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Abstract
Objectives This study aimed to evaluate automated breast ul-
trasound (ABUS) compared to hand-held traditional ultra-
sound (HHUS) in the visualisation and BIRADS characteri-
sation of breast lesions.
Materials and methods From January 2016 to January 2017,
1,886 women with breast density category C or D (aged 48.6
±10.8 years) were recruited. All participants underwent
ABUS and HHUS examination; a subcohort of 1,665 women
also underwent a mammography.
Results The overall agreement between HHUS and ABUS
was 99.8 %; kappa=0.994, p<0.0001. Two cases were graded
as BI-RADS 1 in HHUS, but were graded as BIRADS 4 in
ABUS; biopsy revealed a radial scar. Three carcinomas were
graded as BI-RADS 2 in mammography but BI-RADS 4 in
ABUS; two additional carcinomaswere graded as BI-RADS 2
inmammography but BI-RADS 5 in ABUS. Two carcinomas,
appearing as a well-circumscribed mass or developing asym-
metry in mammography, were graded as BI-RADS 4 in mam-
mography but BI-RADS 5 in ABUS.
Conclusions ABUS could be successfully used in the visual-
isation and characterisation of breast lesions. ABUS seemed
to outperform HHUS in the detection of architectural distor-
tion on the coronal plane and can supplement mammography
in the detection of non-calcified carcinomas in women with
dense breasts.

Key Points
• The new generation of ABUS yields comparable results to
HHUS.

• ABUS seems superior to HHUS in detecting architectural
distortions.

• In dense breasts, supplemental ABUS to mammography de-
tects additional cancers.

Keywords Automated breast ultrasound system . Breast
ultrasonography . Breast cancer . Breast density . Digital
mammography

Abbreviations
3D ABUS Three-dimensional automated breast

ultrasound system
ADH Atypical ductal hyperplasia
ALH Atypical lobular hyperplasia
BI-RADS Breast Imaging Reporting and

Data System
DCIS Ductal carcinoma in situ
FFDM Full-digital mammography
FOV Field of view
HHUS Hand-held ultrasound
IDC Invasive ductal carcinoma
ILC Invasive lobular carcinoma
LCIS Lobular carcinoma in situ

Introduction

Mammography remains the gold standard examination for
breast cancer screening. However, mammography has
lower sensitivity in the detection of breast cancer in wom-
en with dense breasts [1]. According to studies, screening
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by hand-held ultrasound (HHUS) in addition to mammog-
raphy in women with dense breasts demonstrated an in-
crease in breast cancer detection rates that varied between
1.8 to 4.6 cancers per 1,000 women screened, depending
on the risk stratification of the population [1–8].

However, HHUS has major limitations that have restricted
its widespread integration into the screening environment:
lack of standardisation of the technique, the required high
level of skill and experience, time consumption and the small
field of view (FOV) [9]. Therefore, a new generation of 3D
automated breast ultrasound (ABUS) was designed for breast
cancer screening. This new generation of ABUS offers auto-
mated scanning of the breast with a large FOV probe produc-
ing high-resolution images.Meanwhile, the shape of the probe
is specially designed to fit the normal curvature of the breast
minimising the induced artefacts in the periphery [10].

A large multicentre observational study was conducted in-
cluding over 15,000 asymptomatic women to evaluate ABUS
in the improvement of breast cancer detection when supple-
mented to full-field digital mammography (FFDM) compared
to screening mammography (FFDM) alone in women with
dense breasts. The results of this study showed an increase
of two cancers per 1,000 women screened and the cancers
detected were invasive, of small size and node negative [10].
Additionally, the European Asymptomatic Screening Study
(EASY) study from Sweden evaluated the impact of the 3D
ABUS when added to FFDM; the results showed an addition-
al 2.4 detected cancers per 1,000 women screened [11]. More
recently, researchers from the University of Chicago pub-
lished a multireader, multicase, sequential-design study that
compared the performance of FFDM alone versus FFDM
supplemented by 3D ABUS. The results of this study showed
that supplementing mammography with ABUS significantly
increased the detection rate of breast cancer without substan-
tially increasing the false-positive rate [12].

As the contribution of breast ultrasound in the improve-
ment of cancer detection has been well justified, the purpose
of our study was to assess the performance of 3D ABUS
versus HHUS in the visualisation and BI-RADS characterisa-
tion of breast lesions in a large cohort of 1,886 women.

Materials and methods

Participants

From January 2016 to January 2017, a total of 1,886 women
with ACR breast density category C or D were recruited in
our prospective study. Women were examined in the
‘Diagnostic Mammography’ Centre, Chalandri, Athens,
Greece. In 1,665 women a mammography was performed
and the breast density was determined in accordance with
the American College of Radiology BI-RADS Atlas. In the

remaining 221 women mammography was not performed
due to age younger than 40 years and no family history; in
this subgroup the breast density composition was classified
as dense on the basis of the presence of homogenous or
heterogeneous background echotexture in ultrasound.

Written informed consent was obtained by all subjects for
participation in this study. The study was carried out in accor-
dance with the Declaration of Helsinki and was approved by
the local Institutional Review Board.

Mammography

Participants over 40 years of age underwent a two-view digital
mammography (mediolateral oblique and craniocaudal views)
of both breasts. The equipment used was Senographe
Essential (GE Healthcare, Milwaukee, WI, USA).
Mammography was also performed in women younger than
40 years old in case of a positive family or personal history of
breast cancer.

ABUS

All participants underwent ABUS examination. All ABUS
exams were acquired with an ABUS system (InveniaTM

ABUS, Automated Breast Ultrasound System, GE
Healthcare, Sunnyvale, CA, USA). The examination was per-
formed in the supine position. A towel or a sponge was placed
under the shoulder that helped to spread out the breast tissue
evenly, with the nipple pointing to the ceiling. A hypoaller-
genic lotionwas placed evenly on the breast with an additional
amount on the area of the nipple. A disposal membrane was
used to aid an acoustic coupling and one of the three levels of
compression was applied to spread out the breast evenly with
respect to image quality and patient comfort.

The ABUS scan was continuous and automated. During
the acquisition women were asked not to move and to
breathe smoothly. Volume acquisitions were obtained in
the axial plane starting from the inferior part of the breast
with coronal and sagittal reconstruction. Image data auto-
matically acquired a 15.4 cm x 17.0 cm volume from the
skin to the chest wall up to 5 cm deep with 0.2-mm thickness
of each slice. For each breast, three volumes were obtained:
the central (anteroposterior) volume with the nipple in the
centre of the footprint (shape of a donut), the lateral volume
that included the upper outer part of the breast tissue with
the nipple located in the inferior-medial corner and the me-
dial volume that included the inner and inferior part of the
breast tissue. A nipple marker was placed in every exami-
nation for accurate coordinance. For optimal image quality
a selection between three breast sizes was made. In women
with larger breasts additional views were taken to avoid
tissue exclusion. All examinations were obtained by two
well-trained technologists.
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When the image data was completed the volumes were
transferred to a dedicated workstation for interpretation. The
total time needed for patient preparation and ABUS acquisi-
tion was recorded in every case and it ranged approximately
between 10 and 15 min.

Hand-held breast ultrasound (HHUS)

HHUS (GE Medical Systems) was performed in all wom-
en after ABUS with linear transducer at 10–15 MHz gray-
scale. Scanning was performed by separating the breast
into four segments; each segment was scanned in two
planes, sagittal and axial, followed by the area of the
nipple and the axilla [13]. HHUS was performed by a
dedicated breast radiologist with 20 years’ experience in
breast ultrasound (AV).

Data interpretation

The evaluation of mammograms was performed by two
expert radiologists (AV and AK) blinded to each other’s
results, by using the Breast Imaging Reporting and Data
System (BI-RADS) Classification [14]. During the study
each radiologist was provided with the patient’s history
and clinical information.

All ABUS examinations were automatically transferred to
a Mammo workstation (GE Healthcare) for interpretation.
Interpretation of ABUS and HHUS was performed by two
radiologists (AV and AK) dedicated to breast imaging with
experience of 20 years and 10 years, respectively, on breast
ultrasound, blinded to each other’s results. A standardised
review protocol was applied, which included the review of
the anteroposterior coronal plane followed by the transverse
plane of each volume. The anteroposterior plane was used as a
roadmap to navigate sequentially through the whole breast
from the superficial skin level to the thoracic wall, whereas
the transverse images were read with the use of the cine mode.
The total time needed for interpreting all three volume data
sets for each breast (six volumes for both breasts) was approx-
imately 3 min per case. The following descriptors were used:
shape, margin, orientation, echotexture, boundary echo, pos-
terior acoustic transmission, calcifications and associated fea-
tures. The findings were then classified using the ACR BI-
RADS classification system [14]; the imaging descriptors are
provided in greater detail in the Electronic Supplemental
Methods (ESM). The results were graded as: category 0 (in-
complete), category 1 (negative), category 2 (benign find-
ings), category 3 (probably benign), category 4 (suspicious)
and category 5 (highly suggestive of malignancy). All find-
ings graded as BI-RADS 4 or 5 were subsequently further
evaluated with core biopsy or open surgical biopsy.

Statistical analysis

Descriptive statistics were calculated; categorical variables are
presented as frequency (%) and continuous variables as mean
±standard deviation (SD). BI-RADS grading for ABUS,
HHUS and mammography were cross-tabulated; with regard
to the agreement between ABUS and HHUS, as well the in-
terobserver agreement in ABUS, the kappa statistic was esti-
mated. Statistical analysis was performed with STATA/SE
version 13 statistical software (Stata Corp., College Station,
TX, USA).

Results

The study sample (Table 1) consisted of 1,886 women (3,751
breasts, as there were 21 mastectomies in the sample); who
underwent ABUS and HHUS, aged 48.6±10.8 years (range:
15–89 years). The majority of them (91.9 %, 1734 women)
underwent ultrasound in the context of screening. Of 94.9 %
of the total sample (1,789 women), there were no clinical
findings, whereas palpable lesions were present in 4.1 % of
the sample (78 women). Fifty-six women (3.0 % of the total
sample) had breast implants.

The overall agreement between HHUS and ABUS was
99.8 %; kappa=0.994, p<0.0001; the detailed results are
shown in Table 2. There were two remarkable cases,
which were graded as BI-RADS 1 in HHUS, but were
graded as BIRADS 4 in ABUS. The first one was a 39-
year-old woman, who presented for a screening examina-
tion, without any prior personal or family history. The
final histological examination of the lesion in the right
breast indicated the presence of a radial scar. The second
case pertained to a 48-year-old woman who presented for
screening examination and reported a family history of
cancer. The histological examination of the lesion in the
left breast again revealed a radial scar. Notably, there was
a case of a 51-year-old woman who was graded as BI-
RADS 2 in HHUS, but was graded as BIRADS 5 in
ABUS. The woman has a positive family history of breast
cancer; the histological examination of the suspicious le-
sion in the left breast revealed an invasive lobular
carcinoma.

In ABUS, the interobserver variability between the two
assessors was very high (99.8 %, kappa = 0.996, p<0.0001).
Specifically, there were six cases with a discrepancy between
the two raters (three fibroadenomas, one case of fat necrosis,
one ADH and one ALH), which pertained to disagreements
between BIRADS 3 and 4 ratings but were ultimately graded
as BIRADS 4 after team consensus.

Of the total cohort, mammography was performed in
3,309 breasts (1,665 women, excluding mastectomies); in
the remaining 442 breasts (221 women) no mammography
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was performed due to age younger than 40 years and no
family history of cancer. Table 2 presents the comparative
results of ABUS and mammography. The majority of BI-
RADS 1 cases in ABUS were graded as BI-RADS 2 in
mammography. There were 16 cases graded as BI-RADS
0 in mammography but BI-RADS 4 in ABUS; these includ-
ed seven fibroadenomas, three papillomas, three ADH
cases, one inflammatory cyst, one ductal ectasia and one
case of ALH. A post hoc retrospective review in these 16
BI-RADS 0 cases allocated a forced BI-RADS category 2 in
seven cases, category 3 in five cases and category 4 in four
cases.

Three carcinomas (Figs. 1 and 2) were graded as BI-
RADS 2 in mammography but BI-RADS 4 in ABUS;
moreover, two carcinomas were graded as BI-RADS 2
in mammography but BI-RADS 5 in ABUS (Fig. 3).
Two additional carcinomas, one appearing as a well
circumscribed mass and one as a developing asymmetry
in mammography, were graded as BI-RADS 4 in mam-
mography but BI-RADS 5 in ABUS.

On the other hand, 12 cases were graded as BI-RADS 2 in
ABUS but BI-RADS 4 in mammography; these were seven
ductal carcinomas in situ (DCIS), two calcifications negative
for malignancy, two cases of ADH and one case of parasitic
infection. There were also two cases where ABUSwas graded
as BI-RADS 3 but mammography as BI-RADS 4; these in-
cluded one LCIS and one ADH (Table 2).

Regarding the comparative assessment between ABUS and
mammography, the agreement was 19.8 % (kappa=0.021) for
mammography-negative (BI-RADS 1 and 2) cases and 69.8
% (kappa=0.533) for mammography-positive (BI-RADS 4
and 5) cases. The low agreement rate in mammography-
negative cases did not seem to have a clinical significance,
as it pertained to cases where benign calcifications were re-
ported in mammography (BI-RADS 2) but were not detected
in ABUS (B-IRADS 1) (Table 2).

Our study included 56 women with breast implants; in two
cases an extracapsular rupture was noted appearing as the
known ‘snowstorm pattern’ on HHUS [15]. In addition, in
one case silicone was noted in the ipsilateral axillary lymph
nodes. More importantly, a case of IDC was diagnosed in a
woman with an implant; in this case, the lesion was graded as
BI-RADS 4 in ABUS/HHUS but BI-RADS 2 in mammogra-
phy (Fig. 2).

In every ABUS examination radiologists were provided
with the patient’s history and clinical information before
interpreting the automated images. For instance, the develop-
ment of scar tissue due to post-operative changes appeared as
a stellate lesion and had similar appearance to a carcinoma.
However, the continuity of the lesion with the skin in the
transverse plane along with the patient’s history were key
points for the correct assessment. In our sample, 78 women
presented with palpable lesions; we noticed that in 48 of them

Table 2 Cross-tabulation of the BI-RADS classification in ABUS vs.
HHUS (n=3,751 breasts, upper panels) as well as in ABUS vs.
mammography (n=3,309 breasts, lower panels); 221 women were not
subjected to mammography due to age younger than 40 years without a
family history of breast cancer.

Cross-tabulation of ABUS vs. HHUS

BI-RADS in HHUS

1 2 3 4 5 Total

BI-RADS in ABUS 1 2937 3 0 0 0 2940

2 2 646 0 0 0 648

3 0 0 94 0 0 94

4 2 a 0 0 41 0 43

5 0 1 b 0 0 25 26

Total 2941 650 94 41 25 3751

Cross-tabulation of ABUS vs. mammography

BI-RADS in mammography

BI-RADS in ABUS 0 1 2 3 4 5 Total

1 798 199 1655 0 0 0 2652

2 62 0 411 41 12c 0 526

3 4 0 8 57 2d 0 71

4 16e 0 3f 0 15 0 34

5 0 0 2g 0 2h 22 26

Total 880 199 2079 98 31 22 3309

a Radial scars
b Invasive lobular carcinoma
c These cases were seven DCIS, two calcifications negative for malignan-
cy, two ADH and one case of parasitic infection
dOne LCIS and one ADH
e These cases included seven fibroadenomas, three papillomas, three
ADH, one inflammatory cyst, one ductal ectasia and one case of ALH
f Three carcinomas
g These two cases were carcinomas
h These cases were carcinomas; one of them appeared as a well
circumscribed nodule in mammography and one as an asymmetric
density

Table 1 Description of the study sample (n=1,886)

Categorical variables n (%)

Clinical findings

No finding 1,789 (94.9)

Mastalgia without palpable lesion 14 (0.7)

Palpable lesion 78 (4.1)

Nipple secretion 5 (0.3)

Type of examination

Screening 1,734 (91.9)

Diagnostic 152 (8.1)

Breast implant

Yes 56 (3.0)

No 1,830 (97.0)

Continuous variables mean±SD (range)

Age (years) 48.6±10.8 (15–89)
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(61.5 %) a ‘zig zag’ sign was produced by disruption of the
scanning process (Fig. 4); conversely, such a sign could alert
the presence of a palpable lesion.

Biopsy was performed in 89 lesions (Supplemental Table 1,
ESM); the details about the 35 carcinomas (33 patients) are
presented in Supplemental Table 2 (ESM). The proportion of
women in whom an invasive carcinoma was detected was 33/
1,886 subjects (1.7 %, 95 % confidence interval (CI): 1.2–2.4).
Discrepancies between ABUS, HHUS and mammography are
commented in the ‘Remarks’ column, especially in the context
of dense breasts. Satellite lesions weremore clearly displayed in
ABUS in two cases. Among the seven circumscribed carcino-
mas, a ‘white wall’ sign was present in one. One carcinoma was
diagnosed in a woman with a breast implant.

Discussion

This study highlights the value of the new generation of
ABUS in its integration into clinical practice, as shown by
a large cohort of 1,886 women. ABUS yielded compara-
ble results to HHUS and in some instances proved to be
superior to HHUS, especially in the context of architec-
tural distortions identified in the coronal reconstruction
plane. In supplementing mammography, ABUS often con-
tributed to the identification of non-calcified carcinomas
that were obscured by dense breast tissue. Nevertheless,
mammography remains the mainstay examination in the
detection of DCIS lesions, due to its superiority in the
detection of microcalcifications.

Fig. 1 Mediolateral (a, b) and
craniocaudal (c, d) mammogram
in a 69-year-old woman was
negative. (e) ABUS: a defect is
identified on the 12 o'clock
position of the left breast on the
left superior and left lateral plane.
The lesion is clearly seen through
the coronal and transverse plane.
Histological examination
demonstrated a 0.7-cm invasive
lobular carcinoma
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Although many randomised controlled trials have docu-
mented the reduction in mortality of breast cancer by means
ofmammography screening, considerable limitations ofmam-
mography were enhanced considering the need for a
personalised approach in breast screening [16–19]. Breast ul-
trasound has been recognised as an invaluable tool in
supplementing mammography in women with intermediate
risk [6]. However, known relevant limitations of HHUS and
specifically the small FOVand the operator dependence have

restricted its widespread implementation; by passing these
limitations, ABUS is a promising modality for integration into
clinical practice, according to numerous studies [20–27] that
agree with our observations. In accordance with our results,
Kim et al. examined a series of 206 histopathologically con-
firmed lesions and reported a good interobserver agreement
between ABUS and HHUS in terms of type, shape, orienta-
tion, margins, echogenicity assessment and BI-RADS
categorisation [27]; similarly, Wang et al. evaluated 239

Fig. 2 Screeningmammogram in
a 69-year-old woman with breast
implants. Mediolateral (a-b) and
craniocaudal (c-d) projections
with displacement of the implants
was negative. (e) ABUS: A defect
that represented a small
malignancy was identified on the
left lateral and left oblique plane.
Histological examination
demonstrated a 0.7-cm invasive
ductal carcinoma
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lesions and reported an almost identical diagnostic accuracy of
HHUS and ABUS in the differentiation of benign from ma-
lignant lesions [26]. The relatively large number of cancers
that was detected in our cohort study could be attributed to the
fact that 8.1 % of women came to our centre for consultation.

Our study confirmed the added benefit that has been de-
scribed of ABUS being able to display on the coronal plane
[28]. Studies have shown that a stellate lesion with
desmoplastic retraction may appear on the coronal plane as

‘a retraction phenomenon sign’, which is highly suspicious for
malignancy [28, 29]. Our results showed that an architectural
distortion visualised on the coronal plane was the only sign of
an invasive lobular carcinoma; furthermore, two radial scars
were not recognised in mammography or HHUS. Therefore,
ABUS seemed to confer an added value on the coronal plane
by displaying the architectural distortions compared to HHUS
(Fig. 5). This might also be of particular value for surgeons,
who take into account the coronal plane during surgical

Fig. 3 Mediolateral (a) and
craniocaudal (b) screening
mammogram was negative in a
52-year-old woman. (c) ABUS:
multiple defects were identified
on the upper outer portion of the
left breast and clearly visualised
on the 3D reconstructed images.
Histology showed an extensive
multifocal, multicentric invasive
ductal carcinoma
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Fig. 4 ABUS: the reconstructed coronal plane demonstrates the ‘zig-zag sign’ that is created from the disruption of the scan due to the presence of a
palpable lesion

Fig. 5 In a 62-year-old woman, the retraction sign was detected on coronal reconstructed images, representing an architectural distortion, which on
histological examination proved to be a radial scar (complex sclerosing lesion)
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planning because the breast is visualised in a similar orienta-
tion during surgery. This plane offers a new diagnostic chal-
lenge that cannot be obtained with HHUS [30].

Another advantage of ABUS pertained to the improved eval-
uationof the extent of thedisease; satellite lesionsmeasuring less
than 1 cmwere more clearly detected in two cases of multifocal
invasive carcinomas (SupplementalTable 2 (ESM)).ABUSalso
offered more information on the extent of multifocal and
multicentric disease, including global visualisation of the anato-
myof thebreast; this observation is in accordancewith previous-
ly published studies [23]. Additionally, the ability to review the
images separately on a dedicated workstation as many times as
we needed helped us to improve our reading productivity. Our
results are inconcordancewith the resultsof VanZelst et al,.who
found that the multiplayer reconstruction data increases radiolo-
gists’ diagnostic approach [31].

The two imaging modalities (ABUS and HHUS) yielded
similar results in the detection and BI-RADS characterisation.
of benign solid lesions, as evidenced in the high kappa values;
additionally, very high interobserver agreement was noted
within ABUS. The key descriptors used were circumscribed
margins, echogenicity, posterior acoustic features and parallel
orientation of the lesion. For characterisation of benign cysts
we used the ‘white wall’ sign [10], which is the presence of an
echogenic wall that is demonstrated on ABUS coronal image,
corresponding to the acoustic enhancement found on HHUS.
Our results demonstrated that lesions seen on ABUS with
‘white wall’ on HHUS mainly corresponded to benign lesions
(simple cysts, fibroadenomas, papillomas); on the contrary,
this sign was found in only one of the six circumscribed car-
cinomas (Supplemental Table 2 (ESM)).

Despite the promising performance of ABUS in invasive
carcinomas, DCIS lesions appeared mainly in mammography,
due to the presence of microcalcifications. In such cases, neither
HHUS nor ABUS could provide any informative findings.

ABUS was helpful in the detection and documentation of
intraductal lesions. We found five intraductal papillomas lo-
cated centrally near the nipple. In the coronal plane the dila-
tation of the duct and the solid component were well demon-
strated, while important information for surgical planning was
given regarding lesion location in relation to the nipple.

ABUS technique is not operator dependent, images are
faster to acquire and it requires less training than HHUS.
Our results showed that well trained technologists produce
examinations that are efficient. Meanwhile, the required inter-
pretation time is approximately 3 min per examination,
allowing an efficient integration of ABUS into clinical
workflow; this interpretation time is similar to the time de-
scribed in the Somoinsight study [10] and less than the time
described in the Easy study [11] and the study by Skaane et al.
[32]. Nevertheless, in all studies the interpretation time was
much less than the time needed for HHUS. Each acquisition
displaysthe breast globally, allowing the detection of all the

lesions located in different quadrants, in the axillary tail and
behind the area of the nipple. Additionally, it provides infor-
mation regarding the exact location, the distance from the
nipple and the skin automatically, allowing a complete docu-
mentation and access to evaluate the image data outside of real
time, without the patient’s presence required in HHUS.

Our study does have several limitations. Firstly, we could
not provide a sensitivity and specificity of ABUS and HHUS,
as this would require a different study design, where women
with no or benign findings should have been followed up for at
least a year, in order to estimate the false-negative rate; for
instance, we could not provide follow-up of lesions
characterised as BI-RADS 3, given that our study was cross-
sectional. The optimal evaluation of false-negative rates cannot
therefore be performed in this study design; further prospective
studies are needed to enrich and expand on the present findings.
Secondly, due to the type of our standard practice, where breast
ultrasound, ABUS and mammography were implemented at
the same visit, we could not assess the recall rate.

In conclusion, our study showed that ABUS could success-
fully be used in the visualisation and characterisation of breast
lesions. ABUS seemed to outperform HHUS in the detection
of architectural distortions on the coronal plane and can sup-
plement mammography in the detection of non-calcified car-
cinomas in women with dense breasts. Future studies should
be conducted to accurately assess the sensitivity and specific-
ity of ABUS in large samples.
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