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Abstract
Purpose  To investigate whether digital breast tomosynthesis (DBT) and subsequently generated synthesized mammography 
(SM) images show a better performance than full-field digital mammography (FFDM) images for diagnosing malignant 
breast lesions. In addition, the radiation doses for SM using different procedures were compared.
Materials and methods  This prospective study enrolled 212 women (age ≥ 25 years) with clinically suspicious breast lesions. 
All participants underwent FFDM and DBT with the same breast compression. Finally, 222 lesions were confirmed by patho-
logical analysis. The mammogram results were evaluated according to the BI-RADS criteria and compared with the patho-
logical results. The diagnostic performances, morphological features and average glandular doses (AGDs) were compared.
Results  In total, 141 malignant lesions and 81 benign lesions were confirmed by pathological analysis. The overall AGD 
showed no significant difference between FFDM and DBT. Compared with 2D imaging, the AUC values of FFDM plus 
DBT and SM plus DBT were both significantly different overall (P = 0.0002) and remained significantly different in dense 
breasts (P < 0.0001). In terms of morphologic characteristics, lesions showed similar morphology between FFDM and SM, 
while the lesion characteristics were discordant from 2D imaging to DBT in 33 lesions in dense breasts.
Conclusions  Compared to FFDM, 2D SM images generated from DBT had significantly improved diagnostic efficacy for 
detecting malignant breast lesions without increasing radiation doses. This new procedure is useful for characterizing breast 
lesions, particularly in dense breasts.

Keywords  Digital breast tomosynthesis · Synthesized mammography · Diagnostic performance · Digital mammography · 
Breast lesion

Introduction

Digital breast tomosynthesis (DBT) was approved by the 
US Food and Drug Administration (FDA) in 2011, and it 
has been widely used in combination with full-field digital 
mammography (FFDM); the efficiency of this new technol-
ogy has also been evaluated in a number of studies [1–3]. By 
providing a three-dimensional (3D) view of the breast from a 
series of slice images, DBT is able to reduce the overlapping 
of normal tissues and breast lesions thus increasing cancer 
detection and improving diagnostic performance [4–7].

The primary limitations of DBT in combination with 
FFDM are increased radiation doses and time consumption 
for examination and interpretation [8, 9]. Adjustments have 
been suggested to overcome these drawbacks of this com-
bined procedure, such as decreasing the projection angle 
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of DBT or canceling the FFDM examination. However, the 
two-dimensional (2D) portion is still essential for evaluat-
ing some abnormalities, such as microcalcifications, and for 
making comparisons with prior 2D images [10]. Therefore, 
one adjustment is to generate 2D synthesized mammogra-
phy (SM) images from the DBT dataset. With this adjust-
ment, 2D images are maintained while radiation doses are 
not increased [11].

SM images created by adding and filtering the stack of 
reconstructed DBT sections are similar to generating a maxi-
mum intensity projection (MIP). Compared with the prior 
procedure of DBT plus FFDM, the radiation dose can be 
potentially reduced by approximately 40–50% when using 
DBT plus SM images generated from the tomosynthesis data 
[12, 13]. To date, there have been several studies on the per-
formance of SM alone or in combination with DBT versus 
FFDM alone or in combination with DBT. The initial experi-
mental results demonstrated that the radiologists’ perfor-
mance when reading SM plus DBT images was worse than 
that when reading FFDM plus DBT images [14]. With rapid 
improvement in the quality of 2D SM, the US FDA approved 
the use of SM in conventional 2D digital mammography for 
both DBT screening and diagnosis in 2013. Recently, some 
studies have supported that DBT plus SM images created 
from tomosynthesis can reduce radiation exposure while 
maintaining improved diagnostic performance [15–17]. 
However, the application of SM for diagnosing or screening 
for breast cancer has just begun in China, and DBT plus SM, 
as a new combined procedure for breast cancer detection, 
may be even more appealing in Asian women, because it 
could substantially benefit females with dense breasts.

To promote the usage of SM in the Asian population, the 
purpose of this study was to assess the diagnostic perfor-
mances and radiation doses of two different procedures—
SM plus DBT and FFDM plus DBT. Furthermore, the 
morphological characteristics shown in the 2D images and 
tomosynthesis images were also compared.

Materials and methods

Patient enrolment

The prospective study was approved by the institutional 
review board. All participants signed written informed 
consent before the examinations. The study plan and data 
collection were developed before the test because of the 
prospective design. The inclusion criteria were as follows: 
patients who (a) were older than 25 years old, (b) had a 
clinically suspicious breast lesion, and (c) had the lesion 
confirmed by pathology after examination. The exclusion 
criteria were: patients who (a) were undergoing pregnancy 
or lactation when the study began, (b) had undergone prior 

excisional biopsy or surgery of the breast, (c) had breast 
implants, or (d) had been diagnosed with breast cancer. A 
total of 93 patients were enrolled from 2 clinical trials for 
tomosynthesis from June to August 2015, and 119 patients 
were enrolled from March to May 2016. Finally, 212 par-
ticipants were included in this study. All of the participants’ 
diagnoses were confirmed by pathological analysis of biopsy 
or surgical specimens.

Image acquisition

Digital mammography and digital breast tomosynthesis

For 119 patients, DBT and 2D FFDM were acquired with a 
GE commercial system (SenoClaire, GE, Chalfont StGiles, 
USA), and 93 patients were imaged with a Hological sys-
tem (Selenia Dimensions, Hologic, Bedford, USA). Since 
the FDA of China has not approved the use of 2D SM for 
clinical diagnosis before clinical trials, the SM images were 
only available for patients during that time. The X-ray tube 
moved over a 20° arc in the GE system and a 15° arc in 
the Hologic system while the breast was compressed. All 
participants underwent FFDM and DBT sequentially with 
the same breast compression. The imaging system automati-
cally estimated the average glandular dose (AGD). The pro-
jections were combined to create a full three-dimensional 
image set of the breast with 1-mm slices throughout the 
breast. 2D SM images were generated from the DBT data-
set for each case using V-preview processing software (GE) 
and C-View processing software (Hologic). Finally, three 
sets of mammograms (2D FFDM, 2D SM and DBT images) 
were acquired, including two-view images of both breasts 
(craniocaudal and mediolateral oblique views).

Image interpretation

All images were independently reviewed by two radiolo-
gists who specialized in breast imaging with 6–10 years of 
experience. When the assessment results differed between 
the two readers, another reader with 35 years of experience, 
having more experience with breast imaging, interpreted the 
images again. Thus, consensus was established as the final 
assessment. All of the radiologists had participated in prior 
studies involving DBT. Before this review, each reader also 
attended a 1-day DBT reading course and read a test set of 
100 cases. Readers reviewed four groups of images: (a) 2D 
FFDM, (b) 2D SM, (c) 2D FFDM plus DBT, and (d) 2D SM 
plus DBT images for all cases. The reading sessions were 
performed at least 2 weeks apart to minimize any possible 
bias resulting from reader memory. Readers were blinded to 
the pathologic results of each case. Mammographic breast 
density and abnormalities were assessed according to the 
Breast Imaging-Reporting and Data System (BI-RADS) of 
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the American College of Radiology (ACR) using eight-point 
forced BI-RADS scores (0, 1, 2, 3, 4a, 4b, 4c, or 5) [18]. 
Final assessments of SM and FFDM made by the observers 
were divided into two categories: negative (BI-RADS score 
of 4a and lower) and positive (BI-RADS score of 4b and 
higher) because all the patients enrolled in this study with a 
clinically suspicious lesion and BI-RADS 4a still had a less 
than 10% probability of malignancy. BI-RADS 0, which was 
an incomplete assessment that warranted further evaluation, 
was considered positive in this study. “Almost entirely fat” 
and “scattered fibroglandular densities” were classified as 
“fatty” breasts, and “heterogeneously dense” and “extremely 
dense” breast tissue were classified as “dense” breasts. If 
readers detected visible lesions, they recorded the size, ana-
tomic location (left or right, clock position, and distance 
from nipple) and morphological type (mass, focal asymme-
try/asymmetry, architectural distortion, and calcification). If 
the detected lesion had multiple morphological findings, the 
most dominant finding was recorded. When readers detected 
multiple lesions in the same patient, they documented fur-
ther descriptions of each lesion.

All pathologic specimens were reviewed by one breast 
pathologist with 15 years of experience. Pathological data 
included histological tumor type and the longest diameter 
of the lesion.

Statistical analysis

The independent t test was used to compare the differ-
ence in the AGD of DBT and FFDM images in two breast 
density groups and two compression thickness groups. 
Receiver operating characteristic (ROC) curve analysis was 
used to evaluate the diagnostic efficacy. The strength of the 
kappa agreement was defined as follows: < 0.00 = poor; 
0.00–0.20 = slight; 0.21–0.40 = fair; 0.41–0.60 = moderate; 
0.61–0.81 = substantial; and 0.81–1.00 = almost perfect. 
P < 0.05 was considered to indicate a significant difference 
for all comparisons. All statistical analyses were performed 
using SPSS ver. 19.0 (SPSS Inc., Chicago, IL, USA) and 
MedCalc 12.7 (MedCalc, Mariakerke, Belgium) software.

Results

Breast lesion pathology

A total of 222 lesions were confirmed by biopsy and/or sur-
gery in 212 patients. Ten patients had two lesions, and the 
others all had solitary lesions. Malignant lesions (n = 141) 
included invasive ductal carcinoma (n = 117), ductal carci-
noma in situ (DCIS) (n = 13), invasive lobular carcinoma 
(n = 3), invasive papillary carcinoma (n = 1), and malignant 
fibrous histiocytoma (n = 1). Additionally, six lesions were 

confirmed to be invasive carcinoma with unclear classifica-
tion, and the affected patients underwent further neoadjuvant 
chemotherapy. Benign lesions (n = 81) included fibroade-
noma (n = 33), benign phyllodes (n = 3), adenosis (n = 24), 
mastitis (n = 5), breast intraductal papilloma (n = 13), and 
sclerosing adenosis (n = 3).

Average glandular dose

The AGD of FFDM was 1.79 ± 0.79 mGy (ranged from 0.63 
to 3.49 mGy), and the AGD of DBT was 1.81 ± 0.54 mGy 
(ranged from 0.81 to 3.52 mGy). There was no significant 
difference between the two groups (t = 0.321, P = 0.602). 
The breast density distribution of all the cases was as fol-
lows: 19 of 212 (9%) were almost entirely fatty, 43 of 212 
(20%) were scattered fibroglandular dense tissue, 88 of 212 
(42%) were heterogeneously dense, and 62 of 212 (29%) 
were extremely dense. In this study, 60 patients had “fatty” 
including “almost entirely fat” and “scattered fibroglandular 
dense” breast tissue, and 150 patients had “dense” includ-
ing “heterogeneously dense” and “extremely dense” breast 
tissue. The compression thickness was 49.82 ± 12.00 mm 
(ranged from 17 to 84 mm). Because a “standard breast” 
according to the ACR means approximating a 45-mm com-
pressed breast, 45 mm was defined as the boundary to assess 
the AGD [19]. The AGDs of FFDM and DBT images were 
also compared according to breast density and compression 
thickness. In “fatty” breasts, the AGD was higher in DBT 
images than in FFDM images (1.49 ± 0.60 mGy in FFDM 
and 1.74 ± 0.52 mGy in DBT, t = 0.432, P < 0.001), while 
in the “dense” breasts, there was no significant difference 
between FFDM and DBT images (1.88 ± 0.82  mGy in 
FFDM and 1.84 ± 0.55 mGy in DBT, t = 0.33, P = 0.975). 
There was no significance regardless of the compression 
thickness of the breast (P > 0.05).

Clinical performance

Table 1 shows the diagnostic performances of 2D images 
alone and 2D plus DBT images for breast lesions. The diag-
nostic performance was the same between 2D FFDM and 
2D SM. The AUC values of reader 1, reader 2 and over-
all assessment were 0.724, 0.782, 0.792 for the 2D images, 
0.817, 0.864, 0.885 for FFDM plus DBT images, and 0.820, 
0.858, 0.882 for DBT plus SM images. Compared with 2D 
images, both FFDM plus DBT and SM plus DBT were 
significantly different (z = 3.707, P = 0.0002 and z = 3.699, 
P = 0.0002, respectively). There was no significant differ-
ence between FFDM plus DBT and SM plus DBT (z = 0.232, 
P = 0.816). According to the breast density, the AUC value 
in “fatty” breasts was higher than that in “dense” breasts. 
Compared with 2D imaging, the AUC values of FFDM plus 
DBT and SM plus DBT were also significantly different 
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in “dense” breasts (z = 4.311, P < 0.0001 and z = 4.351, 
P < 0.0001, respectively), while the difference became 
nonsignificant in “fatty” breasts (z = 1.428, P = 0.1533 and 
z = 1.428, P = 0.1533).

Other indexes of diagnostic performance, such as sensi-
tivity and specificity, are also listed in Table 1. Compared 
with 2D mammography, the sensitivity was significantly 
different in DBT plus SM overall and for lesions in “dense” 
breasts (P < 0.0001). The difference in sensitivity was non-
significant in “fatty” breasts. Regarding the specificity, there 
was no significant difference between 2D mammography 
and DBT plus SM for all types of breast densities.

Morphological characteristics of 2D mammography 
and DBT

The morphological types of lesions in 2D mammography 
and DBT are summarized in Table 2. The lesions showed a 

similar morphology in the FFDM and SM images (Fig. 1). In 
contrast, the lesion characteristics were discordant between 
the 2D mammography and DBT images in 33 lesions, which 
all occurred in “dense” breasts (Table 3). Of 19 malignant 
lesions, 8 were considered asymmetric, and 6 were consid-
ered to have architectural distortion on 2D mammography 
and were categorized as microlobulated or spiculated masses 
on DBT (Figs. 2, 3). Eight benign lesions described as asym-
metric on 2D mammography were categorized as obscured 
masses on DBT (Fig. 4). There were 19 asymmetric lesions 
on 2D mammography that had visible mass margins on 
DBT. For calcified lesions, there was no difference between 
2D mammography and DBT. However, six lesions were still 

Table 1   Diagnostic performance of 2D mammography alone and in 
combination with DBT for breast lesion

SM synthesized mammography, AUC​ area under the receiver operat-
ing characteristic curve

FFDM/SM FFDM+DBT SM+DBT

All (n = 222)
 Sensitivity 69.50 (98/141) 90 (126/140) 90.07 (127/141)
 Specificity 88.89 (72/81) 87.65 (71/81) 86.42 (70/81)
 AUC​ 0.792 0.885 0.882

Almost entirely fat and scattered fibroglandular densities (n = 64)
 Sensitivity 90.57 (48/53) 94.34 (50/53) 94.34 (50/53)
 Specificity 90.91 (10/11) 90.91 (10/11) 90.91 (10/11)
 AUC​ 0.907 0.926 0.926

Heterogeneously extremely densities (n = 158)
 Sensitivity 56.82 (50/88) 86.36 (76/88) 87.5 (77/88)
 Specificity 88.57 (62/70) 87.14 (61/70) 85.71 (60/70)
 AUC​ 0.727 0.868 0.866

Table 2   Morphological lesion type on 2D mammography and DBT

Lesion characteristic DBT FFDM/SM

Negative 6 8
Mass margins
 Circumscribed 26 24
 Microlobulated 2 2
 Obscured 30 18
 Indistinct 16 21
 Spiculated 77 60

Microcalcification 27 27
Architectural distortion 6 12
Asymmetric 32 50

Fig. 1   A 42-year-old woman with invasive ductal carcinoma in the 
right breast. a FFDM and b SM mediolateral oblique images demon-
strated an indistinct mass with similar characteristics

Table 3   Morphological changes from 2D to DBT images

2D–DBT Malignant Benign Total

Asymmetric-spiculated mass 8 0 8
Distortion-spiculated mass 6 0 6
Indistinct mass-spiculated mass 2 1 3
Asymmetric-obscure mass 3 8 11
Indistinct mass-obscure mass 0 2 0
Obscure mass-circumscribed mass 0 1 1
Negative asymmetric 0 1 1
Negative-circumscribed mass 0 1 1
Total 19 14 33
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visible on DBT. Among them, two lesions were confirmed 
to be DCIS, three lesions were intraductal papilloma, and 
one was mastitis.     

Interobserver agreement

The interobserver agreement between the two readers in 
terms of the BI-RADS diagnosis can be considered substan-
tial with ϰ = 0.763 for FFDM and 0.755 for SM and almost 
perfect with ϰ = 0.831 for FFDM plus DBT and 0.828 for 
SM plus DBT. The interobserver agreement was substantial 
to almost perfect for the SM/FFDM findings (0.848) and for 
the DBT findings (0.873).

Discussion

This study found that 2D SM images created from DBT 
had a similar clinical performance to conventional FFDM. 
When the diagnostic performance of DBT plus SM was 
evaluated compared to 2D mammography according to 
breast density, the benefit was mainly attributable to sensi-
tivity in dense breasts. In addition, the lesion characteristics 
showed discordance between 2D and DBT images in dense 
breasts, especially for lesions showing asymmetry on 2D 
mammography.

Fig. 2   A 37-year-old woman with invasive ductal carcinoma in the 
left breast. a SM and b DBT craniocaudal images. Malignant lesion 
was considered asymmetric on 2D mammography and was catego-
rized as microlobulated mass on DBT

Fig. 3   A 45-year-old woman with invasive lobular carcinoma in the 
right breast. a SM and b DBT craniocaudal images. Malignant lesion 
was considered distorted on 2D mammography and was categorized 
as spiculated mass on DBT

Fig. 4   A 36-year-old woman with a fibroadenoma in the left breast. 
a FFDM and b SM mediolateral oblique images. Benign lesion was 
considered asymmetric on 2D mammography and was categorized as 
obscured mass on DBT
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To our knowledge, this is the first study to investigate 
morphological changes in the main radiologic features from 
2D images to DBT images. In line with other reports, the 
characteristics of spiculated masses and margin visualization 
were improved on DBT. Rose et al. reported that DBT could 
provide a clear definition of lesion margins, especially for 
spiculated masses, but not of microcalcifications [20]. In 
our study, the lesion characteristics on 2D mammography 
to DBT were discordant, and all these differences occurred 
in dense breasts, because the overlap between the lesion 
and normal tissue was eliminated on DBT. There were 19 
asymmetric lesions on 2D mammography that showed had 
visible mass margins on DBT including 8 malignant lesions 
with spiculated masses and 6 benign lesions with obscured 
masses on DBT. Concerning asymmetry on 2D images, it is 
useful on DBT to describe this feature with the term “mass”, 
because adjacent dense fibroglandular tissue may impair the 
visibility of the margins of the mass. Of note, six lesions 
(including 2 cases of DCIS, 3 cases of intraductal papilloma 
and 1 case of mastitis) did not show any abnormalities even 
on DBT, which indicated that the detection and assessment 
of lesion characteristics in situ on DBT still need further 
study.

The significant improvement in the AUC for 2D mam-
mography plus DBT compared with that of 2D mammogra-
phy alone was in line with the results of published studies. 
The results of the study by Chae et al. indicated that the 
AUC value was 0.93 for FFDM and 0.95 for DBT. When 
diagnostic performance was evaluated by breast density, 
the improvement in the reader’s performance was mainly 
attributable to dense breasts [5]. The AUC value in our study 
was lower than that reported previously for an experimental 
version of DBT images, but the results were still consist-
ent with a relative improvement in diagnostic performance, 
especially in dense breasts. The diagnostic performance was 
almost the same between 2D FFDM and 2D SM in our study, 
which was also similar to the results of a recent study. In 
the results of the study by Zuley et al., the reader-averaged 
AUC values for FFDM and SM were 0.889 and 0.894, while 
for FFDM plus DBT and SM plus DBT, the AUC values 
were 0.939 and 0.916 [21]. However, initial relevant stud-
ies on SM demonstrated that 2D SM mammography may 
be inferior to FFDM, because this modality did not show 
any positive changes that affected clinical performance [13, 
22]. Because of the improvement in the quality of synthetic 
images, SM images created from DBT could serve in the 
place of FFDM for diagnosis.

Furthermore, we also compared the diagnostic perfor-
mance of 2D SM plus DBT with that of 2D mammography 
alone. This analysis was partially consistent with earlier 
findings, showing that the significant improvement in the 
sensitivity of 2D SM plus DBT benefited all the patients and 
females with dense breast tissue. Gilbert et al. also found 

that SM plus DBT had better sensitivity for invasive can-
cers with a 20 mm tumor size [4]. However, regarding the 
effects on specificity, the results were discordant with those 
of recent studies. The results of the study by Gur et al. sug-
gested that SM plus DBT had comparable specificity to that 
of FFDM plus DBT, and Gilbert et al. demonstrated that the 
specificity of SM plus DBT was better than that of FFDM [4, 
14]. The results for specificity did not show any superiority 
in our study or the study by Chae et al. [5].

SM in the place of FFDM can also yield a significant 
reduction in radiation dose for patients who undergo DBT 
alone. Considering the similar radiation dose proposed by 
Paulis et al. and Choi et al., the overall AGD between DBT 
and DBT in our study also showed relatively little difference 
(mean AGD 1.79 mGy for FFDM, 1.81 mGy for DBT) [23, 
24]. Further subgroup analyses according to breast density 
indicated that the radiation dose for DBT, which was still 
higher than that for FFDM in fatty breasts, was similar to 
that for FFDM in dense breasts, or even slightly lower (mean 
AGD 1.88 mGy for FFDM, 1.84 mGy for DBT). Regarding 
the exposure radiation to the breast, DBT alone is avail-
able and adequate for routine clinical practice, especially in 
patients with dense breasts.

Our study has some limitations. First, we enrolled all par-
ticipants with clinical suspicion in this study. Both FFDM 
and DBT examinations were used in a diagnostic setting, 
which may have led to a selection bias. There were rela-
tively more malignant lesions than benign lesions included. 
Second, in this diagnostic setting of cancer detection, final 
assessments were divided into two categories: positive (BI-
RADS score of 4b–5) and negative (BI-RADS score of 
1–4a). Because some benign lesions, such as large fibroad-
enomas, phyllodes and intraductal papillomas, were con-
sidered, we still preferred to assess BI-RADS 3 or even 4a, 
recommending further biopsy for clinical diagnosis. Addi-
tionally, BI-RADS 0 was considered positive in this study. 
This grouping was slightly different from that in a previously 
published paper and may have affected the diagnostic per-
formance [25]. Third, breast tissue was classified for analy-
ses in our study, and heterogeneously dense and extremely 
dense breasts accounted for the majority of breast densities 
(150/212, 70.75%). To further evaluate the value of DBT 
in dense breasts, patients with almost entirely fat and scat-
tered fibroglandular densities need to be enrolled to reduce 
bias. Finally, the results of this study were generalized in a 
diagnostic setting. Further study in a larger screening popu-
lation of Asian patients is warranted to determine a strategic 
approach for patients with dense breasts [26, 27].

In conclusion, 2D SM images generated from DBT 
replaced the need for FFDM and could improve the diagnos-
tic efficacy without increasing the radiation dose compared 
with FFDM. This new procedure could be useful in better 
characterizing lesions, especially in dense breasts. Further 
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studies are needed to validate and generalize the findings 
of SM in combination with DBT for both diagnostic and 
screening populations.
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