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Abstract
Objective To evaluate the clinical value of combining oneview mammography (cranio-caudal, CC) with the complementary view tomosynthesis (mediolateral-oblique, MLO)
in comparison to standard two-view mammography (MX) in
terms of both lesion detection and characterization.
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Methods A free-response receiver operating characteristic
(FROC) experiment was conducted independently by six
breast radiologists, obtaining data from 463 breasts of 250
patients. Differences in mean lesion detection fraction
(LDF) and mean lesion characterization fraction (LCF) were
analysed by analysis of variance (ANOVA) to compare
clinical performance of the combination of techniques to
standard two-view digital mammography.
Results The 463 cases (breasts) reviewed included 258 with
one to three lesions each, and 205 with no lesions. The 258
cases with lesions included 77 cancers in 68 breasts and
271 benign lesions to give a total of 348 proven lesions. The
combination, DBT (MLO) +MX(CC), was superior to MX
(CC+MLO) in both lesion detection (LDF) and lesion
characterization (LCF) overall and for benign lesions.
DBT(MLO)+MX(CC) was non-inferior to two-view MX for
malignant lesions.
Conclusions This study shows that readers’ capabilities in
detecting and characterizing breast lesions are improved by
combining single-view digital breast tomosynthesis and
single-view mammography compared to two-view digital
mammography.
Key Points
• Digital breast tomosynthesis is becoming adopted as an
adjunct to mammography (MX)
• DBT(MLO)+MX(CC) is superior to MX(CC+MLO) in lesion
detection (overall and benign lesions)
• DBT(MLO)+MX(CC) is non-inferior to MX(CC+MLO) in cancer
detection
• DBT(MLO)+MX(CC) is superior to MX(CC+MLO) in lesion
characterization (overall and benign lesions)
• DBT(MLO)+MX(CC) is non-inferior to MX(CC+MLO) in
characterization of malignant lesions
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Introduction
Mammography is an effective imaging technique for the
detection of early-stage breast cancer [1, 2]. Mammography
has significant limitations, however, due to masking of suspicious findings by fibroglandular densities, reducing its diagnostic performance, particularly in denser breasts. Another
limitation of mammography is that some features interpreted
as lesions are merely summations of superimposed tissues,
leading to false positive interpretations [3–5].
Although several papers have demonstrated the multiple
potential benefits of digital breast tomosynthesis (DBT)
[6–14], several questions remain regarding its clinical application, particularly whether it should be used in screening, diagnosis, or both; and whether DBT should be used
alone, replacing 2D mammography, or in combination with
2D mammography [10–14].
Digital breast tomosynthesis is a 3D technique, and, as
such, could allow full coverage of breast tissue with a single
view. This is why some earlier studies of DBT compared
medio-lateral oblique (MLO)-only DBT views with twoview mammography. Another reason was the desire to keep
DBT radiation doses at levels delivered by standard twoview mammography. Earlier studies using prototype equipment were designed to acquire DBT with the breast compressed in the MLO position at the same dose as two-view
mammography [6–9]. As manufacturers move from prototype systems to clinical products and exposure control is
optimized, it is becoming possible to acquire a DBT view at
the same dose as a single mammography view. This opens
the possibility of improving clinical performance by adding
a second view of each breast, without an increase in radiation dose compared to two-view mammography [10–14].

The best way to demonstrate the clinical utility of a new
imaging technique is by a properly designed reader study
that independently compares radiologists’ performance with
the new technique to their performance with an accepted
technique, in this case two-view mammography. Two main
statistical methods are used to compare imaging investigations: the most common is receiver operating characteristic
(ROC) curve analysis [15, 16], which considers interpretations per case (where a case can be a patient or a breast) and
focuses on determining whether a case has a target condition
(e.g. breast cancer); this type of analysis conventionally
does not require spatial localization of findings and analysis
is done on the basis of the most suspicious finding per case.
Another method is per lesion analysis, which takes into
account proper localization of findings and allows comparison of techniques in terms of individual lesion detection
and characterization, including possible multiple lesions per
case. Per lesion analysis requires image interpretation using
a free-response approach, where readers are asked to mark
all detected findings and subsequent analysis by a “scoring
panel” verifies the correctness of each finding marked in
terms of location and possibly also lesion type. Compared
with ROC methods, the free-response paradigm has the
advantage of closely resembling clinical practice in terms
of basing accuracy on all proven lesions, not just the most
suspicious lesion per case, and accounting for the correct
localization of each identified lesion [17, 18]. Another advantage of per lesion analysis is that it permits separation of
the two steps in the diagnostic process: (1) lesion detection,
correctly noting the location of any breast finding, and (2)
lesion characterization, a diagnostic decision concerning the
degree of suspicion of each finding [19].
In this paper, the combination of a cranio-caudal (CC)
digital mammography (MX) view with a single-view DBT
(MLO) is compared to two-view digital mammography in
terms of both lesion detection and characterization, using a
per lesion approach. This new analysis technique is applied
to a dataset obtained from a clinical performance study, the
results of which were already published using standard ROC
methods [14] that did not consider individual lesions.

Materials and methods
Study population and reference standard
This study was approved by the institutional ethics review
board and by the Italian Ministry of Health. All participant
patients gave written informed consent. From April 2007 to
July 2008, we enrolled 250 diagnostic patients aged
40–83 years (mean 58 years) with at least one
breast finding found by mammography and/or ultrasound
and classified as probably benign, suspicious or highly
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suspicious for malignancy. Both symptomatic and asymptomatic women with a breast finding were eligible for the
study. Patients with prior mastectomy, breast size exceeding
the digital detector size, breast implants, or high genetic risk
were excluded. Besides the standard protocol applied to
diagnostic patients (clinical breast examination, bilateral
two-view digital mammography and bilateral breast ultrasound [US]), subjects enrolled in the study underwent an
additional single-view (MLO) DBT of both breasts. DBT
images were not included in the standard of care; they were
used only in the retrospectively performed reader study.
Truth was established using fine-needle aspiration cytology
or histology of core or surgical biopsy for findings classified
as suspicious or probably malignant, and a minimum of 1year follow-up for unbiopsied (doubtful) findings and
normal breasts.
Image dataset
Digital mammography (Senographe 2000D; GE Healthcare,
Chalfont St Giles, UK) included at least the two standard
views (CC and MLO) of both breasts acquired in a fully
automatic exposure mode.
Single-view DBT examinations were performed using an
investigational device developed by GE Healthcare on a
Senographe DS platform. Fifteen low-dose projection images were acquired in a step-and-shoot mode, rotating the xray source from −20° to +20° around the axis perpendicular
to the detector while the breast was compressed in the fixed
MLO position. Exposure was controlled by manual selection of technique factors on the basis of compressed breast
thickness, such that the total radiation dose for the MLO
DBT sequence was approximately equal to the dose delivered
in standard two-view mammography [20]. As mentioned in
the “Introduction”, the condition of dose equivalence between
one-view DBT and two-view mammography used in this
paper has moved toward dose equivalence of one-view DBT
to one-view MX as manufacturers optimize tomosynthesis
data acquisition. DBT projection views were reconstructed
into parallel, contiguous, 0.5-mm-interval planar images using
an iterative algorithm [21]. One-centimetre-thick slabs were
also reconstructed from sets of adjacent planes to allow fast
volume scroll and to aid detection of calcification clusters.
Reading protocol
Six radiologists with between 5 and 30 years of experience
in breast imaging participated in the multireader study. Each
had an initial training session that included 25 DBT cases to
establish familiarity with DBT images and display software.
Training in DBT interpretation was done for each reader
independently by the principal investigator, who was not a
study reader. Finally, all training cases were discussed in

consensus, including all readers, to agree on the general
methods of DBT evaluation.
After the training period, readings were organised in
multiple sessions, and images were evaluated per breast
(not per patient), to include normal cases (breasts) in the
study population. Each reading session contained 50–70
cases, half mammography (MX(CC+MLO)) and half combinations of MLO DBT and CC mammography (DBT(MLO)+
MX(CC)), randomised and presented in alternating order,
using a dedicated workstation equipped with two highresolution monitors. All cases were anonymized and no
clinical information about the patients or the true diagnosis
was made available to readers. A washout period of 2–
3 months was maintained between readings of MX(CC+MLO)
and DBT(MLO)+MX(CC) for the same case.
Each observer’s task was to detect and classify up to
three findings per breast, benign or suspicious of malignancy, for each imaging technique. Each finding had to be
specified by finding type and largest finding dimension, by
location in both CC and MLO MX views or by location and
preferred plane in MLO DBT views, and rated according to
BIRADS [22]. BIRADS scores from 1 (negative) through 5
(highly suggestive of malignancy) were permitted, with
BIRADS 4 subscored as 4A (low-suspicion abnormality),
4B (moderate-suspicion abnormality), or 4C (high-suspicion
abnormality). A scoring panel comprising the principal investigator and two radiologists not involved in the readings
(E.Ba., E.Be.) determined in consensus whether each finding was a true positive (TP) or false positive (FP) by crosschecking findings and the location descriptions (quadrant in
2D MX images, depth in DBT images) marked by each
radiologist during the reading study with other documents
used for truth establishment, such as image interpretation
and biopsy reports, which included both histology information in cases of biopsied lesions, and follow-up imaging
reports for unbiopsed lesions and normal breasts.
Statistical analysis
As mentioned above, per lesion analysis considers the
scores for individual reader findings in a breast and allows
separate analyses of the two clinical tasks involved in the
diagnostic process: lesion detection and lesion characterization. For the task of lesion detection, each finding scored
BIRADS 2 or higher and matching the location of a proven
lesion (malignant or benign) was classified by the scoring
panel as a “detected lesion”. For each reader in each technique, we estimated the lesion detection fraction (LDF) as
the number of detected lesions divided by the number of
proven lesions.
In addition to detecting lesions, proper characterization is
necessary to decide which lesions should be biopsied.
For this task, each reader finding was scored as “correctly
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inferiority margin [23, 25]. The null hypothesis (mean values
of LDF or LCF for DBT(MLO)+MX(CC) and MX(CC+MLO) are
equal) was tested using analysis of variance according to the
Obuchowski–Rockette model [23], with a Matlab routine
(Matlab R2008a). One technique was regarded as superior to
the other when the mean difference, as well as the entire 95 %
confidence interval, was above zero. A P value less than 0.05
was considered statistically significant. The same type of
analysis was repeated separately for the subsets of malignant
and benign lesions.

Results

Fig. 1 Lesion detection. Difference between mean lesion detection
fractions (LDF) with technique 1, the combination DBT(MLO)+MX(CC),
and technique 2, MX(CC+MLO), for all lesions correctly localized,
cancers and benign lesions, and related 95 % confidence intervals.
The zero difference line and negative of the non-inferiority margin
(−5 %) are shown as dashed vertical lines. The mean LDF difference
between the two techniques was +6.5 % (95 % CI +4.9 %, +8.2 %)
overall, +3.1 % (95 % CI −2.0 %, 8.1 %) for malignant lesions,
and +7.5 % (95 % CI +5.6 %, 9.4 %) for benign lesions, demonstrating
the superiority of the combined technique for all lesions and all benign
lesions, and the non-inferiority of the combined technique for cancers

classified” if it was detected, and if it was rated with an
appropriate BIRADS score: 2 or 3 for benign lesions, or 4 or
5 for malignant lesions. Benign lesions rated BIRADS 4 or
5 were treated as false positives (FPs), whereas malignant
lesions classified as BIRADS 2 or 3 were processed as false
negatives (FNs). For each reader and for each imaging
technique we estimated the lesion characterization fraction
(LCF) as the total number of lesions correctly classified
divided by the number of proven lesions. These same definitions (LDF and LCF) also were applied separately to the
subsets of malignant and benign lesions.
The clinical performance of the combination of one-view
DBT and one-view mammography (DBT(MLO)+MX(CC))
versus two-view mammography (MX(CC+MLO)) was compared in a per lesion analysis, using both LDF and LCF.
Non-inferiority analysis was applied to LDF and LCF,
using an Obuchowski–Rockette-type model [23], after
adjusting the degrees of freedom according to Hillis’s formula, to increase the accuracy of the lower 95 % confidence
limit estimation [24]. The non-inferiority margin was set at
5 %. To conclude that technique 1 (DBT(MLO)+MX(CC)) was
non-inferior to technique 2 (MX(CC+MLO)), two conditions
were necessary: (1) the difference between the means of
LDFs (or LCFs) with technique 1 and technique 2 must
have been above zero and (2) the lower limit of the confidence
interval must have been above the negative of the non-

The reader study was performed on 463 breasts of 250
subjects. Four patients (8 breasts) were excluded from the
study because MX images were missing, 10 patients (20
breasts) were excluded because MX examinations were
acquired with MLO views only, 1 patient (2 breasts) was
excluded because MX images were obtained by a computed
radiography (CR) system, and 1 breast could not be used
in the study because of a technical issue during DBT
acquisition; finally, 6 breasts were retrospectively excluded because some finding localizations were uncertain. The
463 cases (breasts) reviewed included 258 cases with one
to three lesions each, and 205 cases without any lesions.
The 258 cases with lesions included 77 cancers (7 of them
multifocal) in 68 breasts and 271 benign lesions to give a
total of 348 proven lesions.
Figure 1 shows the difference between mean LDFs
obtained with the two investigations for all 348 lesions,
and separately for malignant and benign lesions. For the
entire dataset (malignant and benign lesions combined),
66.5 % of lesions were detected by DBT(MLO)+MX(CC)
and 60.0 % by MX(CC+MLO), giving a +6.5 % difference
(95 % CI +4.9 %, +8.2 %) that was statistically significant
(P<0.0001). Cancer detection was comparable with the two
protocols (DBT(MLO)+MX(CC) = 78.6 %, MX(CC+MLO) =
Table 1 Lesion detection fraction for individual readers, including
their individual experience with MX (in years)
Reader ID

1
2
3
4
5
6
Mean

Experience
with MX (years)

32
36
26
32
7
8
23.5

Lesion detection fraction (LDF) (%)
MX(CC+MLO)

DBT(MLO)+MX(CC)

52.9
56.0
53.7
69.3
70.4
57.8
60.0

59.8
61.8
60.9
73.6
77.0
66.1
66.5
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DBT(MLO)+MX(CC), 42.4 % versus 34.4 % with MX(CC+MLO)
(difference +8.0 %; 95 % CI +5.7 %, +10.2 %; P<0.0001).
Table 2 provides LCF values for each reader.
These results show that the superiority of the combined
technique in benign lesion detection (LDF) does not increase the false positive rate, because the lesion characterization performance (LCF) of DBT(MLO)+MX(CC) is superior
for benign lesions. The LCF mean differences demonstrate
the superiority of DBT for lesion characterization overall
and for benign lesions, along with the non-inferiority of
DBT(MLO)+MX(CC) compared to MX(CC+MLO) for malignant
lesions.

Discussion
Fig. 2 Lesion characterization. Difference between mean lesion characterization fractions (LCF) with technique 1, the combination
DBT(MLO)+MX(CC), and technique 2, MX(CC+MLO), for all lesions
correctly localized, cancers and benign lesions, and related 95 %
confidence intervals. The zero difference line and negative of the
non-inferiority margin (−5 %) are shown as dashed vertical lines.
The mean LCF difference between the two techniques was +6.8 %
(95 % CI +4.0 %, +9.7 %) overall, +3.1 % (95 % CI −4.6 %, 10.7 %)
for malignant lesions, and +8.0 % (95 % CI +5.7 %, +10.2 %) for
benign lesions, demonstrating the superiority of the combined technique for all lesions and all benign lesions, and the non-inferiority of
the combined technique for cancers

75.5 %; difference = +3.1 %; 95 % CI −2.0 %, +8.1 %;
P=0.198), whereas detection of benign lesions by the combined technique DBT(MLO)+MX(CC) was significantly better
(DBT(MLO)+MX(CC) = 63.1 %, MX(CC+MLO) = 55.6 %; difference = +7.5 %; 95 % CI +5.6 %, +9.4 %; P<0.0001).
Figure 1 shows the superiority of the combination of singleview DBT plus single-view MX versus two-view MX in
lesion detection overall and for benign lesions, the 95 %
confidence intervals for the differences being entirely above
zero; and the non-inferiority of single-view DBT plus singleview MX versus two-view MX for malignant lesions, the
95 % confidence interval for the difference being entirely
above the non-inferiority margin.
Table 1 provides LDF values for each reader, along with
each reader’s experience with interpreting mammograms.
Figure 2 illustrates the results for lesion characterization.
Overall, the mean fraction of lesions correctly localized and
rated (LCF) was 48.9 % with DBT(MLO)+MX(CC) and 42.1 %
with MX(CC+MLO), leading to a statistically significant +6.8 %
difference (CI +4.0 %, +9.7 %; p=0.0007) in favour of the
combined technique. The same analysis applied to malignant
lesions showed that cancer classification was comparable with
DBT(MLO)+MX(CC) and MX(CC+MLO) (DBT(MLO)+MX(CC)
LCF = 71.9 %, MX(CC+MLO) LCF = 68.8 %; difference +
3.1 %; 95 % CI −4.6 %, +10.7 %; P=0.369). For benign
lesions, mean LCF was found to be significantly higher with

A new imaging technique provides true clinical benefit if it
(1) shows more lesions than the imaging technique in routine clinical use, and (2) allows radiologists to make the
“right decision” concerning malignancy of detected lesions.
As discussed by Kopans, lesion detection is the first step in
early breast cancer diagnosis based on imaging [19]; it is the
recognition of a finding as potentially abnormal in a specific
image location, before any clinical decision concerning
probability of malignancy is made. It is useful to compare
a new imaging technique to an imaging technique currently
in routine clinical use in terms of lesion detection, because
the lesion detection task is less influenced by individual
readers’ experience, capability, and confidence than lesion
characterization. This study found that the combined technique, DBT(MLO)+MX(CC), allowed the detection of more
lesions than two-view mammography, MX(CC+MLO), as
demonstrated by the significantly higher LDF of DBT(MLO)+
MX(CC). DBT(MLO)+MX(CC) did not increase cancer detection
significantly, but the proportion of benign lesions detected
was significantly higher. A sample case is shown in Fig. 3,
where a heterogeneously dense breast is shown imaged by
MX (CC and MLO) in the left and middle images, and by
Table 2 Lesion characterization fraction for individual readers, including their individual experience with MX (in years)
Reader ID

1
2
3
4
5
6
Mean

Experience
with MX (years)

32
36
26
32
7
8
23.5

Lesion characterization fraction
(LCF) (%)
MX(CC+MLO)

DBT(MLO)+MX(CC)

37.9
48.6
28.7
55.5
46.0
35.6
42.1

44.5
51.1
38.5
61.5
52.3
45.4
48.9
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Fig. 3 Sample case showing
DBT superiority in detection of
benign lesions. a Left breast:
two-view MX (CC and MLO).
One small lesion is
demonstrated, while two larger
lesions are likely. b MLO DBT
of the same breast, plane 33 of
100. At least four different
benign lesions are demonstrated

DBT on the right. In MX, multiple lesions can be perceived,
whereas in DBT, even in a single plane, four likely benign
lesions can be clearly distinguished.
Whereas lesion detection is the first step of the diagnostic
process, lesion characterization is a more important next
step. As noted in the “Materials and methods” section, per
lesion analysis has the benefit compared to standard ROC
analysis of decomposing the diagnostic process into lesion
detection and lesion characterization. Our findings indicate
that single-view DBT plus single-view MX is superior to
two-view MX in terms of correctly localizing and characterizing lesions, as demonstrated by the significantly higher
overall LDF and LCF for DBT(MLO)+MX(CC). This overall
benefit is due to the superiority of DBT(MLO)+MX(CC) in
correctly localizing and characterizing benign lesions. This
Fig. 4 Case showing better
capability of DBT in depiction
of spiculated masses. a Right
breast: two-view MX (CC and
MLO) shows two suspicious
masses, one of them spiculated.
b MLO DBT of the same breast
(plane 78 of 122) shows both
masses being spiculated, highly
suggestive of malignancy

result is consistent with previous results obtained using per
breast analysis, where the combined technique had higher
specificity for benign lesions, whereas the fraction of cancers correctly rated with DBT(MLO)+MX(CC) and MX(CC+
MLO) was comparable. Our results also are consistent with
what was found for sensitivity by ROC methods [14].
Two examples of this increase in diagnostic information are
shown in Figs. 4 and 5, where cancers were better depicted by
DBT (Fig. 4) and MX (Fig. 5). Figure 4 shows a bifocal cancer
case where both cancers were seen (detected) in both MX and
DBT, but spicules and tumour structure were better depicted
(characterized) by DBT.
In Fig. 5, a malignant calcification cluster is shown. Margins
and shapes of microcalcifications are better defined in MX.
Microcalcifications appear brighter with DBT than with MX.
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Fig. 5 Case showing a
malignant calcification cluster
in the upper-outer quadrant of
the right breast. a Electronic
magnification of the cluster in
MLO MX view; the cluster was
rated as suspicious by 6 out of 6
readers. b Electronically
magnified view of a DBT slab
shows the same cluster with
high conspicuity; however, as
calcifications appear coarser
and denser, the lesion was rated
as BIRADS 3 by 3 out of 6
readers, while being correctly
classified as BIRADS 4 by the
other 3 readers

In mammography, denser (or brighter) microcalcifications are
more often interpreted as benign. In this study, some malignant
lesions presenting as microcalcifications considered suspicious
with MX (BIRADS 4A or higher) were scored BIRADS 3 with
DBT because of their increased brightness, reducing the
sensitivity of DBT relative to that of MX.
The ability of the combined technique, DBT(MLO)+
MX(CC), to detect more lesions overall, and, in particular,
benign lesions, might lead the reader to wonder if this means
a potential increase in the false positive rate. The ability of
DBT(MLO)+MX(CC) to better characterize benign lesions,
however, offers the potential to reduce unnecessary biopsies
and better manage follow-up. Realization of this potential
will depend on radiologists learning which image characteristics of cancers are different using DBT, requiring time and
training. Once radiologists gain sufficient experience with
DBT to appreciate differences in lesion appearance compared to conventional MX, the clinical performance of DBT
could be further improved [26, 27].
There are some limitations to this study. Firstly, negative
cases were taken from contralateral breasts of patients belonging to a diagnostic population and the reader study was
conducted per breast rather than per patient; this prevented
recognition of possible asymmetries between the two breasts
of the same patient. This same limitation, however, was present for both techniques compared. Secondly, there was a
selection bias in favour of mammography, because patients
were recruited to the study on the basis of mammographically
detected, not DBT-detected, lesions. Thirdly, readers’ experience with mammography was extensive, but their DBT experience was limited to a previous study that compared clinical
performance of single-view DBT versus standard mammography. Finally, the so-called laboratory effect, which affects
any retrospective reader study, related to readers’ awareness of
participating in an experiment rather than clinical practice,

might lead to results different from those obtained in a clinical
context [28].
In conclusion, this study showed that readers’ capabilities
in detecting and characterizing breast lesions are improved
with single-view digital breast tomosynthesis combined with
single-view mammography compared to two-view digital
mammography. On average, the combined technique is superior for both detection and characterization of all lesions and
particularly of benign lesions, with comparable detection and
characterization of cancers. The combined technique of MLO
DBT and CC mammography might permit radiologists to
transition more gradually from mammography to digital
breast tomosynthesis, allowing time to get used to the differences and potential advantages of the new technique.
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