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Abstract  Three-dimensional  automated  breast  ultrasound  system  (3D  ABUS)  is  an  innovation
in breast  ultrasound  that  has  been  developed  to  uncouple  detection  from  image  acquisition
and to  address  the  limitations  of  handheld  ultrasound  (HHUS).  3D  ABUS  provides  a  large  field  of
view using  high  frequency  transducers,  producing  high-resolution  images  and  covering  a  large
portion of  the  breast  with  one  sweep.  As  more  data  become  available  on  breast  density  and
the impact  of  supplemental  screening,  3D  ABUS  has  gained  wider  acceptance  as  an  adjunct
tool to  mammography.  Computer-aided  detection  software  significantly  reduces  interpreta-
tion time,  improving  the  workflow  for  the  utilization  of  3D  ABUS  as  a  supplemental  screening
tool. In  the  diagnostic  setting,  3D  ABUS  offers  valuable  impact  in  the  detectability  of  breast
lesions and  the  differentiation  of  malignant  from  benign  lesions,  with  a  high  inter-observer
agreement.  State-of-the  art  technique,  including  uniform  compression  and  proper  positioning,
tends to  reduce  artifactual  posterior  shadowing,  while  combined  3D  ABUS-mammography  inter-
pretation improves  radiologists’  diagnostic  performance.  Promising  results  have  supported  the
enhanced  efficiency  of  3D  ABUS  in  detecting  the  extent  of  breast  cancer  and  assessing  response
to neoadjuvant  chemotherapy,  whereas  its  correlation  with  molecular  subtypes  of  breast  can-
cer is  remarkable.  Future  perspectives  include  the  integration  of  radiomics  and  deep  learning
in the  further  development  of  3D  ABUS.
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bbreviations

D  ABUS  three-dimensional  automated  breast  ultrasound
system

I-RADS  Breast  Imaging-Reporting  and  Data  System
AD  computer-aided  detection
ASY  European  Asymptomatic  Screening  Study
USOBI  European  Society  of  Breast  Imaging
HUS  handheld  ultrasound
FDM  full-field  digital  mammography
CDR  incremental  cancer  detection  rate
RI  magnetic  resonance  imaging

ntroduction

ammography  has  been  globally  adopted  as  the  primary
creening  examination  for  the  early  detection  of  breast
ancer.  The  strongest  evidence  supporting  the  benefit  of
ammography  has  been  provided  by  the  long-term  random-

zed  controlled  trials  that  have  shown  a  reduction  in  the
ortality  rate  by  at  least  20%  [1,2].
However,  not  all  women  have  the  same  benefits  from

ammography.  It  has  been  acknowledged  that  the  sen-
itivity  of  mammography  is  lower  in  women  with  dense
reasts,  due  to  masking  of  non-calcified  cancers,  leading
o  an  increase  in  the  interval  cancer  rate  and  potentially
elaying  diagnosis  with  worse  outcomes  [3—5].  Supplemen-
al  screening  with  handheld  ultrasound  (HHUS)  as  an  adjunct
o  mammography  in  women  with  dense  breasts  has  been
hown  to  increase  the  cancer  detection  rate  by  1.8—4.6
ancers  per  1000  women  screened  [6—10].  As  more  data
as  been  available  on  the  implications  of  breast  density
nd  the  impact  of  HHUS  in  breast  cancer  detection,  the  3D
utomated  breast  ultrasound  system  (3D  ABUS)  was  devel-
ped  to  improve  the  availability  of  supplemental  screening
ltrasound  in  women  with  dense  breasts.  Historically,  the
oncept  and  construction  of  the  first  automated  scanner
tarted  in  Australia  in  1965;  the  latest  3D  ABUS  devices  are
quipped  with  a  high  frequency  (7—15  MHz)  transducer  and

 large  probe  15.3  cm  long,  enabling  the  reconstruction  of
 million  pixels  a  second  at  high  frame  rates  to  compute  a
ull  3D  breast  volume  from  one  single  sweep.

More  importantly,  the  reproducible,  standardized  acqui-
itions  are  uncoupled  from  data  interpretation,  and  the
apability  of  3D  multiplanar  reconstruction  improves  the
iagnostic  accuracy  in  differentiating  breast  lesions.  An
mprovement  has  been  related  to  the  value  of  the  coronal
lane  in  the  visualization  of  architectural  distortion  which
as  also  been  named  ‘‘retraction  phenomenon  sign’’  [11].

Various  studies  have  evaluated  the  performance  of  3D
BUS  in  cancer  detection,  when  applied  as  an  adjunct
o  mammography  in  women  with  dense  breasts  [12—14].
he  results  of  a  large  prospective  multicentre  study  which
valuated  15,318  women  showed  that  3D  ABUS  was  associ-
ted  with  an  incremental  cancer  detection  rate  (ICDR)  of
0  cancers  (1.9  per  1000  women  screened)  and  the  can-

ers  detected  were  small  invasive  carcinomas  with  negative
odes  [14].  Additionally,  a  study  from  Sweden,  the  European
symptomatic  Screening  (EASY)  Study  showed  an  ICDR  of  2.4
er  1000  women  screened  when  3D  ABUS  was  performed

t
t
r
f

A.  Vourtsis

n  addition  to  mammography  [13].  The  reported  required
nterpretation  time  has  varied  in  different  studies  between
—7  min.  Recently,  studies  have  shown  that  computer-
ssisted  detection  reduces  the  interpretation  time  needed
ithout  compromising  the  diagnostic  accuracy  [15,16].

The  purpose  of  this  review  article  was  twofold:  first,  to
iscuss  the  current  status  of  3D  ABUS  utilization  in  clini-
al  practice  and  second,  to  present  an  overview  of  the  first
esults  of  the  performance  of  3D  ABUS.

D ABUS technique

wo  main  categories  of  automated  breast  ultrasound  are
vailable:  the  supine  [14,17]  and  the  prone  [18,19]  posi-
ion  systems.  The  newest  supine-type  3D  ABUS  equipment
evices  consist  of  a  flexible  arm  attached  to  a  transducer,

 touch-screen  monitor  and  a  dedicated  workstation  for
nterpretation  of  images.  The  system  houses  a  15.3  cm
ong  transducer  that  is  automatically  adjusted  between
—15  MHz  producing  3D  data  sets  with  340  images  per
cquisition.  Each  acquisition  captures  a  15.3  ×  17  ×  5.0  cm
reast  volume  at  slice  intervals  of  2-mm  without  overlap
20]. Technical  advances  of  3D  ABUS  architecture  involve

 flexible  hardware  with  software  beamforming  and  wide
eams  where  the  electrical  signals  are  recorded  from  multi-
le  transmissions,  producing  optimized  quality  images  with
igh  resolution  and  uniformity  throughout  the  image  due  to
utomated  adjustment  of  settings  (gain,  frequency,  depth,
ime  gain  compensation,  speed  of  sound,  harmonics,  nipple
hadow  and  speckle  reduction  imaging)  [21].

The  sequence  of  the  technique  consists  of  three  steps:
atient  positioning,  image  acquisitions  and  interpretation  of
ata.  The  patient  lies  in  the  supine  position  with  the  ipsilat-
ral  hand  raised  above  the  head.  Meanwhile,  a  rolled  towel
s  placed  under  each  shoulder  that  helps  keep  the  breast  sta-
le  with  the  nipple  pointing  to  the  ceiling.  A  hypoallergenic
otion  is  spread  out  evenly  on  the  breast  with  an  additional
mount  on  the  area  of  the  nipple.  A  disposable  membrane
s  used  to  aid  coupling  and  to  uniformly  compress  the  entire
reast,  enabling  greater  penetration,  improving  detail  res-
lution  at  depth  and  eliminating  the  creation  of  artifacts  at
he  periphery.  An  option  between  three  levels  of  compres-
ion  and  a  selection  between  three  breast  sizes  is  available
or  optimization  of  image  quality  and  patient  comfort.  A
ipple  marker  is  placed  in  every  examination  for  accurate
orrelation  of  the  reformatted  views.

The  total  examination  which  includes  patient  prepara-
ion  and  acquisitions  lasts  approximately  10—15  minutes.
he  scan  is  performed  automatically  from  the  inferior  part
f  the  breast  towards  the  superior  area;  as  the  transverse
mages  are  generated,  the  transducer  sweeps  the  breast
o  create  a  volume.  Three  basic  volumes  are  obtained  for
ach  breast:  the  anteroposterior,  lateral  and  medial.  In
omen  with  larger  breasts  additional  volumes  are  acquired

o  cover  the  entirety  of  the  breast  (superior,  inferior,  upper
uter  quadrant).  All  examinations  are  performed  by  well-

rained  technologists.  When  the  examination  is  completed,
he  volume  data  is  processed  automatically  in  multiplanar
econstruction  (coronal  and  sagittal  plane)  and  is  trans-
erred  to  a  workstation  for  interpretation  (Fig.  1)  [22].
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Figure 1. Three-dimensional automated breast ultrasound system images in a 56-year-old woman (right lateral volume); coronal, axial
and sagittal plane illustrating a simple cyst (in the yellow circle).

Figure 2. A 58-year-old woman with dense breasts. Three-dimensional automated breast ultrasound (left superior and left lateral volumes)
ogen
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variability,  improving  reproducibility  and  allowing  rapid
review  of  images  virtually  right  after  the  data  has  been
acquired,  without  the  patient’s  presence  [26].  Once  the
image  acquisitions  have  been  performed,  all  the  volumes  are
revealed a black defect with acoustic shadowing, spicules and ech
specimens revealed invasive ductal carcinoma of 7-mm in diameter

Automated  software  programs  have  been  increasingly
used  with  mammograms  to  provide  quantitative  measure-
ment  of  breast  density  in  a  more  objective  and  accurate
way.  Recently  approved  by  the  FDA,  are  the  Volpara

®
and

the  Quantra
®

software  programs  [23].  Ongoing  studies  have
suggested  that  3D  ABUS  could  also  reliably  quantify  breast
density,  but  integration  of  the  quantitative  techniques  into
clinical  practice  is  still  under  investigation  [24,25].
ic rim (in the yellow circle). Histopathological analysis of biopsy
 negative sentinel node.

mage interpretation

he  automated  breast  ultrasound  technique  has  been  devel-
ped  to  separate  acquisition  from  interpretation,  decreasing
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igure 3. Retraction phenomenon sign (yellow circle) visualized
9-year-old woman. Pathology showed an invasive ductal carcinom

ransferred  into  a  dedicated  workstation  for  interpretation.
mages  are  displayed  in  the  raw  transverse  plane  and  recon-
tructed  in  coronal  and  sagittal  plane  for  interpretation  and
urther  study.  Moreover,  patient  history  and  clinical  informa-
ion  are  necessary  before  interpreting  3D  ABUS  examination
27,28].

Skaane  et  al.  compared  the  reader  performance  and
nter-observer  variability  of  five  radiologists  reviewing  3D
BUS  alone  versus  3D  ABUS  in  combination  with  mammog-
aphy  [29].  The  3D  ABUS-mammography  combination  had
igher  inter-observer  agreement  in  comparison  to  3D  ABUS
lone.  Additionally,  all  radiologists  improved  their  diagnos-
ic  performance  leading  to  the  conclusion  that  combined
eading  should  be  adopted  when  3D  ABUS  is  incorporated  in
he  screening  of  women  with  dense  breasts.

Although  there  is  no  existing  protocol  on  how  to  review
he  datasets,  a  standardized  review  process  has  been  sug-
ested,  including  the  review  of  the  coronal  plane  with  the
se  of  the  scroll  mode  followed  by  review  of  the  transverse
lane  with  the  use  of  the  survey  mode  [27,30].  The  coro-
al  plane  appears  as  the  shape  of  a  donut  that  includes  the
enser  area  of  the  breast  and  is  used  as  a  roadmap  to  nav-
gate  sequentially  from  the  level  of  the  skin  posteriorly  to
he  thoracic  wall  [31].  Reviewing  all  planes  and  all  scans  of
very  case  is  essential.  Wide  acquisition  fields  provide  bet-
er  visualization  of  the  normal  anatomy  and  any  abnormality
hat  is  presented  as  a  black  defect  (Fig.  2),  with  or  with-
ut  effect  on  the  surrounding  tissue.  Any  alteration  of  the
ormal  breast  structure  and  dilated  ducts  with  or  without
olid  component  are  easily  depicted.  In  case  of  a  suspicious
bnormality  the  coordinates  on  both  the  coronal  and  the
ransverse  views,  as  well  as  the  sagittal  view,  are  obtained
utomatically  [30,32].
Meanwhile,  information  indicating  the  location  of  the
esion  with  respect  to  the  nipple  and  the  skin  ,  as  well
s  distances  among  multiple  masses  are  automatically
ocumented.  Assessing  structures  in  multiple  perspectives
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he reconstructed left superior coronal 2 mm ultrasound slices in a
suring 0.5 cm in diameter.

rovides  more  information  about  the  normal  structure  of
he  fibroglandular  tissue  and  improves  reading  productivity
n  comparison  to  evaluating  solely  the  transverse  plane.  Sev-
ral  studies  have  shown  the  added  value  of  the  coronal  plane
n  demonstrating  architectural  distortion  as  spiculation,
ermed  a  ‘‘retraction  phenomenon  sign’’,  often  character-
stic  of  a  malignancy  or  radial  scar  (Fig.  3)  [11].

Interpretation  time  varies  in  published  series  between
.9  min  and  9  min  and  the  variation  in  the  length  of  the
nterpretation  time  has  been  attributed  to  differences  in
adiologists’  reading  technique,  experience  and  complex-
ty  of  cases  [13,14,27,33,34]. To  improve  reading  time,

 computer-aided  detection  (CAD)  software  for  3D  ABUS
QVCADTM, QView  Medical)  has  been  developed  and  has
eceived  FDA  approval  [35].  A  reader  study  has  shown  that
his  new  technology  has  the  potential  to  improve  reading
ime  with  no  loss  in  diagnostic  accuracy.  There  has  been
n  average  of  33%  improved  reading  time  among  18  radiol-
gists  in  this  study;  without  the  QVCAD  system,  the  mean
nterpretation  time  was  3  minutes  33  seconds  for  each  case,
ut  decreased  to  2  minutes  24  seconds  when  QVCAD  was
mplemented,  a  difference  that  corresponds  to  1  minute

 seconds  saved  per  case  [15].  These  results  support  use
f  the  concurrent-read  QVCAD  system  for  interpretation  of
creening  3D  ABUS  studies  in  women  with  dense  breast  tissue
o  make  interpretation  significantly  faster  with  non-inferior
iagnostic  accuracy  compared  to  that  of  unaided  conven-
ional  3D  ABUS  reading  (Fig.  4) [15,16].

linical implications

creening setting
reast  density  has  emerged  as  an  independent  risk  factor
or  breast  cancer  [36,37]. In  the  USA  the  ‘‘Are  you  Dense’’
ampaign  [38]  and  the  website  Dense-Breast-info.org  [39]
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Figure 4. Computer-aided detection integrated in a three-dimensional automated breast ultrasound system examination (left anteroposte-
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rior and superior volumes). Dark areas (in green circles) representing
detection navigator images. Top images show coronal reconstructio

continue  to  raise  awareness  on  breast  density.  As  of  March
2019,  36  States  have  passed  ‘‘density  notification’’  laws
requiring  women  to  be  informed  of  their  breast  density.
Women  are  therefore  provided  with  the  necessary  informa-
tion  and  can  opt  for  further  action  and  discussion  with  their
physicians  about  supplemental  screening  if  they  have  dense
breasts.  The  aim  of  supplemental  screening  is  to  minimize
the  risk  of  missing  a  cancer  at  an  early  stage  and  to  benefit
the  most  from  other  available  screening  tools  (Fig.  5) [39].

Recently  the  European  Society  of  Breast  Imaging  (EUSOBI)
issued  recommendations  for  information  to  women  and
referring  physicians  concerning  breast  ultrasound.  Accord-
ing  to  the  EUSOBI  recommendations,  a  possible  indication  for
breast  ultrasound  pertains  to  women  of  average  or  interme-
diate  risk  with  dense  breasts,  suggesting  HHUS  or  3D  ABUS  to
be  included  as  a  supplemental  screening  modality  following
a  negative  mammogram;  this  combined  approach  increases
cancer  detection,  but  is  also  associated  with  a  high  false
positive  recall  rate  [34].

As  more  data  become  available  on  breast  density  and  the
impact  of  supplemental  screening,  3D  ABUS,  which  has  over-
come  some  of  the  limitations  of  HHUS,  has  gained  wider
acceptance  as  an  adjunct  tool  to  mammography.  Several
studies  have  investigated  the  impact  of  3D  ABUS  as  a  screen-
ing  modality  when  combined  with  mammography  on  cancer
detection  in  women  with  dense  breasts.

A  large  multicenter  observational  study  (SomoIn-
sight  study)  included  15,318  asymptomatic  women  aged
25—94  years  with  heterogeneously  or  extremely  dense
breasts  who  were  followed-up  for  1  year.  The  study  evalu-
ated  the  effect  of  3D  ABUS  on  breast  cancer  detection  rates
when  3D  ABUS  was  implemented  as  a  supplemental  screen-
ing  modality  to  full-field  digital  mammography  (FFDM)  versus
FFDM  alone.  3D  ABUS  detected  30  additional  cancers  show-
ing  an  ICDR  of  1.9  cancers  per  1000  women  (95%  CI:  1.2—2.7;

P  <  0.001).  Of  the  30  cancers  detected  only  with  3D  ABUS,
the  vast  majority  (28  cancers,  93.3%)  was  invasive,  of  small
size  (mean  size:  12.9  mm)  and  node  negative  (25/27  staged
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all invasive ductal carcinoma are highlighted on the computer-aided
d bottom images show transverse planes.

ancers,  92.6%).  Accordingly,  the  combined  arm  offered  an
ncrease  in  sensitivity  of  26.7%;  on  the  other  hand,  there
as  an  increase  in  recall  rates  (absolute  increase:  13.5%)  but

ecalls  were  additionally  evaluated  mainly  with  HHUS  [14].
The  EASY  study  was  a  single-center  study  conducted  in

weden,  evaluating  the  impact  of  3D  ABUS  when  added
o  FFDM  in  a  sample  of  1668  asymptomatic  women,  aged
0—74  years.  The  EASY  study  highlighted  an  increase  in  ICDR
y  2.4  detected  cancers  per  1000  women  (95%  CI:  0.6—4.8;

 <  0.001)  screened  additionally  by  3D  ABUS;  the  sensitiv-
ty  was  improved  by  36.4%  in  the  combined  examinations.
he  recall  rate  was  13.8  per  1000  women  screened  with
FDM  and  22.8  screened  with  the  combination  of  FFDM  and
D  ABUS,  reflecting  an  increase  by  9.0  per  1000  women
creened  (95%  CI:  3.0—15.0;  P  =  0.004)  [13].

Giger  et  al.  published  a multi-reader,  multi-case,
equential-design  study  evaluating  FFDM  supplemented  by
D  ABUS  versus  FFDM  alone  in  asymptomatic  women  with
reast  Imaging-Reporting  and  Data  System  (BI-RADS)  C  or  D
reast  density  [21]. The  study  revealed  a  significant  increase
n  the  detection  rate  of  breast  cancer  by  3D  ABUS  (abso-
ute  increase  in  sensitivity:  23.9%  in  mammography-negative
ancers  and  5.9%  in  mammography-positive  cancers)  with-
ut  a  substantial  increase  in  the  false  positive  rate  [21].

Additionally,  the  ‘‘ASSURE’’  project  has  investigated
ethods  to  personalize  breast  cancer  screening,  based  on

isk  and  breast  density  markers;  the  impact  of  3D  ABUS  in
ancer  detection  was  evaluated  with  the  ultimate  goal  of
ecreasing  mortality  and  improving  the  quality  of  life  of
omen  with  breast  cancer  [40].

Evaluating  jointly  the  results  of  the  studies  assessing
he  screening  context,  3D  ABUS  improves  cancer  detection
ates  when  added  to  FFDM.  The  reported  recall  rate
s  comparable  to  HHUS  when  added  to  mammography.
imilarl  to  time  trends  noted  in  HHUS  [8,41],  recall  rates

ubstantially  decrease  also  in  3D  ABUS  as  readers  gain
xperience  [42]. As  with  every  imaging  modality,  there
s  a  learning  curve;  intensive  training  and  experience
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Figure 5. Digital mammography of a 56-year-old woman with dense breasts. Mediolateral (a: right, b: left) and craniocaudal (c: right,
d: left) views were interpreted as normal. Supplemental three-dimensional automated breast ultrasound examination of the right lateral
volume (e, f) revealed a hypoechoic mass (in a yellow circle) with angular margins at 9 o’clock position 52.6 mm from the nipple and
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3.5 mm from the skin, that was confirmed (yellow arrows) with h
uctal carcinoma associated with ductal carcinoma in situ.

stablishing  benchmarks,  similar  to  the  structure  that  has
een  designed  for  physician-performed  screening  HHUS,
ould  improve  the  performance  of  radiologists.  Addition-
lly,  well-trained  technologists,  acquiring  state-of-the  art
mage  data,  concentrating  on  including  the  entire  breast
ithin  the  field  of  view,  adequately  compressing  the  breast
nd  meticulously  applying  the  lotion,  could  reduce  the
alse  positive  results  and  the  recall  rate;  application  of  a
omputer-aided  detection  system  could  be  helpful  in  the
mprovement  of  the  workflow  given  the  large  volume  of
omen  in  population  screening  centres  [43].  Adopting  a

ombined  reading  of  3D  ABUS  and  mammography  compared
o  3D  ABUS  alone  should  be  standard  when  implementing
D  ABUS  in  screening  women  with  dense  breasts  [29].

c
c
m

eld ultrasound (g). Histopathological analysis showed an invasive

he  combination  of  all  these  aspects  would  substantially
ccelerate  the  application  of  3D  ABUS  in  high-volume
creening  with  the  goal  of  improving  the  detection  of  breast
ancer.

Critically  appraising  the  effectiveness  of  3D  ABUS  in  the
ontext  of  supplemental  screening,  no  randomized  trials
ave  been  performed  to  assess  the  benefit  in  reducing  mor-
ality  rates.  Such  randomized  trials  would  necessitate  a
ong-term  follow-up  period  surpassing  10  years  and  would
equire  considerable  resources.  Therefore,  important  sur-
ogate  measures,  such  as  tumor  size,  percentage  of  invasive

ancers,  grade  and  nodal  status  [44],  as  well  as  interval  can-
er  rates,  would  suggest  an  impact  in  the  reduction  of  the
ortality  rate.
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Table  1  Comparison  of  breast  lesion  detection  between  3D  ABUS  and  HHUS.

Study  Number  of
patients

Number  of
lesions

3D ABUS  detection
rate  (%)

HHUS  detection
rate  (%)

Kim  et  al.  [49]  38  66  84.8  to  86.3  (across
three  radiologists)

93.9

Lin  et  al.  [48]  81  95  100  100
Wang  et  al.  [45]  213  239  99.6  98.7
Wang  et  al.  [47] 155  165  97.6  95.8
Xiao  et  al.  [46] 300  417  100  78.2
Zhang  et  al.  [50] 81  99  89.9  to  100  (across

two  examiners)
60.6  to  85.9
(across  two
examiners)
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3D ABUS: three-dimensional automated breast ultrasound system;

The  screening  setting  can  be  considered  the  most  impor-
tant  field  of  use  for  ABUS.  Hence,  after  its  approval  for
use,  the  integration  of  ABUS  has  also  been  assessed  in  the
clinical,  diagnostic  setting.  In  the  near  future,  further  ongo-
ing  research  results  are  anticipated  to  further  establish  its
clinical  value.  In  the  next  section,  the  available  scientific
evidence  is  put  together  to  increase  awareness.

Diagnostic setting

Besides  the  role  of  3D  ABUS  in  screening  as  an  adjunct
tool  to  mammography,  several  studies  have  addressed  the
utilization  of  3D  ABUS  in  the  diagnostic  setting.  The  diagnos-
tic  accuracy  of  3D  ABUS,  as  well  as  the  comparison  of  the
diagnostic  performance  of  3D  ABUS  versus  HHUS  have  been
evaluated  in  the  detection  and  characterization  of  breast
lesions  in  terms  of  BI-RADS  assignment,  shape,  margins,  ori-
entation,  posterior  features  and  echogenicity  assessment.

Detectability

Analysis  of  various  studies  have  reported  higher  or  equal
detectability  results  of  breast  lesions  by  3D  ABUS  when  com-
pared  to  HHUS;  detection  rates  by  3D  ABUS  have  varied
between  84.8%  and  100%,  whereas  the  respective  rates  for
HHUS  have  ranged  from  60.6%  to  100%  [45—50].  However,  a
small  study  on  14  cancer  cases  showed  that  only  57.1—78.6%
of  cancers  initially  detected  with  HHUS  were  identified  with
3D  ABUS,  a  fact  that  according  to  the  authors  could  be
attributed  to  the  lack  of  readers’  experience  with  3D  ABUS
[51].  The  results  of  studies  comparing  detection  rates  in  3D
ABUS  in  comparison  to  HHUS  are  summarized  in  Table  1.

A  factor  contributing  to  the  improved  detection  rates  is
the  additional  information  obtained  by  3D  ABUS  on  the  coro-
nal  plane  as  lesions  may  be  identified  only  in  one  of  the  three
orthogonal  planes  [11,52].  The  factors  that  could  affect
detectability  at  3D  ABUS  are  the  size,  shape  and  location
of  the  lesion,  the  composition  of  breast  parenchyma,  sur-
rounding  tissue  changes  and  technical  parameters  [43,53].
Malignant vs. benign differentiation

Chou  et  al.  examined  182  lesions  (47  carcinomas  and  135
benign  lesions)  and  presented  a  sensitivity  equal  to  98%  and

d
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S: handheld ultrasound.

 specificity  equal  to  85%  [54].  Kotsianos-Hermle  et  al.  eval-
ated  107  lesions  in  97  patients  and  reported  a  sensitivity  of
6.5%  and  a  specificity  of  92.3%  [55].  Wang  et  al.  evaluated
39  lesions  and  found  a high  sensitivity  (95.3%)  and  speci-
city  (80.5%)  in  the  differentiation  of  benign  and  malignant

esions  [45]. Similar  diagnostic  accuracy  was  shown  by  Lin
t  al.  who  exhibited  a  100%  sensitivity  and  95%  specificity  of
5  pathologically  proven  lesions  [48].

Golatta  et  al.  reported  a  sensitivity  of  82%  and  a  speci-
city  of  68%  [56]. In  a  subsequent  study,  Golatta  et  al.
eported  a  sensitivity  of  74%  and  a  specificity  of  85%;  fac-
ors  impeding  the  identification  of  lesions  by  3D  ABUS  were
he  retroareolar  location  and  the  non-inclusion  of  the  entire
reast  in  the  field  of  view  and  interpretation  errors  due
o  missing  clinical  information  [57]. The  results  of  studies
xamining  the  differentiation  of  malignant  versus  benign
esions  with  3D  ABUS  are  shown  in  Table  2.

Regarding  BI-RADS  classification,  Wenkel  et  al.  reported
 good  agreement  between  3D  ABUS  and  HHUS  for  five
articipating  examiners  with  kappa  (�)  values  between
.83  and  0.87  [58].  Shin  et  al.  presented  a  substantial
greement  between  3D  ABUS  and  HHUS  in  final  BI-RADS
ssessment  category  (�  =  0.63),  shape  of  the  mass  (�  =  0.71),
rientation  (�  =  0.72)  and  margins  of  the  lesions  (�  =  0.61)
59]. Kim  et  al.  showed  a  substantial  agreement  regard-
ng  shape  (�  =  0.707)  and  moderate  agreement  on  type
�=0.592),  margins  (�  =  0.438),  orientation  of  the  mass
�  =  0.472),  echogenicity  (�  =  0.524),  posterior  acoustic  fea-
ures  (�  =  0.541)  and  only  a  slight  agreement  for  the  final
I-RADS  assessments  yielded  (�  =  0.397)  [60].  In  a  series  of
886  women,  Vourtsis  and  Kachulis  reported  high  overall
greement  in  BI-RADS  assessment  between  3D  ABUS  and
HUS;  3D  ABUS  outperformed  HHUS  in  detecting  architec-
ural  distortions  on  the  coronal  plane  [27].  One  of  the
reatest  advantages  of  3D  ABUS  pertains  to  the  identification
f  the  ‘retraction  phenomenon  sign’  on  the  coronal  plane
52,61],  which  reflects  architectural  distortion  and  has  high
ensitivity  and  specificity  for  malignancy,  although  it  can  be
een  with  radial  scars  and  post-lumpectomy  scars  as  well
48].
A  robust  diagnostic  training  program  to  standardize
escription  and  reporting  of  lesions  is  required  as  adher-
ng  to  HHUS  to  increase  the  reliability  and  consistency  when
mplementing  3D  ABUS  technique  in  diagnostic  setting.
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Table  2  Characterization  of  breast  lesions  (malignant  vs.  benign)  with  3D  ABUS.

Study  Number  of
patients

Description  of  the  study
population

Sensitivity  (%)  Specificity  (%)  Positive
predictive
value  (%)

Comparative
evaluation  versus
HHUS

Chou  et  al.  [54]  182  lesions  Taipei,  Taiwan;  histologically
proven  breast  lesions

98 85  70  No  comparison

Golatta  et  al.  [56]  42  Heidelberg,  Germany;
women  referred  for  further
diagnostic  evaluation
concerning  symptoms,
screen-detected
abnormalities  or  follow-up
after  breast  cancer

82  68  81  No  comparison

Golatta  et  al.  [57]  983  Heidelberg,  Germany;
monocentric,  prospective,
cohort  study.  The  indication
for  examination  included
routine  check-up,  follow-up,
preoperative  staging  of
breast  cancer,  evaluation  of
palpable  lumps  and  work-up
of  abnormalities  found  in
HHUS  or  mammography

74  85  24  No  comparison

Kim  et  al.  [49]  38  Seoul,  Korea;  consecutive
breast  cancer  patients  who
were  scheduled  for  breast
MRI;  patients  who  were
scheduled  for  chemotherapy
and  patients  who  refused  a
breast  operation  were
excluded

88—96 (across
three
radiologists)

81.3—93.8
(across  three
radiologists)

Not  reported  No  significant
differences
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Table  2  (Continued)

Study  Number  of
patients

Description  of  the  study
population

Sensitivity  (%) Specificity  (%) Positive
predictive
value  (%)

Comparative
evaluation  versus
HHUS

Kotsianos-Hermle  et  al.  [55] 97  Munich,  Germany;  patients
who  had  a  clinical  reason  to
have  a  mammogram  (either
breast  pain,  findings  on
palpation  or  found
sonographically  suspect
lesions);  lesions  had  to  be
morphologically  classified  as
solid  tumors  or  complicated
cyst  and  have  a  margin  of
normal  tissue

96.5  92.3  Not  reported No  significant
differences

Lin  et  al.  [48] 81  Guangzhou,  China;  patients
who  had  a  clinical  reason  to
undergo  sonography  (either
breast  pain,  unusual  findings
on  palpation  or  preoperative
diagnosis)

100  95  Not  reported 3D  ABUS  had  a
higher  diagnostic
accuracy  than
HHUS  for  breast
neoplasms,  but
no  statistical
tests  were
presented  for  this
comparison

Wang  et  al.  [45]  213  Beijing,  China;  women
scheduled  for  open  biopsy;
lesions  had  to  be
morphologically  classified  as
solid  tumors  or  complex  cysts
and  have  a  margin  of  normal
tissue

95.3  80.5  73  No  significant
differences

Wang  et  al.  [47]  155  Beijing,  China;  consecutive
patients  scheduled  to
undergo  ultrasound-guided
core  needle  biopsy  due  to
suspicious  breast  lesions
detected  during  screening
mammography  or  manual
ultrasound

96.1  91.9  95.2  No  significant
differences

3D ABUS: three-dimensional automated breast ultrasound system; HHUS: handheld ultrasound; MRI: magnetic resonance imaging.
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Table  3  Between-observer  agreement  for  BI-RADS  categorization  with  3D  ABUS.

Study  Number  of
patients

Number  of
examiners

BI-RADS  categories
used  in  the  study

Kappa  value

Golatta  et  al.  [56]  42  6  Two  categories:
BI-RADS  1—2;  4—5

0.52

Kim  et  al.  [49]  38  3  Five  categories:  1;  2;  3;
4;  5

0.57

Shin  et  al.  [59] 55  5  Six  categories:  BI-RADS
1—2;  3;  4A;  4B;  4C;  5

0.63

Skaane  et  al.  [29]  90  5  Five  categories:
BI-RADS  1;  2;  3;  4;  5

0.07—0.34,  across
participating
radiologists

Vourtsis  and  Kachulis  [27]  1886  2  Five  categories:
BI-RADS  1;  2;  3;  4;  5

0.99

Wang  et  al.  [47]  155  2  Two  categories:
BI-RADS  1—3;  4—5

0.44

Wojcinski  et  al.  [64]  100  2  Two  categories:
BI-RADS  1/2;  0/3/4/5

0.36

Zhang  et  al.  [65]  208  2  Three  categories:
BI-RADS  3;  4;  5

0.70

3D ABUS: three-dimensional automated breast ultrasound system; BI-RADS: Breast Imaging-Reporting and Data System.
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assessment  of  response  to  neoadjuvant  chemotherapy;  Wang
etween-observer agreement

everal  studies  have  evaluated  the  inter-observer  reliability
n  BI-RADS  assessment,  with  heterogeneous  results  accord-
ng  to  a  recent  systematic  review  [62];  kappa  values  varied
onsiderably  [27,29,47,49,56,59,63—65].  In  the  study  by
ourtsis  and  Kachulis,  the  inter-observer  agreement  in  BI-
ADS  classification  between  the  two  assessors  was  very  high
99.8%,  �  =  0.996)  [27].  The  results  of  studies  evaluating
nter-observer  agreement  in  BI-RADS  categorization  in  3D
BUS  are  presented  in  Table  3.

Similarly,  heterogeneous  results  have  been  published
egarding  the  between-observer  concordance  on  BI-RADS
escriptors  (echo  pattern,  margins,  orientation,  posterior
coustic  feature,  shape)  and  information  about  location,
istance  from  the  nipple,  as  well  as  from  the  skin  and  the
ize  of  the  lesion  [49,59,63,65].

rtifacts

lthough  the  resolution  and  quality  of  3D  ABUS  images  have
een  significantly  improved  in  the  newest  scanners,  possi-
le  artifacts  still  exist.  The  most  common  artifact  has  been
escribed  as  corrugation,  which  is  due  to  respiratory  motion;
his  artifact  can  be  avoided  when  women  breathe  calmly
nd  do  not  speak  or  cough  [66].  Another  common  artifact,
ropout  shadowing  deep  to  the  skin,  is  caused  by  insufficient
otion  application  and  extreme  compression  [67,68]. Shad-
wing  caused  by  an  artifact  diminishes  by  rotating  and  tilting
he  crosshairs  on  the  coronal  plane.  Uniform  compression  of
he  breast  and  proper  positioning  tend  to  diminish  artifac-

ual  posterior  shadowing  that  develops  at  the  interface  of
at  lobules.  Shadowing  apparent  in  the  area  behind  the  nip-
le  can  be  avoided  by  applying  a  sufficient  amount  of  lotion
ithout  any  bubbles  and  close  contact  between  the  scanner

e
i
c
p

nd  the  nipple  [69].  Clinical  information  and  patient  history
ontribute  to  distinguishing  post-operative  changes  from  a
alignant  lesion.  In  the  study  by  Vourtsis  and  Kachulis,  a

‘zig  zag’’  sign  was  produced  by  disruption  of  the  scanning
rocess  in  61.5%  of  women  with  palpable  lesions;  such  a  sign
ould  be  alarming  for  the  radiologist  to  seek  an  underlying
esion  [27].

etection of the extent of the disease

reast  magnetic  resonance  imaging  (MRI)  has  been  exten-
ively  used  for  the  preoperative  staging  of  multifocality
nd  multicentricity  of  the  disease.  On  the  other  hand,  3D
BUS,  due  to  the  global  visualization  of  the  breast  is  also
n  emerging  modality  for  operative  planning  [70]; lesion
ize  measured  by  3D  ABUS  correlates  well  with  MRI  [71]
nd  histopathological  [48,63]  measurements.  Additionally,
he  coronal  plane  offers  special  value  for  surgical  plan-
ing  due  to  better  imaging  of  the  segmental  approach
nd  the  similar  orientation  as  the  patient  is  positioned
or  surgery  [31].  3D  ABUS  is  capable  of  visualizing  also
atellite  lesions  smaller  than  1  cm,  offering  more  infor-
ation  than  HHUS  in  the  assessment  of  multifocal  cancer

27,45].

ssessment of response to neoadjuvant
hemotherapy

nother  potential  indication  of  3D  ABUS  pertains  to  the
t  al.  showed  a  high  sensitivity  and  specificity  of  3D  ABUS
n  predicting  complete  response  rate  after  four  cycles  of
hemotherapy  [72]. Similar  results  have  been  reported  in  a
rospective  study  of  35  women  [73].
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Second-look examination

3D  ABUS  can  be  useful  in  the  further  evaluation  of  MRI
findings  as  a  second-look  tool  [74—77].  3D  ABUS  outper-
formed  HHUS  as  a  second-look  examination  after  breast
MRI,  detecting  additional  lesions  that  were  not  identified
on  HHUS  [74,77];  according  to  Girometti  et  al.  HHUS  and
3D  ABUS  showed  equivalent  results  in  a  cohort  of  131
patients  [76].

Molecular subtypes of breast cancer

The  potential  correlation  between  molecular  subtypes  of
breast  cancer  and  3D  ABUS  morphological  features  is
a  topic  under  investigation.  Combinations  of  present  or
absent  retraction  sign,  post-acoustic  shadowing,  echogenic
halo  and  calcifications  seem  capable  of  predicting  the
molecular  subtype  of  breast  cancer  [78,79].  Correlations
between  the  retraction  phenomenon  sign  and  lesion  of
small  size,  low  grade,  estrogen  and  progesterone  recep-
tor  positivity  have  also  been  reported,  signalling  favourable
prognosis  [80].

Future perspectives

Ongoing  are  intensive  exploration  of  novel  developments
and  research  in  additional  applications  of  the  3D  ABUS  tech-
nology.  3D  ABUS  could  be  utilized  in  the  surveillance  of
benign  lesions  due  to  its  standardized  technique  and  the
precise  documentation  of  lesion  location  and  distance  from
the  nipple  [63].  Evaluation  of  breast  density  with  3D  ABUS
is  another  promising  field  [24,25].

Research  is  active  in  the  field  of  deep  learning  to
develop  advanced  algorithms  and  to  optimize  the  work-
flow  of  breast  imaging.  Radiomic  3D  ABUS  signature,
encompassing  combinations  of  imaging  features,  could  accu-
rately  differentiate  between  malignant  and  benign  breast
lesions  [81].

A  prospective  feasibility  study  is  investigating  the
fusion-X-US  prototype,  which  combines  the  3D  ABUS  and
tomosynthesis  in  one  device;  this  may  be  a  future  clinical
modality  to  improve  workflow  in  breast  imaging  [82].

Conclusions

Studies  have  shown  that  3D  ABUS  is  a  standardized  and
reproducible  modality  that  overcomes  the  limitations  of
HHUS,  while  it  offers  valuable  impact  in  the  detectabil-
ity  of  breast  lesions,  the  differentiation  of  malignant
from  benign  lesions,  with  a  high  inter-observer  agreement.
Computer-aided  detection  software  significantly  reduces
interpretation  time,  improving  the  workflow  for  the  utiliza-
tion  of  3D  ABUS  as  a  supplemental  screening  tool.  Promising
results  have  supported  the  enhanced  efficiency  of  3D  ABUS
in  detecting  the  extent  of  the  disease,  assessing  response

to  neoadjuvant  chemotherapy  and  correlating  with  molec-
ular  subtypes  of  breast  cancer.  Future  perspectives  include
the  integration  of  radiomics  and  deep  learning  in  the  further
development  of  3D  ABUS.
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