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Abstract. T ech n iq u es d eve lo p ed  in  co m p u t e r  v is io n  

an d  au t o m at ed  p a t t e r n  r eco g n i t io n  can  b e  ap p l ied  t o  

assist  r ad io lo g is t s  in  r ead in g  m am m o g ram s. W i t h  th e 

in t r o d u c t io n  o f  d i r e c t  d ig i t a l  m am m o g r ap h y  t h is  w i l l  

b eco m e a f eas ib le  ap p r o ach . A  r ad io lo g is t  in  b reast  

can ce r  scr een in g  can  u se f in d in g s o f  t h e  co m p u t e r  as 

a seco n d  o p in io n , o r  as a p o in t e r  t o  su sp ic io u s r e 

g io n s. T h is  m ay  in c r ease  t h e  sen s i t iv i t y  an d  sp e c i f ic i t y  

o f  scr een in g  p ro g ram s, an d  i t  m ay  avo id  t h e  n eed  f o r  

d o u b le  r ead in g . In  t h is p ap er  m eth o d s w h ich  h ave  

b e e n  d eve lo p ed  f o r  au t o m at ed  d e t ec t io n  o f  m am m o 

g r ap h ie  ab n o r m a l i t ies  ar e  r ev iew ed . Pr o g r am s f o r  d e 

t e c t in g  m ic r o c a lc i f ic a t io n  c lu st ers an d  s t e l la t e  lesio n s

h a v e  r each ed  a le v e l  o f  p er f o r m an ce w h ich  m ak es ap-  

p l ic a t io n  in  p r a c t ic e  v ia b le . C u r r en t  p r o g ram s f o r  r e c 

o g n i t io n  o f  m asses an d  asym m et r y  p e r f o r m  less w e l l . 

Lar g e - sca le  st u d ies s t i l l  h av e  t o  d em o n st rat e  i f  r a d io l 

o g ist s in  a scr een in g  s i t u a t io n  can  d ea l w i t h  t h e  r e la 

t i v e l y  lar g e n u m b er  o f  f a lse  p o s it ives w h ich  are 

m ar k e d  b y co m p u t e r  p ro g ram s, w h er e  t h e n u m b er  o f  

n o r m a l  cases is m u ch  h ig h er  t h an  in  o b se r ve r  e x p e r i 

m en t s  co n d u ct ed  t h u s f ar ,
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D ig i t i z a t io n

In t r o d u c t io n

I t  is es t im at ed  t h a t  in  cu r r en t  b reast  can ce r  scr een in g  

p r o g r am s r ad io lo g is t s  d o  n o t  d etect  ap p r o x im a t e ly  

2 5  %  o f  th e can cer s w h ich  ar e  v is ib le  o n  r e t r o sp e c t iv e  

r e v ie w  [1 - 6 ]. M o r e o v e r ,  i f  m in im al signs id e n t i f ie d  on  

p r e v io u s  scr een in g  m am m o g ram s are also  t a k e n  in t o  ac 

co u n t , est im at es o f  t h e n u m b er  o f  can cers n o t  r ep o r t ed  

in  scr een in g  even  r an g e u p  t o  50 %  d ep en d in g  o n  t h e 

su b je c t iv e  c r i t e r ia  u sed  b y t h e r ad io lo g is t s p e r f o r m in g

Correspondence to: N. Karssemeijer

r e t r o s p e c t iv e  r ead in g . T h e  p r o b lem  o f  sc r ee n in g  e r r o r s  

sh o u ld  b e v ie w e d  in  l ig h t  o f  t h e  h ig h  s p e c i f ic i t y  w h ic h  is 

r e q u ir e d  in  scr een in g . Fo r  in s t an ce , in  t h e  D u t c h  sc r een 

in g  p r o g r am  o n ly  ap p r o x im a t e ly  4 - 5  o f  1000 w o m en  in  

t h e scr een ed  p o p u la t io n  h av e  b r eas t  can ce r , w h e r eas  

t h e  p o s i t iv e  p r e d ic t iv e  v a lu e  o f  sc r een in g  is c u r r e n t ly  a p 

p r o x im a t e ly  5 5 %.  G iv e n  t h e  f a c t  t h a t  m am m o g r ap h ic  

sig n s in d ica t in g  e a r ly  stag es o f  b r eas t  can cer s  ar e  o f t e n  

su b t le , an d  co n s id e r in g  t h e sp eed  at  w h ic h  sc r een in g  r a 

d io lo g is t s  u su a l ly  r ead  t h e i r  cases, t h is m a y  b e r eg a r d ed  

as a r e m ar k ab le  ach iev em e n t . I t  is n o t ed  t h a t  t h is  h ig h  

s p e c i f ic i t y  is o n ly  a ch ie v e d  b y h av in g  a l l  cases r ead  b y  

t w o  r ad io lo g is t s .

Pa r t  o f  t h e  p r o b lem  o f  m issed  les io n s  is l i k e l y  t o  b e 

d u e t o  in ad e q u a t e  sear ch  [7 ]. I f  a su b t le  a b n o r m a l i t y , 

su ch  as a sm al l  c lu s t e r  o f  m ic r o c a lc i f ic a t io n s , is n o t  h i t  

b y  f o v e a l  v is io n , i t  m ay  e as i ly  b e o v e r lo o k e d . H o w 

eve r , v isu a l  sear ch  p a t t e r n s  r e c o r d e d  f r o m  r ad io lo g is t s  

d u r in g  r ead in g  o f  ch est  X - r a y s  an d  m am m o g r am s r e 

v e a le d  t h a t  m an y  m issed  a b n o r m a l i t ie s  a r e  a c t u a l ly  f ix 

a t ed  lo n g e r  t h an  n o r m a l  ar eas [ 8 ] .  T h is  su g g ests t h a t  an 

o t h e r  p e r cep t u a l  m ech an ism  p lay s  an  im p o r t a n t  r o le . 

A p a r t  f r o m  t h at , m o r e  t h an  h a l f  o f  t h e r a d io lo g ic a l  e r 

r o r s  in  m am m o g r ap h y  sc r een in g  ar e  f o u n d  to  b e in t e r 

p r e t a t io n  er r o r s , i .e .  m a l ig n  les io n s w h ich  w e r e  co n 

sc io u s ly  ju d g ed  b y  a r ad io lo g is t  an d  r e p o r t e d  b en ig n .

D ig i t i z a t io n  o f  t h e  m am m o g r ap h ic  im ag in g  p r o c e 

d u r e  a l lo w s t h e  u se o f  co m p u t e r s  t o  a id  r ad io lo g is t s  in  

r ead in g  m am m o g ram s. A n  ex p an d in g  n u m b e r  o f  r e 

sear ch  g ro u p s is a c t iv e  in  t h is  f ie ld . M o s t  o f  t h is  w o r k  is 

a im ed  at  d e v e lo p in g  m et h o d s f o r  d e t e c t io n  o f  ab n o r 

m a l i t ie s  su ch  as m ic r o c a lc i f i c a t io n  c lu s t e r s , d en s i t ies  

an d  s t e l la t e  lesio n s. T h ese m et h o d s can  b e ap p l ied  t o  

m ar k  su sp ic io u s ar eas in  m am m o g r am s w h en  t h ey  a r e  

r ead , in  o r d e r  t o  r ed u ce  d e t e c t io n  e r r o r s . T h is  ap p r o ach  

h as t u r n ed  o u t  t o  b e su ccessfu l in  a  n u m b e r  o f  s t u d ies 

[9 - 1 1 ]. H o w e v e r ,  n e i t h e r  o f  t h ese  s t u d ies  h as y e t  d em 

o n s t r a t ed  t h e im p ac t  in  a r e a l  sc r een in g  p r o g r a m , w h e r e  

t h e  f r a c t io n  o f  ab n o r m a l cases is o n ly  a f e w  p e r cen t . 

O t h e r  ap p r o ach es in  co m p u t er - a id ed  d iag n o s is  (C A D )  

in  m am m o g r ap h y  a im  at  h e lp in g  r ad io lo g is t s  in  in t er -
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Input image

> segmentation

> noise equalisation

> feature extraction

Labeled image

> maximum likelihood

> M arkov random field model

initial labeling after 8 iterations

Features:

f l
f2

f3

local contrast scale 1 

local contrast scale 2 

line/edge

Fig. 1. O verview  of a m ethod 

for au tom ated  detection of mi- 

crocalcification clusters. A fter 

noise equalization, th ree  fea 

tu re  im ages are  com puted, 

which are com bined  in an ini 

tial labeling of microcalcifica 

t ion  (white) and background, 

line o r  em ulsion artefact pixels 

(black). Iteratively, the labeling 

is optim ized by rem oving un 

likely candidate pixels, using a 

m odel which allows to m ain 

ta in  an  increased sensitivity 

within clusters

p r e t in g  lesio n s. D e t e c t io n  is a le ss e r  p r o b le m  h e r e , b e 

cau se t h e  p o s i t io n  o f  a b n o r m a l i t ie s  can  b e  co n s t r a in ed  

b y  an n o t a t io n s  o f  t h e  r a d io lo g is t .  M o s t  o f  t h e  r e se a r ch  

in  c la ss i f ic a t io n  m et h o d s is d i r e c t e d  a t  c h a r a c t e r iz a t io n  

o f  m ic r o c a lc i f i c a t io n  c lu st er s. Pa t t e r n  r e c o g n i t io n  m e t h 

od s, su ch  as n e u r a l  n e t w o r k s , seem  t o  b e  v e r y  w e l l  su it ed  

f o r  t h is p r o b lem , w h ich  r e q u i r e s  c o m b in a t io n  o f  e v i 

d en ce f r o m  m an y  so u rces. D e t e c t i o n  o f  m ic r o c a lc i f i 

ca t io n s r em a in s  an  im p o r t a n t  issu e , b ecau se  co m p u t e r 

iz ed  c la ss i f ic a t io n  r e q u ir e s  d e t e c t io n  an d  seg m en t a t io n

f i r s t .

T h e  a im  o f  t h is  p ap e r  is t o  d e sc r ib e  t e c h n iq u e s  d e v e l 

o p ed  f o r  d e t e c t io n  o f  a b n o r m a l  m a m m o g r a p h ic  p a t 

t ern s, w h e r e  t h e  f o cu s is o n  c lu s t e r e d  m ic r o c a lc i f i c a t io n s  

an d  s t e l la t e  lesio n s. Fu r t h e r m o r e ,  i t  is d iscu ssed  h o w  t h e 

p e r f o r m an ce  o f  su ch  t e ch n iq u e s  can  b e o b j e c t i v e ly  as

sessed .

Methods for detection

D ig i t a l  m am m o g r am s can  b e o b t a in e d  b y  d ig i t iz a t io n  o f  

c o n v e n t io n a l ly  r e c o r d e d  f i lm - sc r een  syst em s o r  b y  u sin g  

d ig i t a l  acq u is i t io n  d ev ices. I t  is g o o d  t o  r e a l iz e  t h a t  au t o 

m at ed  p a t t e r n  r e c o g n i t io n  p r o g r am s a r e  o f t e n  n o t  v e r y  

r o b u st  w h en  im ag es co m e f r o m  d i f f e r e n t  so u rces. Ea c h  

d ev ice  h as it s o w n  c h a r a c t e r is t ic s  w i t h  r e sp e c t  t o  n o ise 

an d  co n t r as t  t r an s f e r , an d  t h e  p o s i t io n in g  o f  lab e ls  an d  

m ar k e r s  o n  m am m o g r am s m a y  d i f f e r .  T h is  m a y  cau se 

u n ex p ec t ed  p r o b lem s  f o r  co m p u t e r  p r o g r am s, w h ich  

a r e  o f t en  t u n ed  t o  o n e p a r t i c u la r  im ag e  d a t a  set . T o  m in 

im iz e  su ch  p r o b lem s i t  is im p o r t a n t  t o  d e v e lo p  m et h o d s 

w h ich  a r e  in v a r ia n t  f o r  r e s o lu t io n  an d  g r ey - sca le  co n v e r 

sio n s, an d  w h ic h  u se r e l ia b le  m et h o d s f o r  seg m en t a t io n  

o f  b r eas t  t issu e f r o m  t h e  b ack g r o u n d . T h e  la t t e r  step  is 

co m m o n  t o  a lm o st  an y  p r o g r am  u sed  in  b r e a s t  im ag e 

p ro cessin g .

M e t h o d s  f o r  d e t e c t io n  o f  a b n o r m a l i t ie s  in  m am m o 

g ram s can  r o u g h ly  b e c lass i f ied  in t o  sam p lin g -  an d  r e 

g io n - b ased  ap p ro ach es. In  t h e f i r s t  ap p r o ach , lo ca l  im 

ag e f ea t u r es  a r e  c a lc u la t e d  at  a set  o f  r e g u la r ly  sp aced  

p o in t s  acro ss t h e  w h o le  b r eas t  a r e a . T h e n , f o r  each  p o in t  

a m easu r e  o f  su sp ic io u sn ess is co m p u t e d  f r o m  th ese f e a 

t u r es an d  p o in t s  a r e  su b seq u en t ly  g r o u p ed  in t o  reg io n s 

m ar k ed  as n o r m a l  o r  su sp ic io u s. In  t h e reg io n - b ased  ap 

p r o ach , t h e  i n i t i a l  st ep  o f  t h e p r o g r am  is c r e a t io n  o f  a 

su b d iv is io n  o f  t h e  b r eas t  im ag e in t o  r eg io n s. T h en , f o r  

each  o f  t h ese r eg io n s im ag e  f ea t u r es  a r e  ca lc u la t e d  an d  

co m b in ed  in t o  a m easu r e  f o r  t h e  d eg r ee  o f  su sp ic io u s 

ness.

Detection of microcalcifications

Re c o g n i t io n  o f  m ic r o c a lc i f i c a t io n  c lu s t e r s  h as b een  

st u d ied  b y  m an y  r esear ch e r s  [1 2 - 1 9 ]. A l l  m et h o d s h ave 

in  co m m o n  t h a t  o n e o r  m o r e  f i l t e r s  a r e  u sed  t o  d e t er 

m in e  lo c a l  co n t r as t  at  each  p ix e l  in s id e  a r e g io n  o f  in t e r 

est , u su a l ly  r ep r esen t in g  t h e  w h o le  b r eas t . M ic r o c a lc i f i 

ca t io n s h av e  h ig h  lo c a l  co n t r as t . Flo w e v e r ,  also  o t h er  

h ig h - co n t rast  s t r u c t u r es  ex ist  su ch  as vesse l  w al ls  an d  

t h in  st r in g s o f  c o n n e c t iv e  t issu e. Fu r t h e r m o r e ,  p eak s in  

t h e  im ag e n o ise  m ay  b e h a r d  t o  d is t in g u ish  f r o m  m ic r o 

ca lc i f ica t io n s . Sim p ly  se lec t in g  p ix e ls  w i t h  h ig h  lo cal 

co n t r ast  is n o t  an  ap p r o p r ia t e  w ay , t h e r e f o r e ,  t o  d et ect  

m ic r o c a lc i f ic a t io n s , b ecau se t h is  w o u ld  y ie ld  f a r  t o o  

m an y  f a lse  p o s it ives. A u t o m a t e d  d e t e c t io n  m et h o d s d i f 

f e r  in  t h e  w a y  t h e y  d eal w i t h  t h is  p r o b lem . O f t e n , m an y 

can d id a t e  sp o ts a r e  se lec t ed  o n  t h e b as is  o f  lo ca l  co n 

t r as t  a lo n e , an d  a  seco n d  p r o cess in g  s t ag e r em o ves f a lse 

p o s i t ives  u sin g  m o d els w h ich  r e p r e se n t  p r o p e r t ies  o f  

n o ise an d  n o r m a l  t issu e.

T h e  m et h o d  w h ich  w as d e v e lo p e d  a t  o u r  in s t i t u t e  is 

o u t l in e d  in  F i g . l .  In  a p r ep r o cess in g  st ag e t h e im ag e
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Fig. 2. A n  example of a cluster of mi- 

crocalcifications which is automatically 

detected

n o ise is est im at ed  as a f u n c t io n  o f  s ig n al in t en sit y , w h ich  

al lo w s co n ver s io n  o f  t h e m am m o g ram s to  a g r ey  scale 

w i t h  k n o w n  co n st an t  n o ise le v e l .  T h is  n o ise eq u a l iz a t io n  

p r o ced u r e  g r e a t ly  f a c i l i t a t e s  f u r t h e r  an alysis [1 6 ], b e 

cau se i t  m ak es t h e  d e t e c t io n  a lg o r i t h m  less d ep en d en t  

o n  im ag e acq u is i t io n . T h e  p ro cessed  im ag e is su b se

q u en t ly  u sed  as in p u t  t o  t h r ee  f ea t u r e  d etecto rs, w h ich  

co m p u t e lo ca l  co n t r as t  at  t w o  sp a t ia l  scales an d  ex t r act  

a m easu re w h ich  in d ica t es  i f  a l in e a r  l in e  o r  ed g e st ru c 

t u r e  is l i k e ly  t o  b e p r esen t . T h ese t h r ee  f eat u r es are 

co m b in ed  in  a s t a t is t ica l  w ay  t o  lab e l  a l l  p ix els in  t h e im 

ag e as b ack g r o u n d , l in e  o r  f i lm  em u ls io n  ar t e f ac t  

(b la c k ) o r  as m ic r o c a lc i f ic a t io n  (w h i t e ).  T h is in i t ia l  l a 

b el in g  is p e r f o r m ed  a t  a v e r y  sen s it ive  le v e l  in  o rd er  

n o t  to  m iss an y  t r u e  m ic r o ca lc i f ica t io n s . Fin a l ly , each  

p ix e l is r e lab e led  in  an  i t e r a t iv e  sch em e, m ak in g  u se o f  

t h e in f o r m at io n  a v a i la b le  in  it s n e ig h b o u rh o o d . O n ly  

p ix els w i t h  a h ig h  l ik e l ih o o d  o f  b e in g  p ar t  o f  a t r u e m i 

c r o ca lc i f ica t io n  s u r v iv e  in  t h is  p ro cess, w h er e  t h e  l i k e l i 

h o o d  d ep en d s o n  h o w  m an y  o t h e r  m ic r o ca lc i f ica t io n s  

t h ere ar e  in  t h e i r  n e ig h b o u r h o o d . A n  ex am p le o f  a 

m am m o g ram  in  w h ic h  a c lu s t e r  o f  m ic r o ca lc i f ica t io n s  

w as d et ect ed  is sh o w n  in  Fig . 2.

Detection of masses

In  th e m a jo r i t y  o f  cases m issed  b y  screen in g  a m ass is in 

v o lved  [4 ], w h ich  is t h e  m o st  im p o r t an t  m am m o g rap h ic 

sig n  f o r  d e t ec t io n  o f  in v as iv e  b r east  can cer . M asses 

m ay b e h ard  t o  d e t ec t  as t h ey  ar e  eas i ly  o b scu red  b y 

t h e f ib r o g lan d u la r  t issu e, esp e c ia l ly  w h en  t h e t u m o r  is 

s t i l l  sm all. C o m p u t e r iz ed  d e t ec t io n  o f  m asses in  m am 

m o g ram s has b een  in v es t ig a t ed  b y  a n u m b er  o f  g rou p s. 

L a u  an d  Bis c h o f  [2 0 ] an d  N g  an d  Bis c h o f  [21 ] t r y  to  d e 

t e r m in e t h e p r esen ce  o f  m asses b y  co m p ar in g  b r ig h tn ess 

an d  t ex t u re f ea t u r es  in  co r r esp o n d in g  reg io n s o f  t h e le f t  

an d  r ig h t  m am m o g ram s. Re g is t r a t io n  is p er f o r m ed  b y 

m ap p in g  t h r ee c o n t r o l  p o in t s  o n  t h e  b reast  b o u n d ary, 

t h e n ip p le an d  t h e t w o  ch est  w a l l  p o in t s, an d  b y ca lcu la t 

in g  th e d isp lacem en t  o f  a l l  o t h e r  p o in t s b y  so m e in t e r p o 

la t io n  r u le . G ig e r  e t  al. [2 5 ] an d  N ish ik a w a  e t  al. [2 4 ] d e 

sig ned  a m et h o d  t o  d e t ec t  m asses b ased  on  su b t r act io n

o f  le f t  an d  r ig h t  m am m o g r am  a f t e r  au t o m a t ic  a l ig n 

m en t . Po t e n t ia l l y  su sp ic io u s r eg io n s  a r e  id e n t i f ie d  in  

t h e  su b t r ac t io n  im ag es an d  c la s s i f ic a t io n  o f  t h ese r e 

g io n s is p e r f o r m e d  o n  t h e b as is  o f  im ag e f ea t u r es  d e t er 

m in ed  in  t h ese reg io n s. Re s u l t s  r an g e f r o m  a t ru e- p osi-  

t iv e  d e t ec t io n  f r a c t io n  o f  9 0  %  f o r  les io n s  la r g e r  2  cm  t o  

30 %  f o r  t u m o r s  o f  a p p r o x im a t e ly  1 cm , b o t h  at  a false-  

p o s i t iv e  le v e l  o f  2  FP/ im a g e . M i l l e r  an d  A s t le y  [2 2 ] a lso  

in ves t ig a t ed  asy m m et r y  d e t e c t io n . T h e y  reco g n iz ed  t h e  

p r o b lem  o f  in ad e q u a t e  r e g is t r a t io n  g en e r a t in g  f a lse  

asym m et r ies, an d  an a ly se d  m et h o d s w h ic h  r ad io lo g is t  

u se in  o r d e r  t o  le a r n  f r o m  t h e i r  ex p e r ien ce . T h e y  f o u n d  

t h a t  m an y  o f  t h e r a d io lo g is t ’s co m p ar iso n s  h av e  a r e 

g io n a l b asis, co n s id e r in g  f o u r  b r east  q u ad r an t s  an d  t h e  

g lan d u la r  r eg io n . A s  t h e m a j o r i t y  o f  t h e  can cer s are l o 

cat ed  in  t h e  g la n d u la r  r e g io n , w h e r e  t h e y  m ay b e o b 

scu red , r ad io lo g is t s  h ave  s p e c ia l  co n s id e r a t io n  f o r  t h e  

sh ap e o f  t h e  g la n d u la r  d isc. T h e  r esear ch e r s  at t em p t  t o  

seg m en t  f a t  f r o m  n o n - f at  r e g io n s  an d  t o  d e t ec t  m asses 

b y  d e t e r m in in g  le f t - r ig h t  asy m m e t r y  in  t h e sh ap es o f  

t h e  n o n - fat  r eg io n s. Br z a c o v ic  et  a L [2 3 ] d escr ib e a 

m u lt isca le  m ass d e t e c t io n  sch em e b ased  o n  fu z z y lo g ic. 

O n  a t est  set  o f  12  im ag es sh o w in g  an  i r r e g u la r  m ass 

t h e i r  m et h o d  c o r r e c t l y  la b e le d  t h e  m ass in  8 cases, b u t  

n o  f a lse - p o s it ive  r a t e  w as r e p o r t e d . F in a l l y ,  in  a r ecen t  

s t u d y  Pe t r i c k  e t  al. [2 6 ] su g g est  t h e  u se o f  a n ew  co n t r as t  

en h an cem en t  f i l t e r  f o l lo w e d  b y  ed g e d e t ec t io n  t o  g en er 

ate t ar g et  sig n als, w h ic h  a r e  t h e n  c la s s i f ie d  b y a s t a t is t i 

ca l  o r  n e u r a l  n e t w o r k  c lass i f ie r .

Detection of stellate lesions

I t  ap p ears t h a t  m o st  m a l ig n a n t  d en s i t ies  h ave  i r r e g u la r  

sh ap es an d  t h a t  t h e y  are f r e q u e n t ly  su r r o u n d ed  b y  a r a 

d ia t in g  p a t t e r n  o f  l i n e a r  sp icu les. So m et im es, t h e  ce n t r a l  

d en s it y  is f a in t  o r  ab sen t . In  t h o se  cases t h e  s t e l la t e  p a t 

t e r n  o f  sp icu les is t h e  m o st  im p o r t a n t  s ig n . K e g e lm e y e r  

et  a l . [1 1 ] an d  K e g e lm e y e r  [2 7 ] d esc r ib e  a m et h o d  f o r  

d e t ec t io n  o f  s t e l la t e  lesio n s. T h e  m e t h o d  is b ased  o n  

t h e an a lys is  o f  h is t o g r am s o f  lo c a l  ed g e  o r ien t a t io n s  

an d  a p p l ic a t io n  o f  t h e  L a w ’s t e x t u r e  m easu res. Fe a t u r e s  

are co m b in ed  u sin g  a  b in a r y  d ec is io n  t r e e  t o  la b e l  p ix els
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Fig. 3 A -D . A  stellate  lesion au tom atica lly  detected , T he pectoral 

muscle of the  m am m ogram  shown in A  is recognized  and rem oved, 

and intensities n ea r  the  skin line are co m p en sa ted  for by reduced 

breast thickness (B). C Bright a reas d e tec ted  at different scales 

determ ine the size of regions to be  analysed for spiculation. 

D The result shows the  m easure  o f  suspiciousness which was com 

pu ted  at each im age site. The bright a rea  m arks the position of a 

m alignant stellate lesion

as n o r m a l o r  ab n o r m a l. T h is  p ix e l- b ased  ap p r o ach  f o r  

r e c o g n i t io n  o f  s t e l la t e  les io n s  seem s t o  b e  su p e r io r  to  

t h e  r eg io n - b ased  ap p r o ach  d e sc r ib e d  b y  W o o d s  an d  

Bo w y e r  [2 8 ]. Pix e lw is e  c la s s i f i c a t io n  b ased  on  lo c a l  f e a 

t u r es also  f o r m s t h e  b asis o f  a m e t h o d  f o r  d e t ec t io n  o f  

s t e l la t e  d is t o r t io n  d e v e lo p e d  a t  o u r  in s t i t u t e  [3 1 ]. In  

t h is  m et h o d  d e t e c t io n  is p e r f o r m e d  b y  s t a t is t ic a l  a n a ly 

sis o f  a m ap  o f  l in e- b ased  p ix e l  o r ie n t a t io n s . T h e  id ea is 

t h a t  i f  a s t r o n g  in c r e a se  in  p ix e ls  p o in t in g  t o  a g iven  r e 

g io n s is f o u n d , t h is  r e g io n  is su sp ic io u s, esp e c ia l ly  i f  

su ch  an  in c r e ase  is f o u n d  in  m a n y  d i r e c t io n s . N o  a t t em p t  

is b e in g  m ad e to  e x p l i c i t l y  id e n t i f y  sp icu les . T h e  ca lcu la 

t io n s ar e  p e r f o r m e d  a t  a  g r id  o f  s i t es in s id e  t h e  im ag ed  

b r eas t  ar ea. A f t e r w a r d s , n e ig h b o u r in g  s i t es  w i t h  a h ig h  

le v e l  o f  su sp ic io u sn ess a r e  l in k e d  u p  t o  f o r m  reg io n s. 

Be f o r e  c a lc u la t io n  o f  t h e  p ix e l  o r ie n t a t io n  m ap , t h e  

b r eas t  t issu e is seg m en t ed  f r o m  t h e  b ack g r o u n d , an d  in  

t h e o b l iq u e  v ie w s  t h e  p e c t o r a l  m u sc le  is m ar k ed . A n  ex 

am p le  o f  t h is  seg m en t a t io n , w h ic h  is p e r f o r m e d  f u l ly  au 

t o m a t ica l ly , is sh o w n  in  Fig . 3 b. I t  u sed  t o  p e r f o r m  a f i l 

t e r in g  step  in  w h ic h  t h e  p e c t o r a l  m u sc le  is r e m o v e d  an d  

in  w h ich  t h e  d ecr ease  o f  im ag e  in t e n s i t ie s  n e a r  t h e

b reast  sk in  l in e  is co m p en sat ed  fo r . T h e  p ro cessed  im 

ag e is u sed  as in p u t  t o  a b an k  o f  f i l t e r s  f o r  d e t ec t io n  o f  

b r ig h t  areas at  a r an g e o f  sp a t ia l  scales (Fig . 3 c ). W h e n  

su ch  a b r ig h t  a r ea  is p resen t , i t s  scale  is u sed  t o  set  t h e 

siz e o f  t h e  su r ro u n d in g s t o  b e an a lysed  f o r  d e t ec t io n  o f  

sp icu la t io n . In  case a sm all d en s it y  is p r esen t , t h e p r o 

g ram  an alyses a sm a l le r  r eg io n  t h a t  in  t h e  case o f  a la r 

g er  d en sit y.

Pix e l  o r ien t a t io n s  are es t im at ed  u sin g  a n ew  m et h o d  

b ased  o n  G au ss ian  scale- sp ace t h eo r y . I f  a l in e- l ik e  

s t r u c t u r e  is p r esen t  at  a g iven  p ix e l, t h is  m et h o d  p r o 

v id es an  accu r at e  est im at e o f  i t s  o r ie n t a t io n , w h ereas in  

o t h er  cases t h e im ag e n o ise g en erat es so m e r an d o m  o u t 

p u t . T h e  o r ie n t a t io n  est im at es ar e  u sed  t o  co n st r u ct  t w o  

o p er at o r s  w h ich  resp o n d  t o  r a d ia l  p a t t e r n s  o f  st r aig h t  

l in es. T h e  f i r s t  o n e is d e f in ed  t o  m easu r e  t h e t o t a l  n u m 

b er  o f  p ix e ls w i t h  d ir ec t io n s  p o in t in g  t o  a t est  area. I f  

t h is n u m b er  is s ig n i f ican t ly  m o r e  t h an  w o u ld  b e ex 

p ect ed  o n  t h e b asis o f  ran d o m n ess, t h e a r ea  m ay  b e su s

p ic io u s. H o w e v e r , i f  an  in c r ease  in  t h e n u m b er  o f  p ix els 

o r ien t ed  t o w ard s a r eg io n  is f o u n d  in  a f ew  d ir ec t io n s 

o n ly, i t  is n o t  v e r y  l i k e ly  t h a t  t h e  s it e b e in g  ev a lu a t ed  b e 

lo n g s to  t h e cen t r e  o f  a s t e l la t e  p a t t e r n . O n  t h e o t h er  

h an d , i f  ev id en ce  f o r  sp icu les is f o u n d  in  m an y  d i r e c 

t io n s, t h is sh o u ld  in cr ease t h e  l ik e l ih o o d  o f  a s t e l la t e  

s t r u c t u r e  b ein g  p resen t . T o  r ep r esen t  t h is p r o p er t y , a 

seco n d  o p e r a t o r  is co n st r u ct ed , m easu r in g  t h e u n i f o r 

m i t y  o f  t h e o r ie n t a t io n  m ap . T h e  t w o  f ea t u r es  d ef in ed  

are co m b in ed  to  f o rm  an  im ag e r ep r esen t in g  t h e d eg ree 

o f  su sp icio u sn ess at  each  p ix e l. Fig u r e  3 d  sh o w s an  ex 

am p le w h er e  b r ig h t  sp o t  is a t  t h e  lo c a t io n  o f  a h is t o lo g i 

c a l ly  v e r i f ie d  m al ig n  s t e l la t e  d is t o r t io n .

Performance measurement

W it h  t h e st ro n g  in cr ease in  r esear ch  in  co m p u t er - aid ed  

d iag n o sis, o b je c t iv e  m easu r em en t  o f  t h e  p e r f o r m an ce  

o f  co m p u t er  p ro g ram s w h ich  d e t ec t  les io n s h as b eco m e 

an  im p o r t an t  issu e. T h e r e  a r e  t w o  m a in  p ro b lem s. T h e  

f i r s t  o n e is t h at  m o st  r esear ch er s  u se t h e i r  o w n  im ag e 

d atab ases, w h ich  m ak es i t  h a r d  t o  co m p ar e  p u b l ish ed  r e 

su lts. To  o ver co m e t h is p r o b lem , co m m o n  d atab ases 

w it h  d ig i t a l  m am m o g ram s ar e  b e in g  d is t r ib u t ed  n ow , o r  

w i l l  b eco m e a v a i la b le  so o n  [1 6 , 2 9 ]. T h e  seco n d  p r o b lem  

is s t an d ar d iz at io n  o f  p e r f o r m an ce  m easu r em en t , g iven  

t h at  r e l ia b le  an n o t a t io n s ar e  p a r t  o f  t h e  d at ab ase.

A  m et h o d  w h ich  is w id e ly  u sed  in  r a d io lo g y  f o r  m ea 

su r in g  d e t ec t io n  p e r f o r m an ce  is r eceiver - o p erat in g -  

ch ar ac t e r is t ics  (R O C )  an a lys is  [3 0 ]. In  t h is m et h o d  an  

im ag e set  is co l le c t e d  w h ich  co n t a in s b o t h  n o r m al an d  

ab n o r m al cases. T h en , each  im ag e is r a t e d  in  an  o b 

se r ver  p e r f o r m an ce  st u d y  acco r d in g  t o  t h e co n f id en ce  

o f  a r ead e r  t h a t  t h e im ag e is ab n o r m al. Ex p e r im e n t a l  r e 

su lt s are p lo t t ed  as an  R O C  cu r ve , r ep r esen t in g  t h e 

t r u e- p o sit ive f r a c t io n  as a f u n c t io n  o f  t h e  f a lse- p o sit ive 

rat e. T h e  R O C  an alys is h as b een  ap p l ie d  t o  eva lu a t e  

t h e p er f o r m an ce  o f  r ad io lo g is t s  w i t h  an d  w it h o u t  co m 

p u ter - assisted  r ead in g .

A  p r o b lem  w it h  R O C  an a lys is  is t h a t  i t  can n o t  d ea l 

w it h  m u l t ip le  lesio n s p e r  case an d  t h a t  t h e  lo ca t io n s  o f
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Fig. 4. Free-response receiver-operating-characteristics curves 

showing results for automatecl-cletection microcalcification clus

ters and stellate lesions. Also, a rough estimate of the average per

formance of a radiologist in breast cancer screening is marked (X )

lesio n s r ep o r t ed  b y  a r e ad e r  o r  p r o g r am  are n o t  ve r i f ied . 

Fo r  an alysis o f  d e t ec t io n  p e r f o r m an ce  in  co m p lex  im 

ages, su ch  as m am m o g ram s, t h is is a sever e d raw b ack . 

In  case o f  m ic r o ca lc i f ica t io n s , f o r  in st an ce, m u lt ip le  

clu sters o f t en  o ccu r . M o r e o v e r , a t  t h e cu r r en t  stag e o f  

d eve lo p m en t , co m p u t e r iz ed  d e t ec t io n  o f  m am m o-  

g rap h ic lesio n s o f t en  r esu lt s  in  m o r e t h an  o n e area sig 

n aled  p er  im ag e. Fo r  t h is r easo n  f ree- resp o n se R O C  

(F R O C ) is a m o r e ap p r o p r ia t e  t o o l  f o r  eva lu a t in g  th e 

p er f o r m an ce o f  au t o m at ed  d e t ec t io n  [3 2 ]. In  t h is ap 

p ro ach  t h e f r ac t io n  o f  t r u e  p o s it ives  is ca lcu la t ed  as a 

f u n c t io n  o f  t h e  n u m b er  o f  f a lse  p o s it ives p er  im ag e. To  

g en erat e su ch  a cu r v e , a p a r am e t e r  can  b e ad ju st ed  in  

m ost  a lg o r i t h m s t o  t r ad e  o f f  se n s i t iv i t y  ag ain st  sp ecif ic-  

it y. A  d isad van t ag e o f  t h e  u se o f  F R O C  cu rves is t h at  

p ro ced u res f o r  p e r f o r m in g  s t a t is t ica l  an alys is are s t i l l  

u n d er  d eve lo p m en t .

W h e n  ju d g in g  ex p e r im en t a l  resu lt s, i t  is im p o r t an t  to  

r ea l iz e  t h at  d e f in i t io n s  u sed  f o r  t ru e-  an d  f a lse- p o sit ive 

d et ect io n s o f t en  d i f f e r . To  ch eck  w h e t h er  a su sp icio u s 

area m ark ed  b y  a p r o g r am  co r resp o n d s w it h  an  an n o 

t at ed  les io n , o f t en  so m e o v e r lap  c r i t e r io n  is u sed . I f  t h e 

o ver lap  w it h  t h e  an n o t a t io n  is la r g e  en o u g h , t h e d e 

t ect ed  area is co u n t ed  as a h i t ; o t h er w ise , i t  is a f a lse p o s 

i t ive . A n o t h e r  c r i t e r io n  w h ich  can  b e ap p lied  to  d et er 

m in e th e h i t  r a t e  u ses t h e m o st  su sp icio u s p o in t  in  a 

m ark ed  reg io n . A  t r u e  p o s i t ive  is o n ly  co u n t ed  i f  th is 

p o in t  l ies w i t h in  t h e an n o t a t ed  reg io n . In  g en er a l, w e 

fo u n d  t h at  d i f f e r e n t  c r i t e r ia  g ive s im i la r  r esu lt s w h en  

th e false- alarm  r a t e  is lo w . O n  t h e o t h er  h an d , resu lt s 

m ay d i f f e r  s ig n i f ic a n t ly  w h en  t h e n u m b er  o f  f a lse p o s i 

t ives p er  im ag e g ets la r g e r  t h an  t h r ee.

Fig u r e  4 sh o w s F R O C  cu r ves f o r  d e t ec t io n  o f  m ic r o 

ca lc i f ica t io n s  an d  s t e l la t e  lesio n s. Bo t h  cu rves w er e  d e 

t erm in ed  on  co m m o n  d at aset s w i t h  so f t w ar e  d eve lo p ed  

at  o u r  in st i t u t e . T h e  m et h o d  f o r  s t e l la t e  les io n  d et ect io n  

w as ap p lied  t o  50 m am m o g ram s t ak en  f r o m  th e M IA S  

d atab ase [2 9 ], w h ich  ar e  a l l  cases f r o m  t h e U K  b reast  

can cer  screen in g  p r o g r am . T h e  im ag es w er e  resam p led

f r o m  t h e o r ig in a l  5 0  ¡mm r e s o lu t io n  t o  2 0 0  |am / p ix el b e 

f o r e  p r o cessin g . A t  a r a t e  o f  o n e  f a lse  p o s i t iv e  p er  im 

ag e, a d e t e c t io n  s e n s i t iv i t y  o f  m o r e  t h an  9 0 % is 

ach ieved . T h e  m e t h o d  f o r  d e t e c t io n  o f  m ic r o c a lc i f i c a 

t io n s w as t es t ed  o n  4 0  d ig i t a l  m am m o g r am s d ig i t iz ed  in  

o u r  in s t i t u t e  w i t h  a 1 2 - b it  C C D  cam er a  a t  100 ¡im / p ix el. 

A t  o n e f a lse  p o s i t iv e  p e r  im ag e  95 %  o f  t h e c lu st er s 

w e r e  d e t ec t ed  in  t h is  d a t ab ase . T h e  40  im ag es w e r e  

m ad e a v a i la b le  f o r  o t h e r  r e se a r c h  g ro u p s an d  h ave  

b een  u sed  in  a n u m b e r  o f  p u b l ish e d  s t u d ies [1 7 - 1 9 ]. M i 

c r o c a lc i f ic a t io n  d e t e c t io n  r e su l t s  t h a t  w e  o b t a in ed  o n  

t h is  d at ab ase h ad  n o t  y e t  b een  im p r o v e d  b y  o th ers.

Conclusion

T h e  p e r f o r m an ce  o f  p a t t e r n  r e c o g n i t io n  p r o g r am s 

w h ich  h av e  b een  d e v e lo p e d  t o  a id  r ad io lo g is t s  in  d e t ec t 

in g  b reast  can ce r  is r each in g  a  le v e l  n o w  t h a t  a p p l ic a t io n  

seem s to  b e b eco m in g  w o r t h w h i le .  T h e  se n s i t iv i t y  o f  

m et h o d s f o r  d e t ec t in g , m ic r o c a lc i f i c a t io n  c lu st er s an d  

s t e l la t e  les io n s is r e l a t i v e l y  h ig h  at  a f a lse - p o s it ive  r a t e  

w h ich  m ay  b e accep t ab le . Fo r  d en s it ies  an d  asy m m et r y  

t h e p e r f o r m an ce  o f  co m p u t e r iz e d  d e t e c t io n  is s t i l l  lo w . 

Fo r  in s t an ce , a t  a s p e c i f i c i t y  o f  1 FP/ im ag e  a t r u e- p o si 

t i v e  f r a c t io n  o f  o n ly  30 %  is r e p o r t e d  b y N is h ik a w a  e t  

al. [2 4 ] f o r  m asses w i t h  d iam e t e r s  b e t w e e n  8 an d  

14 m m . Sim i la r  r esu lt s  w e r e  o b t a in ed  b y  Pe t r i c k  et  a l. 

[2 6 ] f o r  m asses o f  u n k n o w n  siz e. Fo r  s t e l la t e  les io n s 

an d  m ic r o c a lc i f i c a t io n  c lu s t e r s  t h e  s e n s i t iv i t y  is ap p r o x i 

m a t e ly  9 0 % a t  t h e  sam e sp ec i f ic i t y . N o  r esu lt s  h av e  

b een  p u b l ish ed  y e t  w h ich  co m e c lo se t o  t h e p e r f o r 

m an ce o f  h u m an  r ead er s . Fo r  ex am p le , assu m in g  a p o s i 

t i v e  p r e d ic t iv e  v a lu e  o f  2 0  %  an d  an  in c id e n ce  o f  0.5 %  

[3 3 ], i t  can  b e ca lc u la t e d  v e r y  r o u g h ly  t h a t  a r a d io lo g is t  

in  b reast  can ce r  sc r een in g  r e p o r t s  ap p r o x im a t e ly  2 0  

f a lse  p o s i t iv es  p e r  1000 cases. T h is  co r r esp o n d s t o  

0.01 FP/ im ag e , g iv e n  t h a t  t h e r e  are t w o  o b l iq u e  v iew s  

t ak en  p er  case. W i t h  an  e s t im a t e d  s e n s i t iv i t y  o f  ap p r o x i 

m a t e ly  75 %  t h is  p o in t  can  b e  m ar k ed  in  t h e  F R O C  p lo t  

(Fig . 4 ). T h is  g ives an  im p r e ss io n  o f  t h e  d i f f e r e n t  le v e ls  

o f  p e r f o r m a n c e  o f  r ad io lo g is t s  an d  co m p u t e r  p ro g ram s. 

O f  co u r se, t h e p e r f o r m a n c e  l e v e l  o f  r ad io lo g is t s  also  i n 

c lu d es d e t e c t io n  o f  m asses, an d  w i t h  r esp ec t  to  m ic r o c a l 

c i f ica t io n s  i t  sh o u ld  b e n o t e d  t h a t  r ad io lo g is t s  do n o t  

o n ly  d e t ec t  t h em , b u t  also  d is t in g u ish  b en ig n  f r o m  m a 

l ig n  t yp es. T h e  la t t e r  is n o t  r e f le c t e d  in  t h e  F R O C  cu r v e  

o f  t h e  co m p u t e r  r ead o u t .

A l t h o u g h  t h e r e  is c o n v in c in g  e v id e n c e  n o w  t h a t  

p r o m p t in g  o f  su sp ic io u s a r e as  f o u n d  b y  co m p u t e r  p r o 

g ram s can  in c r ease  in  t h e le v e l  o f  p e r f o r m an ce  o f  r a d io l 

o g ist s s ig n i f ican t ly , i t  is n o t  k n o w n  y e t  h o w  r ad io lo g is t s  

in  a r e a l  sc r een in g  s i t u a t io n  can  d ea l w i t h  la r g e  n u m b ers 

o f  f a ls e  p o s it ives. O b s e r v e r  p e r f o r m an c e  s t u d ies  w h ich  

h ave  b een  co n d u c t ed  up  t o  n o w  u se d at aset s in  w h ich  

t h e f r a c t io n  o f  a b n o r m a l  cases is f a r  la r g e r  th an  in  

screen in g . L a r g e  t r i a l s  n eed  t o  b e p e r f o r m e d  t o  d em o n 

s t r a t e  t h at  co m p u t er - ass is t ed  r e a d in g  is b e n e f ic ia l .
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