus providing rel-
ative performance levels for the modal-
ities. Of the 395 false-positive recalls, 
68 would have been avoided if a pos-
itive screening from DBT-FFDM was 
the criterion for recall, reducing the 
false-positive rate by 17.2%. A subse-
quent analysis (97) of each screening 
service observed an increase in cancer 
detection rates with DBT-FFDM at both 
centers. The false-positive rates dif-
fered between the centers; the center 
with higher false-positive rate would 
have experienced a larger reduction if 
a positive screening from DBT-FFDM 
was the criterion for recall. Additional 
analysis (85) indicated that interreader 
variability improved with DBT-FFDM 
compared with FFDM.

Rose et al (98) reported their ob-
servations from a single site before and 
after introduction of DBT in routine 
clinical practice. The study reported 
screening performance measures from 
13 856 FFDM screenings before intro-
duction of DBT (period 1) and 9499 
screens with DBT-FFDM (period 2). 
Pooled data from six radiologists who 
interpreted at least 500 examinations 
during each of the two time periods in-
dicated a statistically significant reduc-
tion in recall rate from 8.7% (FFDM 
alone, period 1) to 5.5% (DBT-FFDM, 
period 2) and a statistically significant 
increase in positive predictive value 
(PPV1) for recalls from 4.7% (FFDM 
alone, period 1) to 10.1% (DBT-FFDM, 
period 2). Cancer detection rate and 
invasive cancer detection rate showed a 
nonsignificant increase with DBT-FFDM 
compared with FFDM alone. Among 
women who underwent screening for 
the first time, the recall rates were 
13.6% (FFDM alone, period 1) and 
9.6% (DBT-FFDM, period 2), and the 
cancer detection rates were 4.1 and 7.7 
per 1000 screening examinations. The 
authors noted that case selection bias 
could not be ruled out during period 2, 
as women self-elected to undergo the 
DBT-FFDM examination. Other ret-
rospective observational studies have 

also reported reduction in recall rate 
(99,100).

Haas et al (101) reported their 
observations from four sites over the 
same time period, of which two sites 
had DBT-FFDM for at least part of 
the period. Screening performance 
measures for 6100 women who under-
went DBT-FFDM examination and 7058 
women who underwent FFDM alone 
were reported. There was a significant 
reduction in the recall rate from 12.0% 
for women who underwent FFDM to 
8.4% for women who underwent DBT-
FFDM, and a nonsignificant increase 
in the cancer detection rate from 5.2 
(FFDM alone) to 5.7 (DBT-FFDM) per 
1000 screens. After adjusting for differ-
ences in subject characteristics (age, 
breast density, presence or absence of 
breast cancer risk factors) among the 
two study groups, a statistically signif-
icant 38% reduction in the recall rate 
was observed with DBT-FFDM. Recall 
rate reduction with DBT-FFDM was sig-
nificant for all breast density categories 
with the exception of women with pre-
dominantly fatty breast, and for all age 
groups with the exception of women 
70 years of age or older. In general, 
greater benefits in terms of odds for re-
call were observed for younger women 
and for women with dense breasts 
with DBT-FFDM compared with FFDM 
alone. Since this was a retrospective 
observational study where the choice of 
modality depended on system availabil-
ity and patients could opt out of DBT-
FFDM screening, the possibility of se-
lection bias could not be ruled out and 
was noted by the authors.

A large retrospective study by Frie-
dewald et al (102) reported their obser-
vations from 13 sites before and after 
introduction of DBT in clinical practice. 
The study reported screening perfor-
mance measures from 281 187 FFDM 
screenings before introduction of DBT 
(period 1) and 173 663 screenings with 
DBT-FFDM (period 2). After adjusting 
for site effect to account for possible 
correlation between the two time pe-
riods within the same site, the study 
reported performance metrics such as 
recall rate, cancer detection rate includ-
ing invasive and in situ cancer detection 

rates, and positive predictive value for 
biopsies. Significant reduction in re-
call rate (9.1% vs 10.7%), increase in 
cancer detection (5.4 vs 4.2 per 1000), 
particularly for invasive cancers (4.1 
vs 2.9 per 1000), and increase in posi-
tive predictive value for recall (6.4% vs 
4.3%) were reported with DBT-FFDM 
compared with FFDM alone. The major 
strength of the study was the inclusion 
of data from both academic and non-
academic sites. The authors noted that 
the possibility of selection bias could 
not be ruled out during study period 2 
at sites that had both FFDM and DBT 
systems.

Figure 3 shows an example of false-
positive reduction with DBT. In sum-
mary, studies in screening population 
show a statistically significant reduction 
in the recall rate with two-view DBT- 
FFDM compared with two-view FFDM. 
Prospective trials in screening popula-
tions from Europe show a statistically 
significant increase in the cancer de-
tection rate with two-view DBT-FFDM 
compared with two-view FFDM, and 
retrospective observational studies 
from the United States show either a 
significant or a nonsignificant increase. 
All of the aforementioned studies lack 
complete follow-up data and hence pre-
clude analysis of false-negative inter-
pretations and consequently absolute 
sensitivity. All of the aforementioned 
studies used DBT sys tems from a single 
manufacturer and hence the variation 
in clinical performance due to system 
design cannot be inferred. Considering 
the substantial differences in techno-
logical approach among DBT system 
manufacturers and continuing techno-
logical developments, the availability 
of limited clinical data are challenging 
for a comprehensive analysis of the rel-
ative merits of these approaches. Fur-
ther studies are needed to determine 
clinical outcomes. Interim results (103) 
from the Malmo Breast Tomosynthe-
sis Screening Trial in Sweden, which 
is a prospective, paired, independent 
double-read study comparing one-view 
DBT with two-view FFDM, indicated an 
improvement in the cancer detection 
rate from 6.3 per 1000 (FFDM) to 8.9 
per 1000 (DBT); however, the postarbi-
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tration recall rate increased from 2.6% 
(FFDM) to 3.8% (DBT). If DBT only 
increased the cancer detection rate 
without reducing the false-positive rate, 
then the recall rate will increase.

Figure 3: Images from combined DBT-FFDM screening in a 41-year-old woman with heterogeneous dense breasts. FFDM (a) CC and (b) MLO images of the right 
breast showed a lobulated mass at 9 o’clock (circle with arrow). (Additional circle in b 5 ring marker identifying a skin lesion.) Corresponding DBT (c) CC and (d) 
MLO images demonstrate this mass (arrow) to likely be a cluster of intramammary lymph nodes with fatty hila and confirming location just under the skin. That made 
(e) US evaluation easier and demonstrated the lymph nodes, and the woman was returned to screening.

Figure 3 

Studies in Diagnostic Populations
In a prospective study (104), 738 
asymp tomatic women recalled due to 
results at screen-film mammography 
underwent the combined two-view 

DBT-FFDM examination. Each reader 
sequentially interpreted the screen-film 
mammography, FFDM, and DBT im-
ages in an unblinded manner reflective 
of clinical practice. The study reported 
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improvements in sensitivity, specificity, 
and predictive values with DBT. The 
area under the curve (AUC) improved 
from 0.788 for screen-film mammog-
raphy to 0.895 with the addition of 
FFDM, and to 0.967 with further ad-
dition of DBT. The study reported that 
after the addition of DBT none of the 
malignant cases were classified as nor-
mal or benign.

Poplack et al (105) analyzed data 
from 98 FFDM-recalled women who 
underwent diagnostic evaluation using 
screen-film mammography and a DBT 
examination with a maximum of three 
views that was matched in orientation, 
but not magnification, with diagnostic 
mammography. Interpreting in an un-
blinded manner, in general, the clinical 
image quality for masses were either 
equivalent or superior, but microcal-
cifications were better visualized with 
diagnostic mammography. The obser-
vation with microcalcifications is likely 
due to the substantially higher spatial 
resolution of screen-film mammography 
compared with the prototype DBT em-
ploying pixel binning, the well-known 
advantage of magnified mammography 
views in terms of image sharpness, and 
the shorter exposure duration of mam-
mography. The study estimated that 
40% of the subjects would not have 
been recalled had DBT been used as an 
adjunct to FFDM screening.

In an another study, DBT imag-
ing of 129 women after completion of 
standard-of-care diagnostic work-up 
and prior to biopsy (if recommended) 
prompted the recall of four women due 
to DBT findings, resulting in two inva-
sive lobular carcinomas (106).

Waldherr et al (107) investigated 
MLO-view DBT in 144 FFDM-recalled 
or symptomatic women. Compared 
with two-view FFDM, consensus read-
ing by two radiologists showed that 
DBT, either alone or adjunctively with 
FFDM, significantly improved sensitiv-
ity and negative predictive value. Com-
paring two-view FFDM with two-view 
DBT from 513 women with abnormal 
screening results or clinical symptoms, 
Teertstra et al (87) reported that DBT 
and FFDM were each false-negative for 
eight of 112 cancers. Combining the re-

sults from DBT and FFDM interpreta-
tions, 109 of 112 cancers were detected.

In a study of 146 women with 148 
noncalcified abnormalities simulating 
diagnostic work-up using DBT (108), 
three readers retrospectively inter-
preted DBT studies along with the 
abnormal screening study and prior 
mammograms, blinded to the conven-
tional diagnostic work-up. Concordance 
between the standard-of-care work-up 
and ratings from DBT interpretation in 
conjunction with breast ultrasonogra-
phy (US), if indicated by readers, was 
assessed. The study suggested DBT can 
replace conventional diagnostic mam-
mography for evaluation of noncalci-
fied findings with similar sensitivity and 
specificity.

In summary, all of the studies show 
the benefit of DBT for diagnostic eval-
uation. Figure 4 shows an example in 
which DBT increased the confidence 
level for diagnosis. Figure 5 shows an 
example in which diagnostic work-
up using DBT resolved an asymmetry 
noted with FFDM screening. Figure 6 
shows an example in which DBT dem-
onstrated not only the microcalcifica-
tions but also an associated irregular 
mass. However, some lesions may not 
be well visualized with DBT and an ex-
ample is shown in Figure 7. Also, the 
presence of high-contrast objects such 
as surgical clips can cause substantial 
artifacts as shown in Figure 8. Algo-
rithms are being developed to minimize 
these artifacts.

Retrospective Multireader Multicase 
Studies
Gur et al (109) compared two-view 
FFDM with two-view DBT alone and 
with two-view DBT-FFDM by using eight 
readers interpreting 125 breasts (uni-
lateral examinations), of which 35 had 
cancers. Compared with FFDM, the 
study estimated false-positive recall rate 
reduction of 30% for the combined DBT-
FFDM interpretation and a nonsignifi-
cant reduction for DBT interpretation. A 
subsequent free-response receiver oper-
ating characteristic (ROC) analysis (110) 
indicated a significant improvement in 
the summary performance metric with 
the combined DBT-FFDM interpretation.

Comparing MLO-view DBT with two-
view FFDM of 376 breasts (63 cancers) 
from 197 women, Gennaro et al (111) 
concluded that DBT was noninferior to 
FFDM. A subsequent study (112), com-
paring the combination of MLO-view 
DBT and CC-view FFDM with two-view 
FFDM in 469 breasts (68 with cancers) 
from 235 women, also reached a sim-
ilar conclusion. A free-response study 
(113) with six readers interpreting 463 
breasts, of which 258 had one or more 
lesions, including 77 malignancies in 68 
breasts, reported statistically significant 
improvements in lesion detection and 
lesion characterization with the combi-
nation of MLO-view DBT and CC-view 
FFDM compared with two-view FFDM.

Svahn et al (114) compared one-view 
DBT (88% MLO; 12% CC) with two-
view FFDM of 185 breasts from 185 
patients, of which 89 breasts had can-
cers. Five readers localized the findings 
and assigned BIRADS scale that was 
used for jackknife free-response ROC 
analysis. The highest rating for each 
breast was used in ROC analysis. The 
study reported that the reader-averaged 
AUC from ROC and the figure of merit 
from jackknife free-response ROC were 
significantly higher with one-view DBT 
compared with two-view FFDM.

Wallis et al (34) used a photon-count-
ing DBT system and analyzed data from 
130 women, all BIRADS breast density 
category 2 or higher, of whom 40 had 
cancers and 24 had benign lesions. All 
women underwent two-view DBT and 
two-view FFDM. Two reader studies 
were reported; a set of 10 readers in-
terpreted two-view DBT and two-view 
FFDM, and another set of 10 readers in-
terpreted MLO-view DBT and two-view 
FFDM. Compared with two-view FFDM, 
the AUC was not statistically different 
for MLO-view DBT and was significantly 
higher with two-view DBT. The AUC 
improvement with two-view DBT was 
significant for both masses and micro-
calcifications.

Rafferty et al (115) reported results 
from two retrospective reader studies 
from multi-institutional trials compar-
ing the combined two-view DBT-FFDM 
with two-view FFDM. In one study, 312 
cases (48 with cancer) were interpret-
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Figure 4: Images in 44-year-old woman who underwent combined DBT-FFDM after call back from FFDM screening that noted a focal asymmetry in the left breast. 
The asymmetry (arrow) could be noted on the (a) CC FFDM view and not well appreciated on the (b) mediolateral FFDM view. (c) CC and (d) MLO DBT views confirm 
a subtle spiculated lesion posteriorly in the upper outer quadrant. (e) US images confirm an 8-mm irregular hypoechoic solid mass. Mass was biopsied and path-
ologic evaluation verified invasive ductal carcinoma. DBT improved the confidence for diagnosis.

Figure 4 

ed by 12 readers and in another study 
310 cases (51 with cancer) were inter-
preted by 15 readers. DBT-FFDM sig-

nificantly improved AUC and reduced 
recall rates for noncancer cases in both 
reader studies. Sensitivity, particularly 

for invasive cancers, improved with 
two-view DBT-FFDM. The study also 
reported that the improvement in AUC 
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with DBT-FFDM was mostly for noncal-
cification cases.

Recent results from the TOMMY trial 
(a comparison of tomosynthesis with 
digital mammography) (116), which is 
a multicenter retrospective reader study 
comparing two-view FFDM alone, two-
view DBT-FFDM, and two-view DBT- 
SM showed significant (P , .001) im-
provement in AUC for the DBT arms 
compared with FFDM alone. Most of 
the improvement was attributable to 
improved specificity (P , .001) with the 
DBT arms. There was a marginal, non-
significant improvement in sensitivity  

Figure 5: Images in a 52-year-old woman who was noted to have an asymmetry (arrow) on the (a) MLO view of the left breast at FFDM screening. (b) Diagnostic 
work-up with DBT confirmed a tortuous vessel accounting for the mammographic asymmetry and confidently returning the subject to annual screening. (c) The 
1-year follow-up FFDM screening confirms DBT findings.

Figure 5 

(P . .07) with the DBT arms that can be 
attributed to the study design and case 
selection, where most of the subjects 
(7684 of 8869) were recruited follow-
ing a screening mammography recall. 
However, for invasive tumors of 11–20 
mm size, both DBT-FFDM and DBT-SM 
showed significant improvement (P , 
.006) in sensitivity. With regards to mi-
crocalcifications, the AUCs were similar 
across the three arms, with the sensitiv-
ity of DBT-SM being lower than that of 
DBT-FFDM and FFDM alone.

Most of the aforementioned stud-
ies had a case mixture with radiologic 

findings of microcalcifications and non-
calcified abnormalities. Specific to mi-
crocalcifications, an early study (117) 
observed a nonsignificant improvement 
in sensitivity and specificity with FFDM 
compared with DBT. Considering that 
the study used similar detector tech-
nology for FFDM and DBT, detector 
pixel binning with DBT that reduces 
spatial resolution or image sharpness, 
and the longer scan duration with DBT 
compared with FFDM that increases 
the likelihood for patient motion, could 
have contributed to this observation. 
Independent, retrospective, unblinded 
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paired studies (118,119) with 100 or 
more cases of microcalcifications in-
dicate that approximately 92% of the 
cases had equal or superior clarity/
image quality for visualizing microcal-
cifications at DBT than at FFDM. The 
DBT systems used in the two studies 

Figure 6 

Figure 6: Images in a 55-year-old woman recalled 
from FFDM screening on the basis of clustered mi-
crocalcifications in the posterior upper inner quad-
rant of the left breast (not shown). (a) Magnified CC 
view demonstrates the microcalcifications (arrow). 
(b) CC and (c) MLO DBT views not only demonstrate 
the calcifications but an underlying irregular mass 
lesion (arrow). (d) US images confirm an irregular 
hypoechoic 14 3 8-mm mass with calcifications. 
US-guided biopsy confirmed invasive ductal carci-
noma. DBT helped confirm a mass lesion that was 
picked at US and made the intervention easier. 
Given the posterior location it would have been a 
challenge if stereotactic biopsy was considered.

differed; one study (118) used an amor-
phous silicon-based DBT prototype 
system (GE Healthcare) with step-and-
shoot acquisition and no pixel binning, 
whereas the other study (119) used an 
amorphous selenium-based DBT system 
(Selenia Dimensions; Hologic, Bedford, 

Mass) with continuous tube motion and 
pixel binning.

Retrospective reader studies of DBT 
in diagnostic evaluation have been re-
ported. In a study of 67 masses in 67 
women, DBT had similar performance 
to that of mammography spot views 
(120). In a study of 217 noncalcified 
lesions in 182 patients that included 
asymmetries and architectural distor-
tion in addition to masses, the average 
AUC was higher with DBT than with 
mammography supplemental views 
(121). Thibault et al (122) conducted 
a reader study with 131 breasts from 
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130 patients who underwent unilateral 
MLO-view DBT in addition to diagnos-
tic work-up with mammography and 
US. The study compared mammog-
raphy alone, mammography with US, 
DBT alone, combination of DBT and 
CC-view mammography, and the addi-
tion of DBT to mammography and US, 
and found none of the five tested tech-
niques outperformed in terms of AUC.

A summary of some of the aforemen-
tioned studies is provided in Table 3.  
While the percentage of cases with ma-
lignancies are included in the table, a 
large study (123) investigating abnor-
mality prevalence rates ranging from 
2% to 29% in various groups of readers 
(radiologists, fellows, residents) showed 
that the “prevalence effect” had negligi-
ble contribution in ROC studies. Pilot 
studies and interim reader studies with 
less than 100 subjects that preceded 
some of the studies discussed above 
have been reported (124–128). Some of 
the studies used unilateral examinations 
and the information from contralateral 
breast was unavailable for comparison. 
In such studies, it is presumed that the 
lack of this information has a similar 
effect on the modalities compared. In 
most of the studies reviewed above, at 
least part of the study population un-
derwent DBT on the basis of an abnor-
mal mammogram, constituting a selec-
tion bias in favor of mammography. In 
spite of this bias favoring mammogra-
phy, retrospective reader studies show 
either noninferiority or superiority of 
DBT compared with mammography in 
terms of AUC or other equivalent fig-
ures of merit.

DBT in Clinical Management
The accuracy of tumor size measured 
with DBT has been reported in several 
studies. Tumor size of 73 cancers mea-
sured by using MLO-view DBT exhibited 
higher correlation with pathologic find-
ings than FFDM, and was similar to US 
(129). Applying a criterion of 61 cm as 
threshold for concordance in tumor size 
with pathologic findings in 173 tumors, 
Mun et al (130) reported that DBT was 
more concordant than FFDM. Applying 
6 5 mm as threshold for concordance 
with pathologic findings, Luparia et al 

Figure 7: Images in a 41-year-old woman evaluated with diagnostic DBT and FFDM for a palpable lump in 
the left breast at 1 o’clock. FFDM (not shown) and (a) CC and (b) MLO DBT images demonstrate extremely 
dense breast and no focal masses were identified. Arrowhead (a) and arrow (b) identify the skin marker cor-
responding to the location of the palpable lump. However, on (c) US image, a circumscribed mass was noted, 
and biopsy confirmed fibroadenoma. In extremely dense breasts, DBT images may not demonstrate masses 
that do not induce desmoplastic reaction.

Figure 7 
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(131) reported that the concordance and 
correlation from a study of 149 cancers 
was highest for MR imaging, followed 
by DBT, and was better than FFDM and 
US. A subsequent study (132) of 350 le-
sions (257 malignancies) reported that 
compared with MR imaging, the sen-
sitivity and accuracy with the addition 
of DBT to FFDM and US were similar. 
Currently, breast MR imaging is the 
modality of choice for extent of disease 
evaluation, particularly in patients diag-
nosed with invasive lobular carcinoma 
(133). In the aforementioned studies 
(129–131), invasive lobular carcinoma 
constituted approximately 4%–21% of 
lesions. Subanalysis from one study with 
31 invasive lobular carcinomas (131) in-
dicated good correlation between path-
ologic evaluation and DBT, approaching 
that of MR imaging. However, this is 
tempered by breast density–dependent 

Figure 8: Images in a 71-year-old woman who underwent 1-year follow-up after lumpectomy and radia-
tion therapy with the combined DBT-FFDM examination. (a) FFDM image and (b) DBT section. DBT section 
demonstrates artifacts from surgical clips and skin folds.

Figure 8 

sensitivity of DBT for all malignant le-
sions and marginally superior perfor-
mance of MR imaging for multicentric 
or multifocal disease (132).

Synthesized Digital Mammogram
Synthesis of a digital mammogram from 
DBT can reduce the radiation dose com-
pared with acquiring both FFDM and 
DBT images. Currently, at least one ven-
dor has received regulatory approvals. 
Using an early version of an algorithm 
for SM, Gur et al (134) conducted a 
reader study comparing DBT-SM with 
DBT-FFDM in 114 cases (bilateral two-
view examinations), of which 46 cases 
were malignant (two bilateral malig-
nancies). Compared with DBT-FFDM, 
a reduction in sensitivity was observed 
with DBT-SM that was significant for 
fixed-reader analysis. For 12 of 48 ver-
ified cancers and three of the six high-

risk lesions, the images depicted mi-
crocalcifications alone. While the recall 
rate for breasts with no abnormalities or 
with benign abnormalities did not differ 
between the two modes, on average 1.6 
microcalcification-related abnormalities 
per reader were missed with DBT-SM. 
A subsequent reader study (92) using a 
newer version of the algorithm (C-view; 
Hologic, Bedford, Mass) used 123 cases, 
of which 36 were malignant and 48 were 
benign. The reader-averaged AUCs us-
ing probability of malignancy scale and 
using BIRADS score were not statisti-
cally different between DBT-FFDM and 
DBT-SM. While there was a marginal 
improvement in AUCs with DBT-FFDM 
compared with DBT-SM for all eight 
readers, the differences were smaller 
than in the study by Gur et al (134) and 
the differences were not specifically as-
sociated with microcalcifications. One 
arm of the prospective OTST interpreted 
DBT-SM studies, and a report (91) com-
pared two versions of DBT-SM with DBT-
FFDM. With an early version of the SM 
algorithm applied to DBT from 12 631 
women in period 1, DBT-SM statistically 
differed from DBT-FFDM in false-posi-
tive rate, whereas with the newer ver-
sion applied to DBT from 12 270 women 
in period 2, the false-positive rate was 
not statistically different between DBT-
SM and DBT-FFDM. Cancer detection 
rate showed a nonsignificant decrease 
with the early version of DBT-SM (pe-
riod 1) compared with DBT-FFDM. 
With the newer version, the cancer de-
tection rates with DBT-FFDM (7.8 per 
1000) and DBT-SM (7.7 per 1000) were 
similar. For true-positive scores with 
verified cancer diagnosis, the number 
of discordant pairs between DBT-FFDM 
and DBT-SM was reduced from period 
1 and period 2. The above studies show 
progressive improvement in algorithms 
used for generating SM. The motivation 
for including two-dimensional mammo-
grams (either SM or FFDM) is to facili-
tate easier comparison with prior mam-
mograms to assess temporal changes, 
and to improve visualization and char-
acterization of microcalcifications. How-
ever, the relatively small proportion of 
findings with microcalcifications alone in 
the retrospective study (92) and the ob-
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servation that some false-positive scores 
were assigned to benign microcalcifica-
tions in the prospective trial (91) suggest 
the need for further studies. Also, the 
effect of pixel binning during DBT acqui-
sition on the generated SM needs to be 
investigated. It may also be possible to 
apply CAD to SM, which to our knowl-
edge has not been reported.

Interpretation Time
An early study noted that the average in-
terpretation times for DBT reconstruc-
tions were substantially higher than for 
FFDM (124). A subsequent study also 
observed that the average interpreta-
tion time for the combined DBT-FFDM 
study was substantially higher than for 
FFDM (109). A more recent study sug-
gested that extensive training of radi-
ologists alone may not be sufficient to 

Table 3

Enriched Retrospective ROC Studies Comparing DBT and Mammography with a Minimum of 100 Cases

Study and Reference No. Modalities Compared No. of Cases
Percentage  
Malignant No. of Readers DBT System* Key Result

One-View DBT vs Two-View Mammography
Gennaro et al (111) MLO-DBT vs two-view FFDM 376 breasts 16.8% 6 General Electric AUC not different
Wallis et al (34) MLO-DBT vs two-view FFDM 130 women 30.8% 10 Sectra (Philips) AUC not different
Svane et al (40) MLO-DBT vs two-view  

 mammography
144 women 52.7% 2 XCounter AUC not different

Svahn et al (114) One-view DBT (88% MLO;  
 12% CC) vs two-view FFDM

185 breasts 48.1% 5 Siemens One-view DBT increased AUC†

One-View DBT 1 One-View FFDM vs Two-View FFDM
Gennaro et al (112) MLO-DBT 1 CC-FFDM vs  

 two-view FFDM
469 breasts 14.5% 6 General Electric AUC not different‡

Two-View DBT vs Two-View FFDM
Wallis et al (34) Two-view DBT vs two-view  

 FFDM
130 women 30.8% 10 Sectra (Philips) Two-view DBT increased AUC

Two-View DBT1FFDM vs Two-View FFDM
Rafferty et al (115) Two-view DBT1FFDM vs  

 two-view FFDM
312 women 15.4% 12 Hologic Combined two-view DBT1FFDM,  

  increased AUC and reduced  
false-positive recall rate

Rafferty et al (115) Two-view DBT1FFDM vs  
 two-view FFDM

310 women 16.5% 15 Hologic Combined two-view DBT1FFDM,  
  increased AUC and reduced  

false-positive recall rate
Two-View DBT1FFDM vs Two-View DBT1SM vs Two-View FFDM

Gilbert et al (116) Two-view DBT1FFDM vs  
  two-view DBT1SM vs  

two-view FFDM

7060 women 16.4% 31 Hologic Two-view DBT1FFDM and  
  two-view DBT1SM increased  

AUC

Note.—Some studies, particularly those from the same research team, may have partial or complete overlap in dataset. Additional studies are described in the text.

* Some studies used prototype systems that may differ from clinical product.
† Jack-knife free-response ROC analysis (114) also showed a significant increase in figure of merit with one-view DBT compared with two-view FFDM.
‡ Subsequent free-response study (113) showed a statistically significant improvement in lesion detection and lesion characterization fractions with MLO-DBT plus CC-FFDM versus two-view FFDM.

reduce interpretation time from DBT- 
FFDM studies to that of FFDM stud-
ies (135). In all of the aforementioned 
studies on interpretation time, there 
were multiple rating scales or extensive 
reporting for study purposes that were 
included in the interpretation time, and 
these studies would not be representa-
tive of standard clinical practice. In the 
prospective OTST trial (95), it was re-
ported that the interpretation time was 
91 seconds for the DBT-FFDM studies 
and was significantly higher than for 
FFDM alone (45 seconds). In another 
prospective study (136), 10 radiolo-
gists with varying breast imaging expe-
rience (1.5–21 years) batch read 1502 
combined DBT-FFDM studies and 2163 
FFDM studies in a manner replicative 
of normal clinical workflow. It was re-
ported that the average interpretation 

time for the DBT-FFDM studies was 
2.8 minutes compared with 1.9 minutes 
for FFDM alone. The study noted that 
the additional interpretation time with 
the DBT-FFDM study decreased with 
increased radiologist experience. How-
ever, with the exception of one radiol-
ogist, all radiologists increased their 
interpretation time with DBT-FFDM. 
While DBT-FFDM may provide for re-
duced recall rate thereby reducing the 
time and resources for diagnostic evalu-
ation, the increased interpretation time 
with DBT-FFDM needs to be considered 
for resource and workflow management.

Advanced Applications

The advent of DBT has prompted inves-
tigations into the development of CAD 
for DBT. Studies applying CAD to 2D 
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DBT projections (137,138), DBT recon-
structions (138–141), and the combina-
tion of 2D projections and reconstruc-
tions (138,142) for detection of masses 
have been reported. For detection of 
microcalcifications, CAD applied to 2D 
projections (143) and DBT reconstruc-
tions (144,145) have been reported. 
Considering that several studies show an 
improvement in detection of soft-tissue 
abnormalities with DBT, CAD applied 
for detection of microcalcifications is 
likely to be more important. Among the 
studies investigating CAD for microcalci-
fications, one study with two-view DBT 
of 154 breasts (116 with microcalcifica-
tions) observed that on a per-breast ba-
sis, sensitivity was 85% at a false-positive 
rate of 0.85 per breast (145). Consider-
ing that the field is gravitating toward a 
combination of DBT and 2D mammog-
raphy (either SM or FFDM), the benefit 
of applying CAD to DBT versus CAD to 
2D mammography that is widely used is 
unclear and needs investigation.

The clinical availability of DBT also 
necessitates the development of biopsy 
guidance devices compatible with DBT. 
Several DBT system manufacturers have 
already developed or are developing such 
biopsy attachments (146,147).

A preliminary study of contrast-me-
dia–enhanced DBT (148) with 13 sub-
jects demonstrated feasibility of using 
single-energy temporal subtraction tech-
nique. A subsequent study (149) demon-
strated the feasibility of dual-energy tech-
nique, where DBT images were acquired 
at multiple time points after contrast 
agent administration and could facilitate 
analy sis of contrast agent kinetics. Tem-
poral subtraction techniques may require 
additional image processing to alleviate 
patient motion artifacts. Using a photon-
counting DBT system that facilitates si-
multaneous acquisition of low- and high-
energy images, Schmitzberger et al (150) 
demonstrated feasibility of contrast-me-
dia–enhanced DBT. Further studies are 
needed to address diagnostic benefit of 
contrast-media–enhanced DBT.

Multimodality Imaging
The development of multimodality sys-
tems combining DBT with automated 
US, radionuclide imaging, or near-in-

frared imaging is being actively pur-
sued. An initial study (151) combined 
FFDM with three-dimensional auto-
mated breast US enabling coregis-
tered dual-modality imaging and was 
subsequently modified for DBT with 
automated breast US. Development of 
a compression paddle compatible for 
both x-ray and US imaging (152), selec-
tion of US coupling media, and breast 
coverage with US particularly at the 
breast periphery that is not in contact 
with the compression paddle have been 
reported (153). In an analysis of 51 pa-
tients with masses (13 malignancies), 
Padilla et al (154) reported similar 
AUCs for DBT alone and the combined 
DBT and automated breast US, and an 
improvement in discriminating masses 
from simple cysts.

A dual-modality system combining 
DBT with compact gamma camera (155) 
was used to image 17 women with 21 
lesions (seven malignancies) after ad-
ministration of technetium 99m, dem-
onstrating the feasibility of coregistered 
anatomic and functional images (156). 
Multiple research teams are investigat-
ing the combination of DBT with near- 
infrared spectroscopy, or NIRS (157–
160). NIRS can estimate hemoglobin 
concentration and oxygen saturation, 
which have the potential to discrim-
inate between benign and malignant 
lesions. While the spatial resolution of 
NIRS alone is poor, spatial distribution 
of anatomy from DBT can be incor-
porated during NIRS reconstruction 
to substantially improve spatial reso-
lution. In a study of 189 breasts from 
125 women, including 51 breasts with 
lesions (26 malignancies), hemoglobin 
concentrations for malignancies were 
significantly higher than the fibroglan-
dular tissue of the same breast, and 
malignancies could be distinguished 
from benign lesions and cysts (158). All 
of these multimodality systems are in 
the investigational phase and may take 
several years of research before trans-
lating to clinical use.

Summary

Almost all studies reported to date with 
DBT alone or a combination of DBT 

with FFDM show that DBT is either 
noninferior or superior to FFDM, with 
the exception of an early study on mi-
crocalcifications (117). While studies 
(40,111) comparing one-view DBT with 
two-view FFDM demonstrated noninfe-
riority of one-view DBT, and one study 
(114) showed superiority of one-view 
DBT, the study (34) comparing two-
view and one-view DBT with FFDM 
observed superiority of two-view DBT 
over FFDM. This suggests two-view 
DBT would be preferable. Studies that 
included at least one-view FFDM with 
DBT have shown improvement over two-
view FFDM (113,115,126). Progressive 
improvements (91,92) with newer ver-
sions of algorithms for generating SM 
suggest that it may be a potential ap-
proach for limiting radiation dose and 
needs further investigation (28). All of 
the aforementioned observations have 
to be qualified in that the results from 
the discussed studies may only be appli-
cable for specific DBT systems and may 
not be generalized across DBT systems 
from multiple vendors that vary in de-
sign, technological implementation, 
and reconstruction algorithms. At pre-
sent, clinical studies with DBT systems 
from multiple vendors are lacking. It is 
important to recognize that if DBT is 
performed on the basis of an abnormal 
screening mammogram, then the sen-
sitivity of DBT cannot exceed that of 
mammography. The OTST and STORM 
trials (95,96) showed the value of DBT 
as a screening tool. To increase cancer 
detection rate, women need to undergo 
DBT as part of their screening. While 
DBT may provide a substantial benefit 
over FFDM, there may be instances 
when an abnormality is occult (161). 
Transition to DBT should consider eco-
nomic and logistic factors (162), such 
as the increase in interpretation time 
(135,136) and cost-effectiveness (163). 
At the institutional level, compatibility 
of DBT with existing picture archiving 
and communication systems and with 
the review workstation used for inter-
pretation need to considered. A clini-
cal study on the relative merits of DBT 
and automated breast US in screening 
women with radiographically dense 
breasts needs investigation.
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