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Abstract  The  objective  of  this  article  was  to  evaluate  the  evidence  currently  available  about
the clinical  value  of  artificial  intelligence  (AI)  in  breast  imaging.  Nine  experts  from  the  disci-
plines involved  in  breast  disease  management  —  including  physicists  and  radiologists  —  convened
a meeting  on  June  3,  2019  to  discuss  the  evidence  for  the  use  of  this  technology  in  plenary  and
focused sessions.  Prior  to  the  meeting,  the  group  performed  a  literature  review  on  predefined
topics. This  paper  presents  the  consensus  reached  by  this  working  group  on  recommendations
for the  future  use  of  AI  in  breast  screening  and  related  research  topics.
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uring  the  last  10  years,  the  number  of  publications  on  arti-
cial  intelligence  (AI)  in  radiology  has  markedly  increased
o  reach  700—800  per  year.  Breast  screening  is  one  of  the
ajor  applications  of  AI  in  radiological  imaging  [1,2]. This
articular  interest  in  breast  cancer  can  be  explained  by  the
ollowing:

firstly,  breast  cancer  is  a  public  health  issue  with  58,459
incident  cancers  in  France  in  2019  and  12,146  annual
deaths  with  an  overall  survival  of  87%  [3];
secondly,  breast  screening  is  based  on  a  clinical  and  radio-
graphic  examination,  namely  mammography  (MG),  which
includes  four  2D  incidences  (2  medio-lateral-oblique
[MLO]  and  2  cranio-caudal  [CC])  with  an  examination
every  2  years  in  Europe  and  annually  in  the  United  States
of  America  (USA);
thirdly,  MG  is  limited  by  a  wide  variability  in  interpreta-
tion  by  the  radiologist  [4]  and  a  second  reading  of  each
mammogram  can  be  necessary  often  because  of  the  mask-
ing  effect  of  dense  tissue  [5];
and  finally,  computer-aided  diagnosis  (CAD),  which  was
widely  used  in  MG  since  its  rapid  uptake  in  the  USA  20
years  ago,  has  been  largely  abandoned  due  to  a  high  level
of  false  positives  leaving  breast  radiologists  somewhat
skeptical  about  this  concept  [6,7].

The  French  Society  of  Radiology  (SFR)  and  the  Col-
ege  des  Enseignants  de  Radiologie  (CERF)  organized  a
onsensus  meeting  in  Nimes,  France  on  June  3  and  4,
019  to  evaluate  the  evidence  currently  available  about
he  clinical  value  of  AI  in  breast  imaging.  Nine  experts
rom  the  disciplines  involved  in  breast  disease  manage-
ent,  including  physicists  and  radiologists,  discussed  the

vidence  for  the  use  of  this  technology  in  plenary  and
ocused  sessions.  Prior  to  the  meeting,  the  group  performed

 literature  review  on  predefined  topics  and  identified  ques-
ions  to  be  discussed  at  the  meeting.  The  articles  were
elected  based  on  the  following  Pubmed  search:  ‘‘(‘‘breast
eoplasms’’[MeSH  Terms]  OR  (‘‘breast’’[All  Fields]  AND
‘neoplasms’’[All  Fields])  OR  ‘‘breast  neoplasms’’[All
ields]  OR  (‘‘breast’’[All  Fields]  AND  ‘‘cancer’’[All  Fields])
R  ‘‘breast  cancer’’[All  Fields])  AND  (‘‘artificial  intel-

igence’’[MeSH  Terms]  OR  (‘‘artificial’’[All  Fields]  AND
‘intelligence’’[All  Fields])  OR  ‘‘artificial  intelligence’’[All
ields])  AND  (‘‘Bildgebung’’[Journal]  OR  ‘‘imaging’’[All
ields])  (n  =  775).  Finally,  41  articles  were  selected  as  fitting
ith  the  five  main  breast  imaging  fields  of  the  application
f  AI  to  which  this  article  is  dedicated:  image  acquisition,
utomatic  assessment  of  breast  density,  the  current  AI  CAD
rograms  working  on  2D  mammography  (2DMG)  and  breast
omosynthesis,  synthetic  mammography  (synth2DMG),  and
ersonalized  screening.  Moreover,  two  chapters  of  this  arti-
le  detail  the  implementation  of  AI  in  France  taking  into
ccount  the  specific  French  screening  organization,  and
resent  the  different  French  databases.  Each  chapter  was
eviewed  and  discussed  by  the  working  group  during  the

lenary  session  to  reach  a  consensus  about  recommen-
ations  for  future  research  topics  for  AI.  Following  the
eeting,  the  literature  review  was  updated  to  June,  30th

019.  The  working  group  intends  to  further  update  these
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ecommendations  as  and  when  new  relevant  evidence
ecomes  available.

ackground

n  the  field  of  breast  imaging,  as  in  all  radiology  fields,
ve  main  groups  of  application  exist  in  AI  [8].  They  include

esion  classification,  image  processing,  generative  tasks,
egression  and  workflow  and  efficiency.  Lesion  classifica-
ion  consists  of  predicting  the  nature  of  a  group  of  pixels  to
istinguish,  for  example,  between  a  tumor  versus  normal  tis-
ue  and  a  malignant  versus  benign  lesion.  Image  processing,
ainly  including  tissue  and  lesion  segmentation,  consists  of

dentifying  which  pixels  are  parts  of  a  structure  of  interest,
hich  pixels  are  abnormal  within  an  identified  structure,
nd  labeling  each  pixel  in  an  image  with  its  type  (seman-
ic  segmentation).  Some  authors  suggest  that  the  notion  of
‘image-omics’’  (i.e., radiological  classifiers  and  precision
edicine  for  prognostic  imaging)  may  be  better  than  tissue

enomics  [9].  Generative  task,  which  is  currently  in  devel-
pment,  consists  of  creating  new  images  based  on  existing
mages.  Regression,  which  consists  of  predicting  a  continu-
us  variable  from  inputs  (e.g., predicting  age  from  a  hand
adiograph)  [10].  Workflow  and  efficiency  may  result  in  redu-
ing  radiation  doses  and  acquisition  time.

The  term  ‘‘AI’’  covers  many  different  training  tech-
iques  including  artificial  neural  networks  (ANNs),  machine
earning  (ML)  and  deep  learning  (DL)  [11].  ML  is  a  data
riven  learning  approach  with  a  mathematical  model  based
n  the  observed  ‘‘training’’  data  in  which  there  are  two
ain  models.  Supervised  AI  describes  learning  based  on

eatures  from  labeled  images  and  consists  of  ANNs  includ-
ng  convolutional  neural  networks  (CNNs),  support  vector
achines,  random  forest,  linear  discriminant  analysis,  and
ecision  trees.  The  highest  accuracy  in  the  support  vec-
or  machine  method  is  observed  in  the  results  of  a  study
hich  uses  an  appropriate  segmentation  method  for  obtain-

ng  the  desired  area  in  the  image.  The  shape  and  intensity
f  the  extracted  features  has  the  greatest  effect  in  classifi-
ation.  The  combination  of  gray-level  co-occurrence  matrix
GLCM)  and  ratio  features  along  with  morphological  features
esult  in  the  highest  accuracy.  These  types  of  algorithms
re  classic  ML  (type  ANN)  that  need  relatively  low  compu-
ational  requirements  in  comparison  with  DL  architectures
lgorithms  (type  CNN)  that  require  millions  of  parameters
nd  thus  high-performance  computing  hardware.  Unsuper-
ised  AI  (clustering)  describes  learning  when  the  data  has
o  diagnosis  or  normal/abnormal  labels  and  is  represented
ainly  (77%)  by  k-nearest  neighbor  (k-NN).  One  of  the  most
ell-known  applications  in  breast  pathology  is  the  descrip-

ion  of  intrinsic  molecular  subtypes  for  breast  cancer  [12].
While  supervised  learning  algorithms  are  primarily  used,

ith  area  under  the  curve  (AUC)  values  from  receiver  oper-
ting  characteristic  (ROC)  curve  analysis  ranging  from  0.74
o  0.98  (median,  0.87)  and  with  that  from  prognostic  imag-
ng  ranging  from  0.62  to  0.88  (median,  0.80),  unsupervised

earning  is  mainly  used  for  image  processing  purposes  [8].
urrently,  ANN,  support  vector  machine,  and  clustering  are
he  most  frequently  used  algorithms,  accounting  for  66%  of
ll  AI  imaging  publications  [8].
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RADS)  subjective  assessment  in  predicting  breast  cancers.
Artificial  intelligence  in  breast  imaging  

2DMG today and in the near future: what
can we expect from AI?

Radiation dose optimization and quality
control

DL  algorithms  have  been  developed  to  improve  images  by
speeding  up  acquisition  time  and  outperforming  traditional
noise  reduction  techniques  in  image  reconstruction.  Gener-
ative  adversarial  networks  (GANs)  in  particular  are  going  to
have  a  marked  impact  in  radiology  [9].

Manufacturers  have  developed  different  tools  to  reduce
radiation  doses.  A  first  approach  was  introduced  by  Siemens
Healthineers  with  an  optional  software  (Progressive  Recon-
struction  Intelligently  Minimizing  Exposure  [PRIME

®
],  which

can  be  used  for  breast  thicknesses  of  up  to  70  mm  and  cor-
rect  for  scatter  without  the  use  of  an  anti-scatter  grid.
Instead  of  using  a  grid,  the  software  identifies  structures  in
the  breast  that  cause  scatter  and  subtracts  the  calculated
scatter.  Fewer  mAs  are  thus  required  as  the  X-rays  are  not
absorbed  by  a  grid.  The  degree  of  dose  saving  depends  on
breast  thickness  and  structure.

To  implement  tomosynthesis  in  breast  cancer  screening,
manufacturers  should  optimize  image  quality  in  synth2DMG.
Today,  only  ‘‘real’’  2DMG  with  an  image  acquisition  can  be
used  in  Europe.  This  implies  that  the  radiation  dose  can  be
double  for  a  complete  examination  with  2D  and  3D  images.
Synth2DMG  is  currently  integrated  in  some  systems  and  is
being  developed  for  others.

In  the  USA,  Hologic
®

received  Food  and  Drug  Administra-
tion  (FDA)  approval  for  C-ViewTM in  2013.  Thus,  synth2DMG
may  replace  the  conventional  2D  image.  Approval  was  based
on  a  Hologic

®
study  showing  that  3D  +  C-View  is  non-inferior

to  conventional  2DMG  [13].
The  FDA  also  approved  ‘‘high  definition’’  breast  tomosyn-

thesis  technology  from  Siemens  Healthineers  in  2017.  This
technology  incorporates  software  called  EMPIRE

®
(enhanced

multiple  parameter  iterative  reconstruction),  a  combination
of  iterative  and  ML  algorithms,  and  has  been  approved  as  a
3D-only  examination.  However,  it  also  includes  ‘‘Insight  2D
and  3D’’,  synthetic  software  that  generates  tomosynthesis
volumes  in  3D  from  which  2D  images  can  be  obtained  without
additional  dose  for  the  2D  exposure.

Finally,  it  should  be  noted  that  while  quality  control
(QC)  has  been  well  defined  and  applied  for  full  field  digital
mammography  (FFDM),  QC  guidelines  have  not  been  final-
ized  for  tomosynthesis  as  yet.  To  date,  tomosynthesis  has
not  yet  been  approved  in  national  screening  programmes  in
Europe  and  its  use  is  limited  to  some  experimental  breast
cancer  screening  studies,  such  as  the  TOMMY  Trial  in  the
United  Kingdom  (UK).  Nevertheless,  the  EUREF  group  pub-
lished  tomosynthesis  QC  guidelines  on  their  web  site  in  2015.
In  the  UK,  the  National  Co-ordinating  Centre  for  the  Physics
of  Mammography  is  running  QC  tests  based  on  the  EUREF
guidelines  on  behalf  of  the  National  Health  Service  Breast
Screening  Programme  and  has  developed  tools  to  analysed
3D  QC  images.  However,  the  time  required  to  analyze  QC
data  remains  long  today.
The  situation  in  France  is  more  complicated.  More
than  400  units  have  been  used  daily  without  any  QC
(daily/weekly/monthly  radiographer’s  tests  or  semestrial
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hysicists’  tests)  for  years,  not  within  the  framework  of  the
reast  cancer  screening  program  but  for  all  monitoring  mam-
ograms  and  additional  diagnostic  examinations.  The  first

valuation  tests  done  in  France,  based  on  the  EUREF  guide-
ines,  show  a  huge  disparity  with  the  manufacturers  in  terms
f  image  quality  and  dose,  even  when  applying  manufac-
urer  adjustments  for  the  same  brand  of  systems.  Without

 normalized  evaluation  and  a  strict  QC,  it  is  not  possible
o  know  the  physical  performances  of  the  installed  systems
nd  therefore  the  potential  clinical  results.  In  the  mean-
ime,  QC  is  performed  in  France  by  private  companies  using
echnicians  who  sometimes  lack  adequate  training.  The  lack
f  expert  medical  physicists  in  France  and  the  number  of
rivate  radiology  centers  practicing  MG  (more  than  2500)
oses  a  problem  for  the  implementation  of  effective  QC  in
omosynthesis  and  in  synthetic  view  evaluation.

uality of image acquisition

ositioning parameters
n  important  issue  in  breast  cancer  screening  is  the  radiation
ose,  which  correlates  with  breast  thickness  and  there-
ore  the  correct  positioning  of  the  patient  [14].  AI  could
e  used  to  help  the  technician  achieve  optimal  position-
ng  by  defining  the  right  compression  force  and  showing  the
ight  exposure  parameters.  Volpara  Solutions  has  developed
oftware  that  can  give  feedback  to  radiographers  and  radi-
logists  on  the  quality  of  all  these  parameters.  After  each
xposure,  anonymized  data  are  sent  to  an  external  cloud
atabase  that  analyzes  the  final  quality  of  each  diagnostic
mage  and  advises  on  all  acquisition  parameters.  General
lectric  Healthcare  is  currently  developing  similar  tools  that
rovide  analysis  of  each  examination  based  on  qualitative
riteria.  These  various  software  options  which  check  the
uality  of  the  acquisition  parameters  can  therefore  be  used
s  a  continuous  training  tool.

utomatic breast density assessment
ense  breasts  are  associated  with  a  higher  risk  of  breast  can-
er  [15—17]. In  addition,  breast  density  assessment  is  crucial
ecause  dense  tissue  may  mask  cancer  detection  leading  to

 higher  proportion  of  cancers  occurring  between  MG  screen-
ng  sessions  (known  as  interval  cancers)  [18].  It  is  well  known
hat  breast  density  assessment  varies  widely  not  only  from
ne  radiologist  to  another  but  also  for  the  same  radiolo-
ist  at  two  different  times.  A  large  prospective  multicenter
bservational  study  (n  =  216,783  including  34,271  patients
een  several  times),  showed  low  inter-  and  intra-observer
greement  in  17%  of  women  who  were  assigned  to  different
ategories  on  successive  mammogram  readings  [19]. There-
ore,  there  is  a  need  for  more  reproducible  software.

The  first  software  tools  to  allow  automatic  assessment
f  breast  density  were  created  10  years  ago  with  a  view  to
mproving  performance  and  reproducibility.  Most  of  these
ere  based  on  segmentation  techniques  and  either  did  not

each,  or  barely  reached,  the  accuracy  of  the  College  of
adiology  Breast  Imaging  Reporting  and  Data  System  (BI-
hese  software  tools  have  recently  been  redesigned  to
ntegrate  the  DL  model  (QUANTRA  2.2

®
)  so  that  further  eval-

ations  are  needed.
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In  a  recent  publication,  a  deep  CNN  was  compared  with
uman  analysis  of  breast  density  according  to  the  BI-RADS
exicon  2013  [20—22]  on  a  set  of  20,578  mammographic
mages  resulting  from  data  augmentation  from  12,932  MLO
nd  CC  images  [23].  This  study  demonstrated  very  good
ccordance  in  distinguishing  between  MG  for  fatty  breast
breast  density  rated  A  and  B)  from  dense  breast  (breast
ensity  rated  C  and  D)  with  an  agreement  of  99%  for  MLO
iews  and  96%  for  CC  views.

The  results  of  Ciritsis  et  al.  study  [23]  are  in  line  with
hose  of  a  subsequent  publication  by  Lehman  et  al.  [24]  who
lso  developed  a  deep  CNN,  ResNet-18,  with  PyTorch  (2018,
ersion  0.31;  pytorch.org)  using  58,894  randomly  selected
igital  mammograms  from  39,272  women  screened  between
anuary  2009  and  May  2011.  The  resulting  AI  algorithm  was
ested  in  10,763  consecutive  screening  digital  mammograms
rom  January  to  May  2018  by  the  authors  who  showed  that
he  DL  model  matched  the  radiologist’s  interpretation  in  78%
f  mammograms  for  four-way  BI-RADS  categorization,  and  in
4%  for  binary  categorization  of  dense  or  non-dense  breasts
24].

Other  authors  correlated  an  automatic  assessment  of
reast  density  with  commercial  software  based  on  an  AI
echnique  with  screening  population  characteristics  in  Nor-
ay  (n  = 107,949)  on  307,015  MG  [25].  They  concluded

hat  screening  examinations  of  women  with  dense  breasts
ssessed  by  automated  software  resulted  in  a  higher  recall
ate,  lower  sensitivity,  larger  tumor  diameter,  and  more
ymph  node—positive  disease  compared  with  women  with
ondense  breasts  [25].

Finally,  in  addition  to  breast  density,  Kontos  et  al.
ecently  published  a  study  defining  radiomic  phenotypes
s  descriptors  of  the  complexity  of  breast  parenchyma
26].  On  a  cohort  of  2241  women  with  MG  +  digital  breast
omosynthesis  (DBT)  (both  views),  they  performed  an
nsupervised  hierarchical  clustering  in  a  training  pop-
lation  (n  =  1339)  and  a  validation  set  (n  =  690)  and
lassified  the  parenchyma  into  four  levels  of  complexity.
n  their  article,  they  demonstrate  that  low-intermediate-
omplex  parenchyma  have  an  OR  higher  than  2  to
evelop  a  breast  cancer,  independently  to  breast  density
26].

Research  issues
• To develop  cloud  software  that  automatically

analyze  daily  images  and  detect  errors  or  instabilities
to  help  medical  physicists  decrease  analysis  time
during  quality  control  (QC).

• To  create  automatic  analysis  of  QC  criteria
to  simplify  daily  QC  and  decrease  time  for
technologists.

• To  propose  automatic  patient  assessment  QC  for
technologists  (positioning,  compression,  blurring,
artifact)  (report  for  technologist’s  self-assessment).

To  optimize  automatic  assessment  of  parenchymal  eval-
ation  including  density,  complexity,  heterogeneity  to  equal

I-RADS  classification  accuracy  for  predicting  breast  cancer
isk  for  radiologists.
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hich AI  algorithms have been trained and
alidated on 2DMG?

AD performance
he  first  CAD  in  the  field  of  breast  imaging  was  approved  in
998  and  used  from  2002  after  obtaining  reimbursement  sta-
us  in  the  USA.  In  2006,  CAD  was  used  for  92%  of  all  screening
ammograms  [27].  CAD  can  be  used  not  only  for  detection
ut  also  for  diagnosis  to  help  classify  and  interpret  images.
n  our  field,  CAD  is  probably  mainly  used  for  detection  but
he  new  generation  of  CAD  systems  can  be  used  for  both
etection  and  characterization.

The  first  generation  of  CAD  were  able  to  mark  86%  of
issed  calcifications,  72%  of  masses,  and,  in  some  studies,

2%  of  very  subtle  mammographic  cancer  findings  deemed
ccult  for  the  radiologist  [28].  However,  in  clinical  practice,
he  majority  of  these  marks  were  considered  as  false-
ositives  and  dismissed  by  the  radiologist.  Nevertheless,
ven  if  this  traditional  CAD  did  not  identify  all  the  cancers
etected  by  a  radiologist,  they  did  improve  sensitivity  and
ven  reached  accuracy  of  a  second  reader  (R2)  for  detec-
ion  albeit  with  less  specificity.  In  a  2007  study,  Fenton  et  al.
ound  that  the  specificity  of  CAD  was  significantly  lower  and
esulted  in  a  20%  increase  in  the  biopsy  rate,  lowering  overall
ccuracy  (AUC  of  0.807  vs.  0.919)  [6].  In  summary,  tradi-
ional  CAD  have  very  high  sensitivity  for  the  detection  of
alcifications  (99%),  lower  sensitivity  for  masses  (75—99%)
nd  poor  sensitivity  for  architectural  distortion  (38%).  The
se  of  CAD  in  general  practice  was  evaluated  in  a  large
etrospective  study  from  the  Breast  Cancer  Surveillance
onsortium  (BCSC)  in  600,000  mammograms  read  with  and
ithout  CAD  by  271  radiologists  across  66  facilities  [7]. With

 cancer  detection  rate  of  4.1%,  sensitivity  and  specificity
ere  identical  with  or  without  the  use  of  CAD.  Performance
ith  CAD  was  even  poorer  for  107  radiologists,  especially  for

ensitivity  (83%  with  CAD  vs.  89%  without  CAD).
The  technical  limitations  of  traditional  CADs  were  small

atasets,  poor  quality  image  (digitized  image,  no  quality
tandard),  insufficiency  of  computer  processing  (unable  to
nclude  multiple  views  and  prior  examinations),  an  absence
f  dynamic  improvement  (limited  to  periodic  software
pgrades)  and  a  selection  of  reference  cases  and  images
epending  on  human  expertise.

ew CAD with emerging DL algorithm
oday,  software  programs  known  as  ‘‘AI  CAD’’  are  able  to
ork  with  very  large  databases  and  improve  performance  by

earning  from  new  cases.  Nevertheless,  developing  new  CAD
oftware  is  complex  even  with  huge  computer  potentiality.  It
equires  working  with  a  large  database  which  can  be  super-
ised  (each  image  is  labelled  by  a  human)  or  unsupervised
computers  alone  discern  from  the  image  characteristics
rom  non-labeled  databases).  The  supervised  approach  is
ostly  and  not  exempt  from  mistakes  and  approximations,
hereas  the  unsupervised  approach  requires  high  quality

aw  data  in  full  resolution  mammograms  in  each  view  and,
olume.  The  second  major  problem  of  the  unsupervised
pproach  is  the  complexity  of  the  algorithm  which  can  com-
rise  between  30—150  layers.  Users  need  to  understand  how
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Artificial  intelligence  in  breast  imaging  

it  works  and  assess  learned  parameters  to  avoid  overfitting
(learning  about  idiosyncratic  variation  without  understand-
ing  the  clinical  impact  of  these  variations).  For  CAD  to  be
implemented  in  the  screening  process,  four  aspects  need
to  be  improved.  The  first  is  performance.  For  a  given  high
sensitivity,  the  major  drawback  is  the  false-positive  flags
which  alter  the  performance  of  the  screening  test  and  is
currently  a  major  topic  of  research.  In  a  recent  study,  AI
CAD  (cmAssit  from  CureMetrix

®
)  was  used  to  reduce  false

positive  results  in  screening  compared  with  traditional  CAD
(ImageChecker-Hologic

®
)  [29].  There  was  69%  reduction  in

false  positive  mark  lesions  with  AI  CAD  for  the  same  per-
formance  for  both  masses  and  calcifications.  The  second  is
interpretation  time  which  AI  CAD  increases  by  approximately
20%.  Although  reading  time  is  one  of  the  most  important
features  of  a  centralized  screening  program,  it  is  not  of
major  concern  for  the  French  program  in  the  first  reading
setting.  It  can,  nevertheless,  be  a  key  issue  for  the  sec-
ond  reading  session.  In  the  same  study  [29],  the  reading
time  was  decreased  by  64%  with  AI  CAD  compared  to  tradi-
tional  CAD.  This  potential  time  saving  implies  a  10%  increase
in  screening  capacity.  However,  the  retrospective  design  of
this  study  and  the  very  small  sample  size  with  few  cases
of  cancer  (250  FFDM)  constitute  two  major  limitations.  The
third  way  in  which  AI  CAD  can  be  implemented  is  in  the
work  flow.  Using  AI  CAD  in  current  practice  implies  com-
plete  integration  in  the  post-acquisition  process,  especially
working  on  existing  workstations,  and  with  no  delay  in  pre-
senting  images  on  the  screen.  Thus,  AI  CAD  needs  to  be
compatible  with  all  manufacturers  and,  similarly,  manufac-
turers  need  to  open  their  system  to  CAD  providers.  Finally,
AI  CAD  must  be  shown  to  be  cost-effective  for  implementa-
tion.  This  is  a  major  concern  especially  in  France  where  CAD
is  not  currently  reimbursed  unlike  in  some  other  countries.
One  way  in  which  AI  CAD  could  be  interesting  in  terms  of
cost  cutting  (pending  evaluation)  is  in  reducing  the  need  for
two  readings  which  would  considerably  reduce  the  volume
of  mammograms  (each  radiologist  reading  currently  costs  4
euros  representing  20  million  euros/year  for  two  processes).

Review of the level of development of the
various algorithms available on the market
Many  AI  algorithms,  mainly  based  on  deep  CNN  techniques,
have  been  developed  over  the  last  5  years.  However,  the
level  of  validation  for  clinical  implementation  differs  and
should  be  well  understood  before  use  in  a  clinical  setting
(Table  1).

TransparaTM,  which  has  been  approved  for  use  both  in
Europe  and  the  USA,  was  developed  by  ScreenPoint  Medical
and  is  currently  distributed  by  InceptoTM in  France.  The  algo-
rithm  was  developed  on  the  basis  on  9000  truly  positive  and
180,000  truly  negative  mammograms  provided  by  different
constructors  and  trained  on  2DMG  and  DBT  images.  The  radi-
ologists  provided  a  risk  of  malignancy  based  on  the  BI-RADS
assessment  scale  that  ranges  from  0  to  6  while  this  AI  system
offers  three  different  decision  tools:  an  interactive  decision
tool  that  provides  a  local  cancer  likelihood  score  (1—100)

activated  by  clicking  on  a  specific  breast  region;  a  tradi-
tional  lesion  marker  for  computer-detected  abnormalities;
and  a  proprietary  examination-based  cancer  likelihood  score
with  a  score  ranging  from  1  to  10,  with  a  score  calibrated
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uch  that  the  number  of  mammograms  in  each  category  is
pproximately  equal.

In 2019,  a  multicenter  and  multi-reader  study  demon-
trated  the  non-inferiority  of  this  AI  system  compared  to  the
verage  of  101  radiologist  readings  (AUC  =  0.840  vs.  0.814,
espectively)  [30].  In  this  study,  each  dataset  consisted  of
DMG  acquired  with  different  systems  from  the  four  differ-
nt  vendors  (GE  Healthcare,  Siemens  Healthineers,  Hologic

®

nd  Philips  Healthcare)  and  the  reference  standard  which
as  either  histopathological  analysis  or  follow-up  in  a  total
f  2652  examinations  (prevalence  of  malignancy  653/2652;
4.6%).  The  performance  of  the  AI  system  was  superior  to
ore  than  61.4%  of  radiologists.  The  sensitivity  and  speci-
city  of  the  system  was  also  better  than  the  majority  of
he  radiologists,  but  always  worse  than  the  best  radiologist.
he  authors  suggest  that  the  AI  system  could  be  used  as  an

ndependent  stand-alone  first  or  second  reader  in  countries
acking  experienced  breast  radiologist  [31]  or  as  an  inter-
ctive  decision  support  tool  [32].  In  this  setting,  the  same
uthors  compared  the  breast  cancer  detection  rate  of  radi-
logists  reading  2DMG  unaided  versus  supported  by  this  AI
ystem  on  an  enriched  cohort  of  240  women  (100  showing
ancers,  40  with  false-positive  findings  and  100  2DMG  with
ormal  findings)  [33]. In  this  study,  the  AUC  of  the  AI  system
as  similar  to  the  average  of  14  board-certified  radiologists
ut  lower  than  the  AUC  of  a  radiologist  supported  by  the
ystem.  Reading  time  per  examination  was  similar  (146  s  vs.
49  s).  However,  the  high  prevalence  of  breast  cancers  in
hese  validation  sets  probably  resulted  in  an  overestima-
ion  of  the  accuracy  of  the  AI  system  and  further  studies
re  needed  especially  for  use  as  a  stand-alone  technique.
oreover,  a stand-alone  approach  imposes  the  question  of
ho  would  take  ultimate  responsibility  for  any  undetected
reast  cancer  (which  remains  the  most  litigious  situation  for
edical  malpractice  lawsuits)  by  an  imperfectly  performing
I  algorithm  [34].

Other  AI  algorithms  have  been  trained  but  not  yet  exter-
ally  validated  in  clinical  conditions.  Therapixel  was  created
n  2013  by  two  researchers  from  the  French  National  Insti-
ute  for  Computer  Science  and  Applied  Mathematics  and
ook  the  joint  1st place  of  the  Digital  DREAM  Mammogra-
hy  Challenge,  an  international  competition  in  DL  applied
o  mammography.  This  competition  —  organized  jointly  by
he  National  Cancer  Institute,  the  Group  Health  Coopera-
ive,  the  Icahn  School  of  Medicine  at  Mount  Sinai,  the  FDA,
pple  and  IBM  —  gathered  about  1200  participants  to  com-
are  the  best  breast  cancer  prediction  algorithms  based  on
creening  mammograms  [23].  This  challenge  was  based  on  a
et  of  320,000  2DMG  with  1200  breast  cancers  (prevalence:
.7/1000  patients).  After  four  consecutive  rounds,  Thera-
ixel  reached  the  co-first  place  of  the  challenge  with  an
ccuracy  of  75%.  However,  no  comparison  with  radiologist
nterpretation  was  available.

Mammography  Intelligent  Assessment  (MIA)
®

is  an  AI  algo-
ithm  developed  by  Kheiron  as  part  of  a  National  Health
ervice  grant  in  the  UK.  This  algorithm  was  trained  on  more
han  one  million  MG  images  from  the  UK’s  breast  screen-
ng  program  and  validated  in  a  retrospective  multicenter

tudy  with  3854  MG  from  four  UK  screening  sites  (preva-
ence  6.9%).  MIA

®
displayed  a  sensitivity  of  85%—97%  and  a

pecificity  of  50%—94%  in  the  four  sites.  No  comparison  was
vailable  with  radiological  interpretation  in  this  study  which
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Table  1  Degree  of  validation  of  the  main  available  artificial  intelligence  algorithms  for  2D  breast  screening  based  on
deep  learning  convolutional  neural  networks.

Software  Internal  validation  External  validation
Publications

Positive  points  Negative  points

TransparaTM

(ScreenPoint
Medical/InceptoTM)

Over  9000  MG  with
cancer  (one-third  of
which  are  presented  as
lesions  with
calcifications)  and
180,000  MG  without
abnormalities.  The  MG
originated  from  devices
from  4  vendors
(Hologic

®
,  GE

Healthcare,  Siemens
Healthineers,  Philips
healthcare,  Fuji)  and
institutions  from
Europe,  USA,  and  Asia
Validation:
independent  dataset
representative  of
screening  population
with  enriched
prevalence  of  cancer

Rodriguez-Ruiz  et  al.
[30]
Rodriguez-Ruiz  et  al.
[33]
Rodriguez-Ruiz  et  al.
[45]
Lång  K  et  al.
[Presented  at  ECR
2019,  Vienna,
SB-0696]

Provides  3  different
outputs  to  aid
radiologists  in
detection,
classification  and
triage/workflow
optimization
This  system  can  be
applied  to  processed
DM  images  and  DBT
volumes
Multi-vendor
Support  for
combined
examinations  (with
both  2D  and  3D
digital  breast  DBT)

Currently,  the  AI
system  does  not  use
information  from
prior  MG
Two  different
modules  to  detect
calcifications  and
soft-tissue  lesions

Therapixel  Vendors:  Hologic
®
,  GE

Healthcare,  Siemens
Healthineers,  Philips
healthcare,  Fuji)
Origin:  USA,  France  and
UK
Quantity:  several
hundred  thousand  MG
Enriched  cohort  with
annotations  of  all
cancers
Validation:
independent  dataset
with  a  10%  prevalence
of  cancer

Data  challenge:
320,000  cases
representative  of
screening  population
with  enriched
prevalence  of
cancer
A  new  multicenter
study  is  ongoing

Enriched  cohort
Multicenter  cases

iCAD  Inc.  North  America  and
Europe
>  2000  cases  to  train
and  internally  test  the
algorithm,
including  >  400  cancer
cases
Vendors:  GE
Healthcare,  Hologic

®

and  Siemens
Healthineers
Roughly  50%  of  the
cases  were  used  for
training,  and  50%  for
testing
Prevalence  of  cancer
was  50%

A separate
independent
regulatory  set  was
used  for  the  reader
study  and  reporting
the  standalone
performance
Reading  was
performed  by
independent
company  (Intrinsic
Imaging)

AI: Artificial intelligence; MG: mammogram; DBT: digital breast tomosynthesis.
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Artificial  intelligence  in  breast  imaging  

was  presented  in  an  industrial  workshop  at  the  annual  meet-
ing  of  the  Radiology  Society  of  North  America  in  2018.  This
algorithm  is  CE  approved  and  waiting  for  FDA  approval.

Arterys,  a  pioneer  in  cloud-based  medical  imaging  soft-
ware,  is  also  developing  an  AI  algorithm  in  partnership
French  developers  to  train  and  validate  their  new  algorithm.
They  are  currently  in  the  preliminary  phase  of  training.

AI  Research  issues
• To  validate  artificial  intelligence  (AI)  models  in  a

French  population.
• To  test  the  ability  of  AI  systems  to  integrate

comparisons  with  previous  mammograms.
• To test  the  performance  of  AI  algorithms  on

combined  two-view  MG  analysis.
• To  compare  two  readings  versus  one  reading  +  AI

software.
• To  test  AI  algorithms  on  2DMG  according  to  the

different  vendors.

Breast tomosynthesis: the future of MG

Have any AI algorithms been trained and
validated on breast tomosynthesis?

According  to  the  six  published  meta-analyses  about  the
value  of  DBT  for  screening  [35—40],  DBT  combined  with
2DMG  is  more  sensitive  and  more  specific  than  2DMG  alone
with  a  higher  detection  rate  of  invasive  cancers.  Moreover,
retrospective  studies  have  demonstrated  a  lower  recall  rate.
Thus,  in  the  near  future,  DBT  will  become  the  standard  tech-
nique  for  breast  screening  implying  that  AI  algorithms  should
be  trained  and  validated  as  soon  as  possible  on  DBT  data.

The  interest  of  AI  in  DBT  is  threefold:
• to  detect  more  lesions  while  maintaining  an  acceptable

rate  of  false  positives;
• to improve  the  characterization  of  breast  lesions,  whether

they  were  detected  by  MG  or  by  DBT;
• to  decrease  the  time  of  reading,  which  may  be  relevant

for  a  screening  method  which  has  been  shown  to  double
the  reading  time.

Nevertheless,  several  issues  in  the  use  of  AI  in  DBT  require
attention:
• should  the  model  use  projection  view  images,  DBT  recon-

struction  slices,  a  combination  of  both,  3D  reconstructed
volume  or  the  derivatives  of  the  reconstructed  images
such  as  synthetic  mammograms?

• should  the  AI  model  use  large  data  collected  from  MG  [41]
or  should  it  be  built  exclusively  with  DBT  data?

• how  can  the  region-based  CNNs  (rCNNs)  be  used  —  com-
putationally  expensive  and  highly  time-consuming  in  a
process  with  a  huge  set  of  data  such  as  DBT  —  without
overly  slowing  down  the  reading,  and  what  is  the  value  of
faster  rCNNs?  [42].
Two  companies  have  industrially  developed  AI  in  DBT:
iCAD  with  ProFound  AITM and  ScreenPoint  Medical,  which
has  developed  TransparaTM.  TransparaTM for  DBT  analyzes
and  interprets  full  3D  data  from  the  DBT  volumes.  Similar  to
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ransparaTM for  MG  it  delivers  interactive  decision  support
ncluding  the  detection  of  soft-tissue  lesions  and  calcifica-
ions,  interpretation  of  suspicious  regions  and  automated
inking  of  MLO  and  CC  views.  Furthermore,  TransparaTM for
BT  uses  synthetic  images  for  intelligent  navigation  in  both
LO  and  CC  views.  However,  no  results  about  the  use  of
ransparaTM for  DBT  in  clinical  conditions  have  been  pre-
ented  to  date.

The  first  results  of  a new  version  of  a  commercial  soft-
are  called  ProFound  AI

®
(iCAD)  which  was  trained  and

alidated  on  DBT  images,  were  recently  presented  at  the
019  European  Congress  of  Radiology  (ECR).  In  this  retro-
pective,  fully-crossed,  multi-reader  (24  radiologists)  study
ased  on  260  cases  with  127  dense  breasts  and  133  nondense
reasts,  radiologists  performed  better  when  supported  by
he  AI  algorithm  in  both  dense  and  non-dense  breasts.  Sen-
itivity  and  specificity  significantly  increased  by  7%  and  9.9%
n  dense  breasts  and  9%  and  4%  in  nondense  breasts.  More-
ver,  reading  times  decreased  for  the  24  radiologists  with
I  by  57.4%  in  dense  breasts  and  47.6%  in  nondense  breast.
he  main  limitation  of  this  study  is  the  fact  that  only  one
endor  was  represented,  and  these  results  must  be  consoli-
ated  by  a  multivendor  study.  This  algorithm  was  trained  on

 database  of  12,000  DBT  including  4000  proven  cancers.  It
as  able  to  detect  and  diagnose  calcified  and  non-calcified

uspicious  lesions.  Depending  on  the  version  of  the  work-
tation,  the  radiologist  may  select  one  of  three  sensitivity
evels  of  detection:  low  (88%  overall  sensitivity,  and  72%
pecificity);  medium  (91%  overall  sensitivity  and  59%  speci-
city);  and  high  (95%  overall  sensitivity  and  31%  specificity).
he  program  provides  two  types  of  information:  a  case  score
i.e.,  the  probability  that  the  entire  case  is  malignant),  and

 lesion  score  (i.e.,  the  probability  that  a  marked  lesion
s  malignant).  The  probability  score  ranges  from  0  to  100%
ith  a  higher  score  indicating  a  higher  level  of  confidence

n  the  malignancy  of  the  detection  or  case.  The  scores  were
alibrated  on  an  enriched  cohort  with  a  25%  prevalence  of
ancer.  Thus,  these  scores  should  be  interpreted  as  the  prob-
bility  of  detecting  a  cancer  correctly  in  a  population  of  25%
ancers  and  75%  non-cancers.  This  is  a  main  limitation  for
n  application  for  breast  screening  as  the  positive  predictive
alue  is  more  than  certainly  highly  overestimated.

re AI algorithms useful to optimize synthetic
G?

wo-view  DBT  is  better  than  one-view  DBT  for  detecting
reast  cancer  and  limiting  the  number  of  false-positive  find-
ngs  [43].  Synth2DMG  is  thus  of  utmost  importance  to  limit
he  radiation  dose.  Since  synth2DMG  will  become  the  stan-
ard  in  DBT,  in  order  to  avoid  2D  acquisition  and  subsequent
adiation  exposure,  it  is  mandatory  to  know  which  tool  is
sed  by  the  different  vendors  to  perform  synth2DMG.  A
ecent  study  (the  Oslo  Trial)  which  found  that  the  sensitivity
f  3D  +  synth2DMG  was  not  superior  to  the  sensitivity  of  2D,
as  the  first  to  conclude  that  this  ‘‘negative’’  result  under-
ines  the  potential  differences  in  reliability  of  synth2DMG
rom  one  vendor  to  another  [13].  Synth2DMG  is  increasingly
ntegrating  AI,  as  shown  by  the  development  of  synth2DMG
y  Hologic

®
.



5

M
m
t
v
s
t
s
e
m
b

a
t
i
s
t
a
t
T
t
s
t
A
o
f
u
b
i
r
w
l

O
i
a

I
M
i
r
g

m
a
m
r
t

a
B
s
s
s
o
fi
a
m
r
1
p
f
2
0
p
i
T
a

o
F
g
i
c
i
o
c
t
b
v
b
d
e
t
d
e
s
a

i
a
i
e
t
s
o
f
h
c
o
r

60  

The  first  generation  of  synth2DMG  was  an  algorithm  using
L  techniques  to  generate  a  synthesized  2D  image  from  100-
icron  tomosynthesis  reconstructions.  This  is  much  more

han  a  basic  maximum  intensity  projection  function  of  a
olume.  In  order  to  avoid  superimposed  tissue  mimicking
uspicious  areas  and  to  improve  the  visibility  of  true  struc-
ures,  the  C-View  algorithm  analyzes  each  tomosynthetic
lice  as  well  as  adjacent  slices  (above  and  below)  to  differ-
ntiate  normal  structures  from  suspicious  ones  and  to  find
icrocalcifications  barely  visible  in  conventional  2D  due  to
reast  thickness  attenuation.

The  second  version  of  synth2DMG  was  built  on  an
dvanced  ML  technique  operating  on  Hologic

®
70  �m

omosynthesis  reconstructions  to  generate  a  synthesized  2D
mage.  Once  again  to  avoid  superimposed  tissue  mimicking
uspicious  area  and  to  improve  visibility  of  true  structures,
he  algorithm  (named  I2D)  analyzes  each  tomosynthetic  slice
s  well  as  adjacent  slices  to  differentiate  normal  struc-
ures  from  suspicious  ones  and  to  find  microcalcifications.
hese  findings  will  be  better  depicted  in  I2D  because  of
he  advanced  AI  identification,  which  increases  the  con-
picuity  of  the  identified  lesions.  The  higher  resolution  of
he  tomosynthesis  reconstructions,  along  with  advanced
I  algorithms,  theoretically  enables  better  identification
f  suspicious  lesions  while  reducing  the  enhancement  of
alse  positives,  compared  to  synth2DMG.  In  addition,  AI  was
sed  to  take  into  account  details  of  the  images  such  as
reast  density  and  parenchymal  arrangement  when  creat-
ng  the  synthesized  image  so  that  the  synthesized  image
esembles  a  conventional  2D  image  as  much  as  possible
hile  maintaining  the  increased  conspicuity  of  suspicious

esions.

AI  research  issues
• To  compare  the  accuracy  of  AI  algorithms  in  one-  and

two-  view  digital  breast  tomosynthesis  (DBT)  images
by  assessing  readings  with  and  without  AI  of  one-  and
two-view  DBT  images  with  synthetic  reconstruction.

• To  evaluate  the  added  value  of  AI  in  terms  of  the
characteristics  of  the  cancer  detected  (size,  grade).

• To  evaluate  the  modifications  due  to  AI  in  terms  of
false  positives  and  false  positives  requiring  a  biopsy
(a  potential  issue  of  DBT).

• To  evaluate  the  time  of  reading  with  and  without
DBT.

• To  optimize  synth2DMG  quality  by  an  AI  algorithm.
• To  test  AI  algorithms  on  synth2DMG  and  according  to

different  vendors.

rganization of breast screening in France
n  2019: what is the expected impact of
rtificial intelligence?

n  France,  2.5  million  women  undergo  a  breast  screening

G  each  year  [3].  Seventy  percent  of  the  MG  units  are  dig-

tal  (DR)  and  30%  are  computed  radiography  units.  Each
egional  center  performs  between  5000  to  70,000  mammo-
rams  a  year.  The  number  of  first  reader  radiologists  (>  500
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ammograms  read  per  year)  per  department  is  between  5
nd  200  and  the  number  of  second  readers  (>  2500  mam-
ograms  read  per  year)  is  between  5  and  50.  A  second

eading  is  performed  with  the  previous  mammograms  and
he  knowledge  of  the  clinical  examination  [44].

In  France,  175,000  breast  screening  mammograms  (7%)
re  considered  as  abnormal  at  the  first  reading  (rated
I-RADS  0,  3,4,  5)  while  2,325,000  mammograms  are  con-
idered  as  normal  at  the  first  reading  but  referred  for  a
econd  reading.  In  addition,  7000  mammograms  (4%)  con-
idered  as  abnormal  before  supplementary  incidences  and
r  ultrasonography  (performed  at  the  same  time  as  the
rst  reading)  and  are  finally  reclassified  as  normal  but
re  also  referred  for  a  second  reading.  Thus,  2,332,000
ammograms  with  normal  findings  are  referred  to  the

egional  screening  center  for  a  second  reading  after  which
%  are  reclassified  as  ‘‘suspicious’’  (n  =  23,320).  After  com-
lementary  incidences  and  or  ultrasonography  performed
or  these  mammograms  considered  as  positive  by  the  R2,
2%  are  confirmed  to  be  abnormal  which  corresponds  to
.3—0.4/1000  cancers.  Finally,  the  French  breast  screening
rogram  detects  7  cancers  per  thousand  screened  women,
ncluding  5%  of  breast  cancers  detected  by  an  R2  in  2019.
his  percentage  has  decreased  over  the  last  years  form
bout  10%  [44].

The  French  screening  system  is  very  different  to  that
f  other  countries  and  few  studies  can  be  implemented  in
rance.  First,  the  screening  attendance  rate  is  highly  hetero-
eneous  varying  from  less  than  30%  in  Paris  to  more  than  65%
n  some  departments  in  the  west  or  center  of  France.  This
an  be  partially  explained  by  the  rate  of  individual  screen-
ng  (i.e., women  presenting  for  office-based  MG  outside
f  the  national  screening  program)  in  some  regions  espe-
ially  in  the  south  of  France  and  in  the  Parisian  region,  but
here  are  also  huge  differences  between  towns  and  even
etween  districts  in  a  given  town.  The  attendance  rate
aries  also  with  age  with  a  higher  participation  for  women
etween  55—65  years  than  for  women  over  70  years.  Other
ifferences  in  participation  can  be  seen  between  differ-
nt  socio-economic  groups.  A  first  application  of  AI  from
he  national  French  medical  database  crossed  with  other
atabases  like  taxes,  social  care  or  the  unemployment  ben-
fits  registry  may  be  helpful  to  identify  and  communicate
pecifically  with  these  populations  to  improve  screening
ttendance.

A second  application  of  AI  is  related  to  the  second  reading
n  France.  The  screening  program  is  organized  by  the  regions
nd  performed  by  experienced  radiologists  but  radiologists
n  France  can  perform  complementary  or  ultrasonographic
xamination  (i.e., immediate  diagnostic  work-up)  when
hey  detect  a  clinical  or  MG  abnormality.  With  this  French
pecificity,  the  recall  rate  after  a  second  reading  is  only  1.1%
f  all  participants  who  are  sent  back  to  the  first  radiologist
or  a  deferred  diagnostic  work-up.  Of  these  women,  22%  will
ave  a positive  diagnosis  resulting  in  detection  of  6%  of  all
ancers  or  0.4  cancer  for  1000  women.  The  performance
f  the  R2  varies  from  region  to  region  for  reasons  which
emain  to  be  clarified.  The  second  reading  is  always  done

n  film  which  is  costly  at  around  20  million  euros  per  year
film  transfer  to  the  centralized  R2  unit,  film  display  on  light
ox  by  technician,  radiologist  fees,  data  monitoring,  screen-
ng  results  and  sending  the  film  back  to  the  woman  and
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AI  Research  issues
• Organization  issue

◦ To  identify  reasons  for  non-participation  in  the
breast  screening  program  in  the  French  national
medical  database.

◦ To  analyze  differences  in  the  cancer  detection
rates  at  a  local  level  (town,  districts)  to  better
select  women  at  higher  risk.

◦ To  establish  prediction  parameters  to  improve
cost  effectiveness  of  organized  breast  screening
programs.

• Reading  issues
◦ To  predict  comorbidities  (vascular  calcification

correlated  with  heart  attack).
◦ To  improve  screening  performance  of  radiologists

with  different  levels  of  experience.
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the  experience  of  CAD  in  MG  that  adopting  promising  new
technologies  too  quickly  can  be  a  costly  mistake;  later
Artificial  intelligence  in  breast  imaging  

her  medical  practitioner).  Some  small  studies  about  data
dematerialization  are  currently  underway  but  have  not  been
published  to  date.

The  value  of  a  second  reading  is  still  under  debate
especially  following  the  recent  governmental  decision  in
France  to  prohibit  screen-film  MG  and  the  current  sys-
tem  of  transfer  from  computed  radiography  (CR)  to  digital
radiography  (DR)  as  CR  system  detects  less  cancer  than
DR  system.  Moreover,  the  potential  implementation  in  the
screening  program  of  DBT  which  improves  the  first  read-
ing  cancer  detection  rate  and  decreases  the  recall  rate
is  also  an  argument  against  a  second  reading.  The  results
of  the  recently  published  Oslo  trial  shows  that  digital
MG  plus  DBT  performs  better  than  FFDM  and  a  double
reading  [13].

As  mentioned  above,  before  CAD  is  used  as  an  R2,  great
improvements  will  have  to  be  made  in  terms  of  false  posi-
tive  marks,  interpretation  time,  the  development  of  an  easy
work  flow,  and  finally  in  terms  of  cost-effectiveness.

Thus,  organization  of  breast  screening  in  France  may  ben-
efit  from  the  development  of  AI  in  the  following  fields:
• improvement  in  image  quality  by  helping  the  technician

to  optimize  positioning  to  reduce  blurring,  and  by  vali-
dating  this  step  before  sending  the  mammogram  to  the
radiologist  for  interpretation;

• better  selection  of  women  who  may  benefit  from  breast
ultrasonographic  examination.  Breast  ultrasonography  is
currently  performed  in  20%  of  all  women  after  a  normal
mammography  for  dense  breast,  and  is  the  only  exam-
ination  performed  in  76%  of  women  during  immediate
diagnostic  work-up,  but  detects  only  2.4%  of  cancers.  We
need  software  which  can  determine  not  only  global  den-
sity  but  also,  as  radiologists  do,  focal  high  breast  density
which  is  sometimes  a  good  indication  for  breast  ultra-
sonography.  Another  research  topic  is  the  development  of
AI  CAD  for  breast  ultrasonography.  Two  potential  devices
are  currently  being  developed:  one  is  an  automated  breast
ultrasound  (ABUS)  system  called  QVCAD  (Qview  Medi-
cal)  and  the  other  a  cloud-based  CAD  system  developed
by  Koios  Medical  able  to  work  on  picture  archiving  and
communication  systems  (PACS)  images  (Koios  Medical).
However,  there  are  no  published  studies  about  these  sys-
tems  to  date;

• better  first-round  triage  and  possibly  avoiding  a  sec-
ond  reading  for  some  MGs,  thereby  lowering  the  cost
and  reducing  the  time  it  takes  to  get  the  results  to
the  patient  and  medical  referee.  One  study  tested  the
ability  of  an  AI  algorithm  (Transpara,  ScreenPoint)  to
exclude  examinations  with  the  lowest  likelihood  ratio
of  malignancy  [45].  This  study  was  conducted  on  2562
examinations  and  demonstrated  that  excluding  mammo-
grams  with  a  score  1  or  2  resulted  in  a  17%  decrease
in  the  number  of  examinations  and  5%  of  false  positive
cases  (reducing  the  recall  rate)  while  only  missing  1%  of
cancers.  The  radiologist’s  performance  was  unchanged
in  a  new  cohort  with  a  higher  prevalence  of  breast
cancer;

• improvement  in  the  radiologist’s  performance,  which  is

important  in  our  decentralized  program  and  would  reduce
the  need  of  second  readings.

f
c

◦ To  better  select  patients  for  ultrasonographic
evaluation.

hat do we need to develop AI for breast
creening in France?

exter  Hadley  estimates  that  screening  algorithms  should
e  trained  on  millions  of  mammograms  and  suggested  that
I  researchers  should  embrace  bitcoin  technology  [46].  To
ate,  many  validation  cohorts  are  enriched  with  a  high  pro-
ortion  of  cancer-positive  mammograms  than  detected  in
outine  clinical  screening.  This  type  of  cohort  may  induce
ias  with  radiologists  being  overcautious  resulting  in  higher
ecall  rates  and  lower  accuracy.  We  can  split  the  develop-
ent  of  an  AI  algorithm  for  detecting  breast  cancer  using  DL
NN  into  three  main  phases:
first,  the  model  is  built  on  an  enriched  data  cohort  with  a
high  volume  of  breast  cancers,  ideally  including  all  types
of  cancers  seen  on  MG  (spiculated  mass,  round  mass,  clus-
ter  of  microcalcifications,  architectural  distortion).  Most
of  time,  there  is  another  data  set  in  the  same  cohort
not  used  for  the  training  which  will  be  used  for  internal
validation;
second,  the  model  needs  to  be  externally  validated  in
another  cohort  with  a  lower  prevalence  of  cancer  and
possibly  with  more  subtle  cancers  to  improve  its  accuracy;
the  last  step  is  to  test  the  model  on  an  independent  data
set  with  a  prevalence  representative  of  the  screening
population  before  clinically  validating  the  model  in  a  ran-
domized  trial  comparing  the  accuracy  of  the  model  with
radiologists’  performance.

We  need  all  these  steps  because  incremental  improve-
ent  in  the  AUC  is  not  directly  translatable  to  improved
atient  outcomes  in  the  clinical  setting.  It  is  uncertain
hat  proportion  of  examinations  that  a  commercial  AI

ystem  would  flag  as  having  more  than  2%  malignancy,
equiring  additional  diagnostic  work-up  under  our  current
linical  practice  thresholds.  Moreover,  we  learned  from
ound  to  lead  to  more  false  positives  without  improved
ancer  detection  [47].
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Therefore,  an  algorithm  needs  more  than  one  million
D  MG/DBT  to  truly  demonstrate  its  efficacy  and  a  dedi-
ated  platform  must  be  developed  to  build  larger  validation
ata  sets  more  representative  of  the  screening  popula-
ion.  In  France,  the  government  created  a  Health  Data
arehouse  in  2018  to  pool  data,  including  mammograms,

rom  public/private  clinical  practice  in  the  same  environ-
ent.  However,  breast  screening  clinical  and  follow-up  data

re  recorded  in  regional  centers  for  cancer  screening  pro-
rams.  Thus,  a  connection  needs  to  be  created.

hat can we expect from regional breast
creening centers?

egional  breast  screening  centers  collect  all  data  related  to
he  second  reading  from  the  departmental  centers,  includ-
ng  epidemiological  information  such  as  age,  menopausal
tatus,  personal  history  of  breast  biopsy,  familial  history
f  breast  cancer,  the  presence/absence  of  an  abnormal
G  image,  the  side,  the  type  of  MG  abnormality  (clus-

er  of  microcalcifications,  architectural  distortion,  mass  or
symmetric  density)  and  breast  density  (according  to  the
I-RADS  classification)  as  well  as  follow-up  data  for  all  abnor-
al  MG  (type  of  biopsy,  type  of  surgery,  histopathological
ndings).

Moreover,  the  role  of  breast  screening  centers  today  is  to
ecord  all  interval  cancers  (detected  after  a  normal  first  or
econd  reading)  which  is  crucial  in  evaluating  the  value  of  a
reast  screening  program.

The  regional  breast  screening  center  also  collects  first
eading  data  regarding  personal  history  context,  clinical
xamination,  the  type  of  vendors,  type  of  MG  abnormali-
ies,  the  number  of  ultrasounds  performed  after  normal  MG,
he  type  of  supplementary  incidences  performed  (including
BT),  and  the  type  of  pathological  findings  detected.

Thus  a  lot  of  health  and  clinical  data  are  available  in
he  regional  breast  screening  centers  which  are  connected
ith  the  administrative  information  for  each  patient  (name,
irth  date,  social  security  number.).  These  huge  amounts
f  very  informative  data  should  shortly  be  correlated
ith  the  Health  Data  Warehouse  where  mammograms  are

tored.

hat can we expect from a hospital Health
ata Warehouse? The AP—HP model

’Assistance  Publique  des  Hôpitaux  de  Paris  (AP—HP)  is
 unique  international  structure  that  comprises  39  public
ospitals  federated  in  a  single  legal  entity.  Each  day,  the
P—HP  information  system  collects  numerous  medical  data

n  a  wide  variety  of  software  and  databases  used  to  mon-
tor  patients’  care  pathways.  Exploiting  this  data  for  AI
esearch,  especially  in  the  domain  of  DL,  requires  new  big-
ata  approaches  and  the  creation  of  a  specific  database,
nown  as  the  Health  Data  Warehouse  (HDW;  Entrepot  de
onnées  de  Santé  in  French).

With  more  than  7  million  patients  and  more  than

0  million  radiological  examinations  in  digital  imaging
nd  communication  in  medicine  (DICOM)  format,  the
P—HP,  via  the  HDW,  is  a  unique  database  in  Europe  for
iomedical  research  in  imaging.  Around  150,000  MGs  are
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urrently  available  in  the  HDW  (period  2010—2018)  for  more
han  75,000  patients  including  more  than  13,000  with  a
-year  follow-up  by  MG.  Moreover,  more  than  27,000  DBTs
re  available  (period  2015—2018)  for  more  than  26,000
atients.  These  MGs  have  been  performed  on  machines  from
ore  than  three  manufacturers  corresponding  to  stringent

riteria  for  image  quality  in  France.  Thus,  several  industrial
artnerships  have  been  contracted  to  train  and  validate  dif-
erent  types  of  AI  algorithms  which  is  the  subject  of  a  large
ngoing  study  called  EZ  mammo.

In this  setting,  the  creation  of  the  HDW  database,  and
pecifically  for  medical  imaging  data  (DICOM  data),  was
ssociated  with  the  definition  of  legal  and  ethical  rules
hat  take  into  account  data  specificity,  especially  concerning
ccess  of  data  for  internal/external  scientists  or  manufac-
urers.  APHP  has  created  processes  to  inform  patients  of
he  possible  use  of  their  data  for  research  purposes  and
o  give  them  the  right  to  opt  out,  define  the  limit  of  use
f  data  and  the  rules  of  access,  and  define  data  exploita-
ion  rules.  A  specific  scientific  and  ethics  committee  has
een  set  up  in  AP—HP  (i.e., the  Comité  Scientifique  et
thique)  composed  of  healthcare  and  technical  profession-
ls  and  patients.  Their  role  is  to  ensure  that  the  rules  are
dhered  to  and  to  evaluate  each  access  request  for  data
ollected  in  the  HDW  of  the  AP—HP.  As  all  data  are  stored
n  a  single  structure,  direct  access  to  the  database  is  not
ossible  because  of  the  risk  of  stress  in  the  case  of  multiple
nd  big  requests  which  could  negatively  impact  the  opera-
ion  of  care  services.  Thus,  specific  research  databases  are
reated  by  periodically  and  automatically  collecting  data.
uring  the  collection  of  research  data  in  HDW,  a  specific
ata  de-identification  process  pipeline  can  be  applied.  In
he  EZ  mammo  study,  DL  techniques  are  used  to  automati-
ally  search  for  words  in  the  imaging  and  pathology  reports
n  order  to  constitute  cohorts  with  different  prevalences  of
alignancy.
For  DICOM  data  in  the  HDW  of  the  AP—HP,  this  process

ould  require  duplicating  all  DICOM  files  in  PACS.  As  dupli-
ation  is  not  recommended,  the  solution  tested  by  the  HDW
f  the  AP—HP  consists  of  collecting  minimal  metadata  for
ICOM  like  identity,  description  or  modality  information.
his  metadata  can  be  used  to  select  DICOM  of  interest  to
uild  a  research  cohort  for  a specific  project.  Once  done,
he  DICOM  data  is  collected  by  a PACS  to  PACS  (C-MOVE)  pro-
ess.  During  this  process  the  DICOM  file  metadata  or  pixel
ill  be  also  de-identified.

At  the  end  of  the  process  the  scientist  must  be  able  to
ave  access  to  this  research  database  that  is  composed  of
tructured  data  and  a DICOM  repository.  This  implies  that
ata  will  be  exported  out  of  the  AP—HP  server.  However,
or  security  and  exploitation  aspects  AP—HP  has  chosen  to
ot  export  data  and  has  created  a  data  management  and
esearch  platform  that  allows  data-scientists  to  analyze  data
ithin  a  mega-data  cluster  without  exporting  them  off  the

ecure  servers  of  the  AP—HP.
During  a  research  project,  the  database  will  undergo

onsiderable  transformation  and  will  need  to  be  structured
o  answer  a  specific  question.  Annotations  may  be  added

o  the  images,  for  example,  and  these  need  to  be  reinte-
rated  in  the  database  that  will  subsequently  be  enriched
y  the  various  research  projects.  Generally,  the  radiologist
an  annotate  information  in  a  private  DICOM  tag.  This  means
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history  of  breast  cancer,  weight/height,  and  breast  biopsies.
Artificial  intelligence  in  breast  imaging  

all  DICOM  files  must  be  re-sent  to  PACS  and  if  no  annotation
management  is  designed,  the  private  tag  annotation  may  be
erased  if  another  annotation  is  created.  In  the  HDW  of  the
AP—HP,  a  specific  annotation  collection  web  service  compa-
tible  with  a  PACS  solution,  called  SPHERE,  will  be  added.  At
the  end  of  data  labeling  and  research  processing,  the  data
could  be  used  to  test  AI  algorithms.

Briefly,  the  challenges  for  an  adapted  mega-data  PACS
solution  is  to  allow  high  speed  transfer  of  DICOM  files  and
reduce  storage  costs,  to  define  a  specific  data  model  and
structure  for  medical  imaging  data  research,  to  find  and
build  solutions  to  assist  and  secure  the  annotation  pro-
cess,  and  to  report  and  facilitate  the  creation  of  re-usable
datasets.

What can we expect from individual breast
screening? An example of a radiologist’s
initiative

In  France,  SENOLOG  is  a  database  for  individualized  breast
screening  performed  in  private  structures  outside  of  the
organized  program.  This  database  contains  all  information
from  MG  reports  (clinical  history,  clinical  examination,  radi-
ological  features  and  BI-RADS  classification)  and  especially
the  follow-up  of  MGs  classified  as  BI-RADS  1  or  2.  The  first
challenge  for  private  radiologists  will  be  to  standardize
their  work  methods  as  there  is  a  huge  heterogeneity  in  the
MG  units,  archiving  methods,  and  report  standardization.
Recently,  an  initiative  for  the  radiology  community,  called
DRIM  France  AI,  which  consists  of  a  platform  dedicated  to
radiological  examination  has  been  designed  to  train  and
test  AI  algorithms  in  a  centralized  system.  However,  several
questions  about  DRIM  remain  unanswered  to  date:  will  the
data  be  anonymized  by  the  radiologist,  by  DRIM,  or  by  the
software  provider?  How  are  the  radiologists  going  to  achieve
data  flow?  Who  will  be  responsible  for  recovering  and  storing
the  data  via  a  common  channel:  DRIM  or  the  platform’s  mas-
ter  installer?  If  it  is  DRIM  that  retrieves  the  data,  besides  the
major  problem  of  the  General  Data  Protection  Regulation
and  data  security,  it  will  require  storage  servers  with  huge
capacities.

A  system  should  be  built  that  allows  people  not  only
to  share  their  medical  data  with  researchers  easily  and
securely,  but  also  to  retain  control  of  their  data  [46]. This
method,  which  is  based  on  the  blockchain  technology  that
underlies  the  cryptocurrency  Bitcoin,  will  soon  be  put  to
the  test  and  could  constitute  a  solution  to  build  a  mas-
sive  database  that  is  needed  to  train  DL  algorithms.  In  any
case,  there  should  be  a  complementarity  and  a  partnership
between  radiologists  and  AI.

AI  Research  issues
• To  create  universal  annotation  tools.
• To  develop  an  AI  tool  for  virtually  managing  an

increasingly  enriched  cohort.
• To  structure  a  platform  adapted  to  radiological
volume. T
w
t
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etter assessing the risk of breast cancer:
I and personalized programs

rench  national  recommendations  for  the  management  of
omen  at  high  risk  of  breast  cancer  were  published  in
014  by  the  Haute  Autorité  de  Santé  (HAS)  [48].  However,
here  are  no  specific  breast-screening  recommendations  for
omen  at  intermediate  risk  of  breast  cancer,  and  women
t  normal  risk  are  largely  debated.  The  future  will  probably
nclude  a  personalized  approach  depending  on  the  individ-
al  risk  of  developing  a  breast  cancer.  For  women  with
he  lowest  risk  of  breast  cancer,  the  interval  between  two
ounds  of  mammographic  screening  might  increase  whereas
or  women  with  a  higher  risk,  screening  might  be  performed
nnually.  To  deal  with  this  issue,  two  international  trials
ave  begun:  the  WISDOM  TRIAL  in  the  USA  [49]  and  the
yPEBS  in  Europe,  funded  by  a  European  H2020  grant  [50].
he  main  endpoint  of  the  European  study  is  the  ability  to
ecrease  the  number  of  stage  2  or  higher  cancers  detected
y  a  personalized  breast  screening  in  comparison  with  the
onventional  approach.  The  trial  will  include  85,000  women
etween  40  and  70  years  without  any  risk  factors  of  breast
ancer  in  five  countries  (France,  Belgium,  Italy,  Israel,  and
he  UK).  In  France,  20,000  women  will  be  included.  The
omen  will  be  randomized  in  two  arms:  a  standard  arm

screening  according  to  each  country’s  recommendation),
nd  a risk-stratified  arm.  The  risk  will  be  evaluated  with
he  BCSC  score  or  with  the  IBIS  tool  (Tyrer-Cuzick  model)
or  women  with  more  than  one  first-line  first-degree  rela-
ive  with  breast  cancer.  Women  in  this  arm  will  be  invited
o  perform  a  score  of  300  polymorphisms  and  a  risk  predic-
ion  score.  The  final  risk  score  will  determine  the  strategy.
his  risk  prediction  model,  based  on  AI  called  MammoRisk

®
,

as  developed  by  Predlife  and  includes  first-degree  breast
ancer,  personal  history  of  breast  biopsy,  and  breast  density.
n  this  setting,  the  software  algorithm  was  developed  using

 concept  of  Manhattan  distance  to  compare  a  patient’s
ammographic  image  to  reference  mammograms  with  an

ssigned  breast  mean  density  category.  Reference  databases
ere  built  from  a  total  of  2289  pairs  (CC  and  MLO  views)  of
D  FFDM.  A  validation  set  of  an  additional  800  image  pairs
as  evaluated  for  breast  mean  density  both  by  the  soft-
are  and  seven  blinded  radiologists  specialized  in  breast

maging.  The  software  showed  a substantial  agreement  with
he  radiologists’  consensus  (unweighted  kappa  =  0.68;  95%
I:  0.64—0.72)  when  considering  the  four  breast  density
ategories,  and  an  almost  perfect  agreement  (unweighted
appa  =  0.84;  95%  CI:  0.80—0.88)  when  considering  clinically
ignificant  nondense  (A—B)  and  dense  (C—D)  categories  [51].

A  third  risk-based  screening  trial  (the  PROCAS  study)  was
onducted  in  the  UK  between  2011  and  2013  and  included
omen  who  presented  for  their  3-yearly  MG  [52].  Over-
ll,  53,596  women  were  recruited  (representing  37%  of
he  68%  of  the  women  attending  their  national  3-yearly
creening).  Of  these,  10,000  women  participated  in  a  saliva
NA  collection  study.  Risk  data  comprised  age  at  menar-
he/menopause,  hormone  replacement  therapy,  a  family
en-year  risks  were  identified.  Breast  density  assessment
as  done  by  visual  analog  assessment  of  the  MG,  and  with

wo  software  tools  (Volpara  and  Quantra).  Eighteen  single
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ucleotide  polymorphisms  were  identified  and  632  prospec-
ive  breast  cancers  occurred  in  53,184  women.  The  best
redictor  for  breast  cancer  was  the  visual  analog  assess-
ent  of  breast  density  (OR:  3.59).  Using  a  mammogram
ensity-adjusted  TC  model  in  PROCAS  improved  risk  stratifi-
ation  (AUC  =  0.6)  and  identified  significantly  higher  rates
4.7  per  10,000  vs.  1.3  per  10,000;  P  <  0.001)  of  high-
tage  cancers  in  women  with  an  above-average  risk  of
reast  cancer.  The  model  performed  particularly  well  in
redicting  higher  stage  2+  invasive  cancer.  This  combined
pproach  using  the  Tyrer-Cuzick  model,  mammographic
ensity  assessment  and  polygenic  risk  score  provides  an
ccurate  risk  stratification,  particularly  for  poor  prognosis
ancers  [53].

Yala  et  al.  recently  published  a  breast  cancer  risk  model
ased  on  DL  MG  on  88,994  consecutive  screening  MGs  in
9,571  women.  In  this  study,  the  authors  combined  tradi-
ional  risk  factors  and  mammograms  in  a  hybrid  DL  model
nd  demonstrated  that  this  model  was  better  (AUCs  of
.70)  than  the  Tyrer-Cuzick  model  (0.62;  P  <  0.001)  or  a  risk-
actor-based  logistic  regression  model  (0.67;  P  =  0.01)  [54].

AI  research  issues
• To  develop  an  AI  model  that  improves  the  definition

of  breast  risk  assessment  to  select  patients  for
different  screening  modalities  (HR+  patients,  breast
density,  B3  lesions)  —  better  define  intermediate-risk
patients.

• To  build  an  AI  model  that  integrates  all
epidemiological  and  clinical  data  (physical  activity)
to  improve  personalized  screening  programs.

onclusion

he  main  question  is  how  will  the  radiologist  cohabit  with  AI
n  the  future?  Maybe  we  have  to  imagine  this  as  an  airplane
ith  a  human  or  virtual  pilot.  The  radiologist  will  always
e  the  last  bastion  to  AI  errors  and  must  be  aware  of  the
trengths  and  weaknesses  of  AI  so  that  the  performance
f  the  two  together  will  be  stronger  than  either  taken
ndividually.  This  also  raises  the  question  of  training  for  res-
dents:  like  simulators  that  allow  pilots  to  train  for  critical
ituations,  will  the  radiologist  of  tomorrow  be  even  better
rained  on  the  most  complicated  cases?  The  huge  database
ill  give  residents  the  opportunity  to  access  all  the  mammo-
ram  to  train  themselves.  Finally,  senior  radiologists  will  be
ble  to  annotate  mammograms  rated  normal  by  AI  resulting
n  a  stronger,  better  and  faster  assessment  than  the  machine
lone.
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