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Abstract

Nuclei segmentation on bright-field images

Francisco Cruz Fernández

Nuclei segmentation is a common and complicated task in image analysis. There is no
general solution for the problem, and depending on the image characteristics the
segmentation can be performed in different ways. Bright-field images add some
complications to the problem; the color of some elements of the image is close to the
color of the nuclei, making the segmentation difficult. In this thesis some methods are
presented to complete this task, two classifiers, minimum distance classifier and
multilayer perceptron are tested to enhance the nuclei. After the classification,
threshold methods together with morphological operations are used to get the
segmentation of the nuclei with an accuracy around 85%.
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'(! 2#$! 1-%//! %,0! 2#$! $-$*$,2! 2'! 1-%//)(.! )/! &$3&$/$,2$0! <.! "4! F(2$&! 1%-17-%2$! 2#$!
0)/2%,1$!2'!$%1#!1-%//?!2#$!$-$*$,2!6)--!<$!1-%//)()$0!%/!g!h4!
!

#
#
#
#
#
#
#
#
#
#
#
#
#
#

!!!!!!@)+7&$!WY!J$3&$/$,2%2)',%-!/3%1$!'(!2#$!1-%//)()1%2)',!3&'1$//4!

#
#
#
5"H"H#E/*'3<#%/&0('7=K#@*<&,<3:/'#I/'+/I&'(%#
#
F,!%&2)()1)%-!,$7&%-!,$26'&>!GF==H!)/!%!*%2#$*%2)1%-!*'0$-!),/3)&$0!),!2#$!'3$&%2)',!
6%.!'(!2#$!%,)*%-!,$&8'7/!/./2$*4!;2!1',/)/2/!'(!%,!),2$&1',,$12$0!+&'73!'(!%&2)()1)%-!
,$7&',/!6'&>),+!2'+$2#$&!2'!3&'071$!%,!'72372!/2)*7-7/4!
!
;,!2#$!,$26'&>?!$%1#!/),+-$!,$7&',!+$2/!%,!),372!%,0!$*)2/!%,!'72372!+)8$,!<.!2#&$$!
(7,12)',/Y!
!

- F! 3&'3%+%2)',! (7,12)',! 2#%2! +$,$&%--.! 1',/)/2/! ),! 2#$! /7**%2)',! '(! $%1#!
),372!*7-2)3-)$0!<.!2#$!),2$&1',,$12)',!6$)+#24!

- F,! %12)8%2)',! (7,12)',! 2#%2! *'0)()$/! 2#$! 3&'3%+%2)',! (7,12)',! '72372!
%11'&0),+!2'!2#$!%12)8%2)',!(7,12)',!2.3$4!

- F! 2&%,/($&! (7,12)',! %33-)$0! 2'! 2#$! %12)8%2)',! (7,12)',! '72372! 0$-)*)2),+! )2!
%11'&0),+! 2'! 2#$! ),2$&3&$2%2)',! '(! 2#$! 0$/)&$0! '723724! 5'*$! '(! 2#$! *'/2!
1'**',! ',$/! %&$! 2#$! /)+*')0! (7,12)',?! 8%-7$/! <$26$$,! Ra?ST?! %,0! 2#$!
#.3$&<'-)1!2%,+$,2?!8%-7$/!<$26$$,!RAS?ST!

!
F!*7-2)-%.$&!3$&1$32&',! )/! %,!F==!1',/)/2),+!'(!*7-2)3-$! -%.$&/! 2#%2!%--'6/! /'-8),+!
,',A-),$%&!/$3%&%<-$!3&'<-$*/!G2#$!*%),! -)*)2%2)',!'(!2#$!/),+-$!3$&1$32&',?!6#)1#!
1%,! ',-.! /'-8$! -),$%&A/$3%&%<-$! 3&'<-$*/H4! "#$! -%.$&/! 1%,! <$! 1-%//)()$0! ),2'! 2#&$$!
2.3$/Y!
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- ;,372! -%.$&Y! "#)/! -%.$&! 1',2%),/! 2#$! ),372! ,$7&',/?!6#)1#! &$1$)8$! 2#$! ),372!
3%22$&,/!'(!2#$!,$26'&>4!;,!%!,$26'&>?!2#$&$!)/!',-.!',$!),372!-%.$&!%,0!2#$&$!
)/!,'2!3&'1$//),+!),!2#$!,$7&',/!'(!2#)/!-%.$&4!
!

- D)00$,!-%.$&Y!"#)/!2.3$!'(!-%.$&!&$3&$/$,2/!2#$!1'&$!'(!%!,$7&%-!,$26'&>4!"#$!
),('&*%2)',! (&'*!2#$! ),372! -%.$&/! )/!3&'1$//$0! 2#&'7+#! 2#$!#)00$,!,$7&',/!
1%-17-%2),+! 2#$! 1'&&$12! 6$)+#2/! ('&! 2#$! /*''2#! &7,,),+! '(! 2#$! ,$26'&>4!
Z7-2)-%.$&!3$&1$32&',!)/!1#%&%12$&):$0!<.!#%8),+!',$!'&!*'&$!#)00$,!-%.$&/?!
%,0! 0$3$,0),+! '(! 2#$! 3&'<-$*! 2#$! 1',()+7&%2)',! '(! 2#$/$! -%.$&/! *7/2! <$!
1%&$(7--.!/270)$04!!
!

- f72372! -%.$&Y!"#$!'72372!8%-7$/!'(! 2#$!,$7&',/!'(! 2#)/! -%.$&!%&$!2#$!'72372!
('&!2#$!6#'-$!,$26'&>!%,0!%-/'!2#$!1-%//)()1%2)',!&$/7-24!

!
;,!%!*7-2)-%.$&!3$&1$32&',?!2#$!'72372!'(!2#$! -%.$&! !! )/!1',,$12$0!6)2#!2#$! ),372!'(!
2#$!('--'6),+!,$7&',/!(&'*!2#$!-%.$&!!"#!%/!/$$,!<$-'6Y!
!

"#$! -$%&,),+! /2%+$! ',! %! *7-2)-%.$&! 3$&1$32&',!
1',/)/2/! ),! 2#$! *'0)()1%2)',! '(! 2#$! 6$)+#2/!
<$26$$,!,'0$/!%11'&0),+!2'!2#$!),372!8%-7$/!'(!
2#$!,$26'&>4!!
!
f,$! '(! 2#$! *'/2! 7/$0! -$%&,),+! (7,12)',/! )/!
<%1>3&'3%+%2)',4! "#$! %-+'&)2#*! 1%-17-%2$/! 2#$!
$&&'&! ),! 2#$! '72372! ,'0$/! %11'&0),+! 2'! 2#$!
2%&+$2! 8%-7$/! (&'*! 2#$! ),372! %,0! 2#$!3&'071$0!
8%-7$/!<.!2#$!3$&1$32&',?!%,0!2#$,!*'0)()$/!2#$!
,$26'&>! 6$)+#2/! %11'&0),+! 2'! 2#)/! $&&'&4! F(2$&!
/$8$&%-! 2&%),),+! /2$3/! 2#$! $&&'&! &$%1#$/! %!
*),)*7*!%,0!2#$!2&%),),+!#%/!2'!<$!/2'33$04!
!

@)+7&$!PY!b$)+#2/!<$26$$,!-%.$&/!',!%!!
,$7&%-!,$26'&>#

!
f,1$!2#$!,$26'&>!)/!2&%),$0!%,0!2#$!6$)+#2/!()E$0?!2#$!1-%//)()1%2)',!3&'1$//!6)--!<$!
3$&('&*$0!7/),+! 2#$! ),372! 8%-7$/!'(! 2#$!$-$*$,2! 2'! 1-%//)(.!6)2#! 2#$!,$26'&>! %,0!
%,%-.:),+!2#$!'72372!8%-7$/4!
!
;,!1%/$!'(!<%0! &$/7-2/!%(2$&! 2&%),! 2#$!,$26'&>!/'*$!1#%,+$/!*%.!<$!1',/)0$&$0! 2'!
)*3&'8$!2#$!6'&>),+?!$4+4?!1#%,+),+!2#$!,$26'&>!1',()+7&%2)',!G,7*<$&!'(!,$7&',/!
),!#)00$,! -%.$&!%,0!,7*<$&!'(!#)00$,! -%.$&/H?!2#$! ),)2)%-!6$)+#2/?!2#$!3%&%*$2$&!'(!
2#$!-$%&,),+!(7,12)',!'&!$8$,!8%&.!2#$!('&*%2!'(!2#$!/%*3-$/!%,0!2#$!0%2%!/$2/!1'7-0!
<$!7/$(7-4#
#
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5"H"L#B9'/=9(<)#F-&=*M=#4/&9()G#
#
"#&$/#'-0),+! )/! 2#$! *'/2! 1'**',! %,0! %*',+! /)*3-$/2! *$2#'0! 7/$0! ),! )*%+$!
/$+*$,2%2)',4!F/!%--! /$+*$,2%2)',!*$2#'0/?! 2#$!*%),! )0$%! )/! 2'!%//)+,!$8$&.!3)E$-!
),2'!%!1$&2%),!+&'73!%,0!2#%2!)/!6#%2!f2/7h/!*$2#'0!0'$/4!!
!
"#$! %-+'&)2#*! %//7*$/! 2#%2! 2#$! )*%+$! 1',2%),/! 26'! +&'73/! '(! 3)E$-/?! <%1>+&'7,0!
%,0!('&$+&'7,0!3)E$-/?!%,0!1%-17-%2$/!2#$!'32)*7*!2#&$/#'-0!-$8$-!2'!/$3%&%2$!2#$*!
/'!2#%2!2#$!0)/3$&/)',!6)2#),!$%1#!/$+*$,2! )/!%/!/*%--!%/!3'//)<-$?!<72!%2!2#$!/%*$!
2)*$! 2#$!0)/3$&/)',! )/!%!#)+#!%/!3'//)<-$!<$26$$,!0)(($&$,2! /$+*$,2/4!"#)/!8%-7$! )/!
'<2%),$0!6#$,!2#$!97'2)$,2!<$26$$,!<'2#!8%&)%,1$/!)/!2#$!*%E)*7*!3'//)<-$4!
!
f,1$! 2#$! 2#&$/#'-0!8%-7$! )/! 1%-17-%2$0?! 2#$!*$2#'0!0$1)0$/! )(!',$!3)E$-!<$-',+/! 2'!
',$!1$&2%),!+&'73!1'*3%&),+!)2/!+&%.!-$8$-!6)2#!2#$!1%-17-%2$0!2#&$/#'-0!-$8$-4!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! ! ! ! !!!!!!!!!!!!!!!GVH!

"#$! 3&'1$//! 6'&>/! %11'&0),+! 2#$! 3&$8)'7/! ('&*7-%! GVH4! f,$! 3)E$-! '(! 2#$! )*%+$! )/!
*%&>$0!%/!gSh!)(!)2/!8%-7$!)/!+&$%2$&!2#%,!2#$!2#&$/#'-0!8%-7$?!%,0!%/!gah!)(!,'24!X)E$-/!
*%&>$0!%/!gSh!G6#)2$H!<$-',+/!2'!2#$!'<B$12?!%,0!2#$!&$/2!'(!$-$*$,2/!%&$!1',/)0$&$0!
%/!<%1>+&'7,04!
!
"#$&$!%&$!/$8$&%-!8%&)%,2/!'(! 2#)/!*$2#'0!<$22$&! /7)2$0! 2'!1$&2%),! 2.3$/!'(! )*%+$/4!
5'*$2)*$/!%!+-'<%-!2#&$/#'-0! -$8$-!('&!2#$!6#'-$! )*%+$!)/!,'2!%!+''0!)0$%! )/!2#$&$!
%&$!%&$%/!'(!2#$!)*%+$!6)2#!8$&.!0)(($&$,2!),2$,/)2.!8%-7$/!'&!*'&$!)--7*),%2$0!2#%,!
'2#$&4! ;,! 2#)/! 1%/$?! +-'<%-! 2#&$/#'-0),+!6)--! 3&'071$!%!<%0! &$/7-2! /$+*$,2),+!*'&$!
$-$*$,2/!(&'*!2#$!0%&>$/2!%&$%!2#%,!(&'*!2#$!1-$%&$&!',$4!
#
#

N#C(+3<#&9'/=9(<),%8#
#
"#$!()&/2!8%&)%2)',!)/!1%--$0!-'1%-!2#&$/#'-0),+4!b)2#!2#)/!*$2#'0!2#$!)*%+$!)/!0)8)0$0!
),2'!&$+)',/!%,0!%! 2#&$/#'-0!8%-7$! )/!1%-17-%2$0! ('&!$%1#!',$!'(! 2#$*4! ;,! 2#)/!1%/$?!
2#$!/$+*$,2%2)',!'(!$%1#!&$+)',!6)--!<$!),0$3$,0$,2!'(!2#$!'2#$&!&$+)',/?!2#7/!2#$!
0)(($&$,1$/!),!-)+#2),+!'&!'2#$&!6)--!,'2!%(($12!2#$!(),%-!&$/7-24!

!
!

!!!GWH!
!
!

!
"#$!*%),!0)/%08%,2%+$!'(!2#)/!8%&)%,2!)/!2#%2!2#$!<'7,0%&)$/!<$26$$,!2#$!&$+)',/!%&$!
8)/)<-$!),!2#$!&$/7-24!"#)/!#%33$,/!6#$,!2#$!2#&$/#'-0!-$8$-/!'(!%0B%1$,2!&$+)',/!%&$!
8$&.!0)(($&$,2!3&'071),+!2#)/!7,0$/)&$0!$(($124!
#
#
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N#;:%34,+#&9'/=9(<),%8#
#
F,'2#$&! 6%.! 2'! 0$%-! 6)2#! 2#$! +-'<%-! f2/7h/! *$2#'0! 3&'<-$*! %8')0),+! 7,0$/)&$0!
$(($12/! )/! 1%-17-%2),+! 2#$! 2#&$/#'-0! -$8$-! ('&! $%1#! 3)E$-! %11'&0),+! 2'! %! 0$(),$0!
6),0'64! "#)/! *$2#'0! )/! %,! $E2$,/)',! '(! -'1%-! 2#&$/#'-0),+4! @'&! $%1#! 3)E$-! 2#$!
2#&$/#'-0!)/!1%-17-%2$0!(&'*!%,!=E=!6),0'6!%&'7,0!2#$!3)E$-4!!
!
!!!! ! ! ! ! ! ! !

!!!!!!!!!!!!!! !!!!!!!!!!!!!!!GPH!
!
!
!
"#7/?!t(N(x, y))!&$3&$/$,2/!2#$!2#&$/#'-0!'(!2#$!/$-$12$0!3)E$-!),!2#$!&$+)',!N4 "#)/!
8%&)%2)',! )/! 8$&.! /2%<-$! %+%),/2! )--7*),%2)',! 1#%,+$/?! #'6$8$&! 2#$! &$97)&$0!
1'*372%2)',%-!$(('&2!),!2#)/!1%/$!)/!8$&.!#)+#?!%,0!2#)/!*$2#'0!*7/2!<$!7/$0!',-.!),!
/3$1)()1!1%/$/!6#$,!'2#$&!*$2#'0/!0'!,'2!3&'071$!+''0!&$/7-2/?!'&!1'*372%2)',%-!
2)*$!)/!,'2!%,!)//7$4 
!
#
#
5"H"O#6,<,%/3'#,%&/'I(<3&,(%#
#
C)-),$%&! ),2$&3'-%2)',! )/! %! *$2#'0! '(!
1',/2&712),+! ,$6! 0%2%! 3'),2/! 6)2#),! 2#$!
&%,+$!'(!%!/$2!'(!>,'6,!0%2%!3'),2/!),!26'!
0)*$,/)',/4!
"#)/!3&'1$//!)/!7/$0!6#$,!6$!6%,2!2'!(),0!
2#$!8%-7$!'(!%,!7,>,'6,!(7,12)',!(!%2!',$!
3'),2! GE?! .H! >,'6),+! 2#$! 8%-7$! '(! 2#)/!
(7,12)',! ),!'2#$&! ('7&!3'),2/!dSS?!dSN?!dNS?!
dNN4! ;2! )/! 3'//)<-$! 2'! $/2)*%2$! 2#$! 8%-7$/!
(&'*! 2#$! &$+)',! ('&*$0! <.! 2#$/$! ('7&!
3'),2/!%/!)/!/$$,!),!2#$!)*%+$!',!2#$!&)+#24!
"#$! ('&*7-%! 2'! 1%-17-%2$! 2#$! 8%-7$! '(! ',$!
3'),2!),2'!2#$!&$+)',!)/Y!
!

@)+7&$!QY!d)B!&$3&$/$,2!2#$!>,'6,!!!3'),2/4!X!
)/!2#$!3'),2!2'!),2$&3'-%2$4!5$$!RSaT4!

#
!
!
! !!GQH!

#
#
#
#
#
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5"H"P#@('I9(<(8,+3<#(I/'3&,(%=#
#
;,! )*%+$!3&'1$//),+!*'&3#'-'+)1%-!'3$&%2)',/!%&$!7/$0!2'!1#%,+$!2#$!/#%3$!'&!2#$!
%33$%&%,1$!'(!%,!'<B$12!),!%,!)*%+$4!Z'/2!'(!2#$*!%&$!7/7%--.!7/$0!),!/$+*$,2%2)',!
),!'&0$&!2'!+$2!%!<$22$&!0$(),)2)',!'(!2#$!'<B$12/4!
#
#

N#Q,<<,%8#
#
@)--),+! '3$&%2)',/! %&$! 7/$0! 2'! ()--! /*%--!
#'-$/! '(! 1$&2%),! /#%3$/4! "#)/! '3$&%2)',! )/!
'(2$,! 7/$0! 2'! 1'*3-$2$! 2#$! &$+)',! '(! 2#$!
$-$*$,2/! %(2$&! %,! '3$&%2)',! 2#%2! 1'7-0!
0%*%+$! 2#$*4! ;,! 2#$! )*%+$! ',! 2#$! &)+#2!
%(2$&!!!%!!!3)E$-A1-%//)()1%2)',!!3&'1$//!!!/'*$!!!!!!!!!!!!!!!!!!G%H! ! ! !!!!G<H!
1$,2&%-!!!3)E$-/!!!6$&$!!!!,'2!!!6$--!!!!1-%//)()$0!!
+$22),+!!!/*%--!!#'-$/!!),/)0$!!'(!!2#$*4!@)--),+!!!!!!!!@)+7&$!^Y!G%H!=71-$)!6)2#!#'-$/!<$('&$!()--),+4!!
'3$&%2)',/!%&$!7/$0!),!2#$/$!!1%/$/!2'!&$3%)&!!!!!!!!G<H!=71-$)!%(2$&!()--),+!
2#$!&$+)',!'(!2#$!'<B$12/4!
#
#

N#-I/%,%8#(I/'3&,(%#
#
f3$,),+!%,0!1-'/),+!'3$&%2)',/!%&$!7/$0!2'!&$*'8$!*'&3#'-'+)1%-!,')/$!),!)*%+$/4!
f3$,),+!&$*'8$/!/*%--!'<B$12/!%,0!/*''2#!2#$!/#%3$!'(!2#$!$-$*$,2/?!6#)-$!1-'/),+!
()--!/*%--!#'-$/!(&'*!2#$!$-$*$,2/!%,0!B'),/!-)22-$!'<B$12/!6)2#!,$%&!$-$*$,2/4!
!
F,!'3$,),+!'3$&%2)',!)/!%,!$&'/)',!('--'6$0!<.!%!0)-%2)',4!"#$/$!'3$&%2)',/!/*''2#!
2#$!1',2'7&/!2#&'7+#!%!/):$!*'0)()1%2)',4!L&'/)',!&$*'8$/!/*%--!%,0!2#),!$-$*$,2/?!
%,0!0)-%2)',! ()--! /*%--! #'-$/! %,0! /*%--! $,2&)$/4! "#$! 1'*<),%2)',!'(!<'2#!'3$&%2)',/!
%--'6/!,')/$!&$*'8%-!%,0!/#%3$!/*''2#),+!6)2#'72!1#%,+),+!2#$!/):$!'(!2#$!'<B$12/4#
#
!!
!

#
#
#
#
#

!!!!!!!!!!!!!!!!!!!!!!!G%H!! ! ! ! !!!!!!!!!!G<H!

#
!
@)+7&$!MY!G%H!=71-$)!<$('&$!'3$,),+!'3$&%2)',4!G<H!=71-$)!%(2$&!'3$,),+!'3$&%2)',!

#
#
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>"#@3&/',3<=#3%)#4/&9()=#
#
>"!#$438/#3+R*,=,&,(%#
#
"#$! )*%+$/!7/$0! ),! 2#)/!3&'B$12!%&$! /)*)-%&! 2'! 2#$! )*%+$/!7/$0! ),! RMT4! ;,! 2#)/!6'&>?!
<&)+#2A()$-0! )*%+$/! 6$&$! 1',()&*$0! %/! %,! )*3'&2%,2! 2''-! ('&! <%/)1! %,0! 1-),)1%-!
&$/$%&1#4!
!
C&)+#2A()$-0! )*%+$/!6$&$! %197)&$0!6)2#! %! [$)1%!]@_VNa! 1%*$&%!'8$&! %! [$)1%!]ZJL!
*)1&'/1'3$4! "#$! 2)//7$! /%*3-$/! 6$&$! 3&$8)'7/-.! 2&$%2$0! ),! 2#$! -%<'&%2'&.! %,0!
/2%),$0! 6)2#! #'&/$&%0)/#! 3$&'E)0%/$! GDJXH?! %! 1'**',! $,:.*$! 6)0$-.! 7/$0! ),!
<)'1#$*)/2&.!07$!2'! )2/!%<)-)2.! 2'!%*3-)(.!6$%>!/)+,%-/!%,0! ),1&$%/$!0$2$12%<)-)2.!'(!
2%&+$2!*'-$17-$4!!
!
!
>"5#$438/#=/&#
#
@'&!2#)/!2#$/)/!6$!7/$0!N^!2)//7$!)*%+$/4!"#$!)*%+$/!#%8$!%!&$/'-72)',!'(!NVaWEVa^N!
2#%2!%00!73!2'!^4a^^4MMM!3)E$-/!('&!$%1#!1#%,,$-!&$0?!+&$$,!%,0!<-7$4!b$!1%,!&$%-):$!
2#%2!07$!2'!2#$!-%&+$!,7*<$&!'(!3)E$-/!),!',$!)*%+$?!2#$!%-+'&)2#*/!*%.!2%>$!%!-',+!
2)*$!2'!1'*372$!2#$!&$/7-2/?!/'*$2#),+!2'!>$$3!),!*),0!('&!2#$!('--'6),+!'3$&%2)',/!
%,0!*$2#'0/4!
#
;,! 2#$! )*%+$/! )2! )/! 3'//)<-$! 2'!
0)/2),+7)/#! 0)(($&$,2! $-$*$,2/! 6)2#! %!
,%>$0!$.$4! "#$!,71-$)! 1%,!<$! /$$,!%/!
2#$!37&3-$A<-7$!1)&17-%&!('&*/?!2#$!&$0!
0'2/! %&$! /2%),$0! 3&'2$),/?! %,0! 2#$!
6#)2$! )/! 2#$! <%1>+&'7,04! "#$! ),2$&$/2!
%&$%/! %&$! 2#$! ,71-$)?! <72! 6$! 1%,! /$$!
2#%2! 2#$!&$0!0'2/!*%.!<$!3&'<-$*%2)1!
)(! 6$! 2&.! 2'! 2#&$/#'-0! 2#$! )*%+$!
6)2#'72!3&$A3&'1$//),+4!"#%2/!6#.!6$!
,$$0! 2'! 2&.! ! 2'! $,#%,1$! 2#$! 1',2&%/2!!!
'(!!!2#$!!!,71-$)!!%,0!!!&$*'8$!!!%&2)(%12/! !!!!!!!!!!!@)+7&$!`Y!;*%+$!(&'*!2#$!/$2!
%00$0!!<.!!2#$!!&$0!0'2/!!),2'!2#$!)*%+$4!
!
F,'2#$&! /3$1)%-! ($%27&$! 2'!>$$3! ),!*),0!%<'72! 2#$! )*%+$! )/! 2#$! )--7*),%2)',4! ;,!%--!
)*%+$/! 0%&>! &$+)',! ',! 2#$! &)+#2! )/! 3&$/$,24! "#)/! 6)--! %(($12! 2#$! (),%-! &$/7-2! '(! '7&!
%-+'&)2#*/?!%/!6)--!<$!/$$,!-%2$&4!
!
"#$! ('--'6),+! )*%+$/!<$-',+! 2'! 2#$! &$0!%,0!+&$$,! 1#%,,$-! (&'*!',$! )*%+$! ),! 2#$!
0%2%/$2I! )2! )/! 3'//)<-$! 2'! /$$! 2#$! &'-$! '(! 2#$! &$0! 0'2/! 0%&>$,),+! 2#$! )*%+$! %,0!
'8$&-%33),+!2#$!,71-$)4!
!
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#
!
!
!
!
!
!
!
!
!
!
!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!G%H! ! ! ! ! !!!!!!!!! ! G<H!

#
@)+7&$!SaY!G%H!J$0!1#%,,$-!(&'*!2#$!)*%+$!',!()+7&$!M4!G<H!K&$$,!1#%,,$-!(&'*!2#$!)*%+$4!

#
>">#S<3==,J:,%8#%*+</,#T:#4,%,4*4#),=&3%+/#
#
"#$!*'/2! 1'**',! ()&/2! /2$3!6'&>),+!6)2#! 0)+)2%-! )*%+$/! )/! 2'! 2&.! 2'! $,#%,1$! 2#$!
)*%+$?! %,0! &$*'8),+! ,')/$4! ;,! 2#)/! 1%/$?! /'*$! 0$(),$0! ()-2$&/! %,0! '3$&%2)',/! ',!
ZF"[FC! 6$&$! 2$/2$0! -''>),+! ('&! %! <$22$&! 0$(),)2)',! '(! 2#$! ,71-$)! /#%3$! %,0! %!
&$0712)',! '(! 2#$! ,')/$! ),2&'071$0! <.! '2#$&! 2)//7$! $-$*$,2/4! ;,!*'/2! 1%/$/?! ,71-$)!
/#%3$/!6$&$!%-2$&$0!<.!2#$!0)&$12!%33-)1%2)',!'(!()-2$&/?!<72!+''0!&$/7-2!6%/!'<2%),$0!
6)2#! 2#$! *$0)%,! ()-2$&4! F! SaESa! *%/>! 6%/! 7/$0! ('&! 2#)/! ()-2$&! 3&'071),+! %! ,')/$!
&$0712)',! %,0! &$*'8%-! '(! 2#$! &$0! 0'2/4! "#$&$! 6%/! ,'! '2#$&! 2$/2$0! *$2#'0! 2#%2!
'(($&$0!/)+,)()1%,2!)*3&'8$*$,2/!'(!2#$!)*%+$4!!

f,1$!2#$!)*%+$!)/!3&$A3&'1$//$0?!*),)*7*!0)/2%,1$!1-%//)()$&!6%/!1#'/$,!()&/2!2'!2&.!
2'!'<2%),!%!<$22$&!1',2&%/2!'(!2#$!,71-$)4!

"#$!1-%//)()$&!6)--!6'&>!',!%!VA0)*$,/)',%-!/3%1$!+)8$,!<.!2#$!2#&$$!1#%,,$-/!JKC4!
Saa! ,71-$)! /%*3-$/! 6$&$!*%,7%--.! /$-$12$0! 2'! 3&$3%&$! 2#$! 1-%//)()$&?! $%1#! ',$! '(!
2#$*!%/! 2#$! ),2$,/)2.!'(!',$!3)E$-!<$-',+),+! 2'!',$!,71-$7/!',!$%1#!JKC!1#%,,$-4!
"#$!*$%,!'(!2#'/$!/%*3-$/!6%/!1%-17-%2$0?!+$22),+!2#$!,71-$)!1-%//!)0$,2)()$&4!@'&!2#$!
1%-17-%2)',/!'(!2#$!0)/2%,1$!<$26$$,!$-$*$,2/!2#$!L71-)0$%,!0)/2%,1$!6%/!7/$04!

"#$!1-%//)()1%2)',!3&'1$//!7/),+!*),)*7*!0)/2%,1$!)/!7/7%--.!'<2%),$0!<.!1%-17-%2),+!
2#$!0)/2%,1$/! 2'!$%1#!1-%//!%,0!1#''/),+! 2#$!*),)*7*4! ;,/2$%0!'(! 2#%2?!%/! 2#$&$! )/!
',-.!',$!1-%//!2'!0)/1&)*),%2$?!2#$!0)/2%,1$!2'!2#$!,71-$)!1-%//!6%/!7/$04!!

@'&!$%1#!3)E$-! (&'*!2#$!'&)+),%-! )*%+$?!2#$!0)/2%,1$!<$26$$,! )2/!3'/)2)',!',!2#$!VA
0)*$,/)',%-!/3%1$!%,0!2#$!3'/)2)',!'(!2#$!,71-$)!1-%//!)0$,2)()$&!6%/!1%-17-%2$04!"#)/!
0)/2%,1$! )/!%!,7*<$&!1-'/$! 2'!:$&'! ('&! 2#$!3)E$-/!<$-',+),+! 2'! 2#$!,71-$)! 1-%//?!%,0!
#)+#$&! ('&! 2#$! 3)E$-/! <$-',+),+! 2'! '2#$&! %&$%/4! X&),2),+! 2#'/$! 8%-7$/! ),2'! %! ,$6!
)*%+$?! ,71-$)! ),2$,/)2.! /#'7-0! <$! -'6$&! 2#%,! 2#$! ),2$,/)2.! '(! 2#$! '2#$&! $-$*$,2/?!
+$22),+!0%&>!%&$%/!%/!,71-$)!%,0!<&)+#2$&!%&$%/!('&!2#$!&$/24!

F!8)/7%-!&$3&$/$,2%2)',!*%.!#$-3!2'!7,0$&/2%,0!2#$!3&'1$//4!;,!2#$!)*%+$!<$-'6!2#$!
,71-$)! /%*3-$/! %&$! 3&),2$0! ),! <-7$?! 2#$!*$%,!'(! 2#$*! ),! &$0?! %,0! 2#$! +&$$,!3'),2!
<$-',+/! 2'!',$! &%,0'*!3)E$-! '(! 2#$! )*%+$4! "#$! 1-%//)()$&!6)--! 1%-17-%2$! )2/! 0)/2%,1$!
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@)+7&$!SSY!J$3&$/$,2%2)',!'(!2#$!/%*3-$/!%,0!2#$!3'),2!2'!1-%//)(.!),!2#$!VA0)*$,/)',%-!/3%1$4!

!
!
"#$! &$/7-2/! %(2$&! 2#$! 1-%//)()1%2)',! '8$&! ()8$! 0)(($&$,2! )*%+$/!6$&$! ,'2! %/! +''0! %/!
$E3$12$04! "#$! )--7*),%2)',! 3&'<-$*! '(! 2#$! )*%+$/! %,0! 2#$! 0)(($&$,2! ),2$,/)2)$/!
<$26$$,!,71-$)!3&'071$0!<%0!&$/7-2/4!!
!
]$2%)-/!%<'72!2#$!&$/7-2!%&$!$E3-%),$0!),!/$12)',!W4!
#
#
>"H#@*<&,<3:/'#I/'+/I&'(%#+<3==,J,+3&,(%#
!
!
F(2$&!2#$!7/$!'(!*),)*7*!0)/2%,1$!%,'2#$&!*'&$!1'*3-$E!1-%//)()$&!6%/!2$/2$04!"#$!
1#'/$,! 1-%//)()$&! ('&! 2#%2!6%/! 2#$!*7-2)-%.$&! 3$&1$32&',?! %! 2.3$! '(! ,$7&%-! ,$26'&>!
('&*$0!<.!*7-2)3-$!-%.$&/!2#%2!%--'6/!2'!/'-8$!3&'<-$*/!-)>$!2#)/4!"#$!$E3$12$0!&$/7-2!
),! 2#)/! 1%/$! )/! /)*)-%&! 2'! 2#$!3&$8)'7/! 1%/$?! &$*'8$! 2#$!,')/$!3&'071$0!<.! 2#$! &$0!
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!
!
!
!
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!
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!
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!
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1'&&$/3',0),+!1-%//4!!

!
- @$%27&$/Y! Q! ($%27&$/!6$&$! /$-$12$0! ('&! $%1#! /%*3-$?! 2#$! %8$&%+$! '(! 2#$! VQ!
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3)E$-/4! "#$&$('&$! 2#$! /2&7127&$! '(! ',$! /%*3-$! ),!ZF"[FC! 1'0$!6)--! <$! -)>$!
2#7/Y!

!
5%*3-$G)HOR*$%,J!!!!*$%,K!!!!*$%,C!!!/20J!!!/20K!!!!/20C!!!_T!
!

"#$!8%&)%<-$!_!&$3&$/$,2/!2#$!1-%//!2'!6#)1#!2#$!/%*3-$!<$-',+/?!<$),+!S?N?!'&!
V4!

!

- ='&*%-):%2)',Y! @'&! 2#$! /*''2#! &7,,),+!'(! 2#$! 1-%//)()$&! )/! &$1'**$,0$0! 2'!
,'&*%-):$!2#$!,$26'&>!),372/4!"'!0'!2#%2?!$%1#!$-$*$,2!'(!2#$!/%*3-$!6)--!<$!
0)8)0$0!<.!2#$!*%E)*7*!'(!2#$*!3-7/!',$!),!'&0$&!2'!()2!),2'!2#$!),2$&8%-!Ra!?!
ST4!@'&!),/2%,1$?!2#$!,'&*%-):%2)',!'(!2#$!*$%,J!8%-7$/!),!ZF"[FC!1'0$!6)--!
<$Y!
!

/%*3-$/GY?SH!O!/%*3-$/GY?SHiG*%EG/%*3-$/GY?SHHcSH!
!
!
!

=$26'&>!1',/2&712)',!%,0!1',()+7&%2)',!2$/2/!
!
"'!<7)-0!2#$!,$26'&>!%,0!3$&('&*!2#$!2&%),),+!%,0!1-%//)()1%2)',!3&'1$//$/!6$!7/$0!
2#$! ,$7&%-! ,$26'&>! /)*7-%2'&! e%8%==5! 3&$/$,2$0! ),! /$12)',! N4V4N4!
!
@)&/2!'(!%--!)2!)/!,$1$//%&.!2'!0$(),$!2#$!/):$!'(!2#$!2&%),),+!/$2?!8%-)0%2)',!%,0!2$/2!('&!
2#$! -$%&,),+!3&'1$//4!@'&! 2#%2?! 2#$!6#'-$!/%*3-$!/$2!6%/!/#7((-$0!%,0!0)8)0$0! ),2'!
2#$!2#&$$!&$97)&$0!/$2/I!2#)/!3&'1$//!6%/!&$3$%2$0!26)1$!1#''/),+!0)(($&$,2!/$2!/):$/!
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!
!
!
!
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• ]%2%!/$2!S!
!

"&%),),+!/$2!O!Waaa!/%*3-$/!!! !GNPaa!,71-$)?!^Pa!&$0!0'2/?!^Pa!<%1>+&'7,0H!
U%-)0%2)',!/$2!O!^Pa!/%*3-$/! !GWaa!,71-$)?!S^P!&$0!0'2/?!S^P!<%1>+&'7,0H!
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!

• ]%2%!/$2!N!
!

"&%),),+!/$2!O!VQaa!/%*3-$/!!! !GNaaa!,71-$)?!Maa!&$0!0'2/?!Maa!<%1>+&'7,0H!
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f,1$! 2#$! 0%2%! /$2! )/! 1&$%2$0! 2#$! ,$E2! /2$3! )/! 2#$! /$-$12)',! '(! 2#$! ,$26'&>!
1',()+7&%2)',?! 6#)1#! *$%,/! 1#''/$! 2#$! ,7*<$&! '(! ,$7&',/! ('&! $%1#! -%.$&! '(! 2#$!
,$26'&>4!"#$!,7*<$&!'(!($%27&$/!'(!2#$!/%*3-$/!+)8$/!2#$!,7*<$&!'(!,$7&',/!2'!2#$!
),372! -%.$&?! %,0! 2#$! ,7*<$&! '(! 1-%//$/! ()E$/! 2#$! ,7*<$&! '(! 2#$! '72372! ,$7&',/4!
j,'6),+!2#)/!',-.!2#$!,7*<$&!'(!#)00$,!-%.$&/!%,0!)2/!/):$!#%8$!2'!<$!1#'/$,4!
!
@'&! 2#$! 2&%),),+! /2%+$!$%&'()*(%+%,!*-! 6%/! 1#'/$,! %/! -$%&,),+! (7,12)',4! @'&! $%1#!
,$26'&>!1',()+7&%2)',!8%-7$/!'(!2#$!-$%&,),+!(%12'&!(&'*!a4S!2'!a4^!6$&$!2$/2$04!"#$!
3%&%*$2$&!./%0!'(!2#$!-$%&,),+!(7,12)',!6%/!()E$0!2'!a4!
!
@'&! 2#$! ()&/2! 0%2%! /$2! 0)(($&$,2! 1',()+7&%2)',/! #%8$! <$$,! 2$/2$0I! 2#$! +&%3#! <$-'6!
/#'6/!2#$!*$%,!/97%&$!$&&'&!GZ5LH!('&!$%1#!,7*<$&!'(!,$7&',/!7/),+!',$!#)00$,!
-%.$&4! ! "#$! 8%-7$! /#'6,! <$-',+/! 2'! 2#$!*),)*7*!Z5L! '<2%),$0! ('&! %--! 2#$! 2$/2$0!
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!
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!
!
!
!
!
!
!
!
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!
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!
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!
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"#$!*),)*7*!Z5L!6%/!'<2%),$0!6)2#!SP!#)00$,!,$7&',/!),!2#$!#)00$,!-%.$&!6)2#!%!
-$%&,),+!(%12'&!'(!a4^?!+$22),+!%,!$&&'&!&%2$!'(!N?Pk!',!2#$!2$/2!/$24!
!
F(2$&!2#%2?!0)(($&$,2!1',()+7&%2)',/!6)2#!26'!#)00$,!-%.$&/!6$&$!2$/2$0!',!2#$!/%*$!
6%.4!"#$!Z5L!8%-7$! ('&! 2#$/$!1',()+7&%2)',/!6%/! /)*)-%&!%,0! ),! /'*$!1%/$/! -'6$&?!
#'6$8$&! 2#$! 2&%),),+! /2%+$!6%/!*71#! /-'6$&! 2#%,!6)2#! ',$! #)00$,! -%.$&! %,0! 2#$!
$&&'&!&%2$!%(2$&!2#$!2&%),),+!6)2#!2#$!2$/2!/$2!6%/!#)+#$&!),!1'*3%&)/',!6)2#!2#$!$&&'&!
&%2$!6)2#!SP!#)00$,!,$7&',/!),!',$!#)00$,!-%.$&4!@'&!2#)/!&$%/',!2#$!1',()+7&%2)',/!
6)2#!N!#)00$,!-%.$&/!6%/!0)/1%&0$04!
!
"#$!/%*$!$E3$&)*$,2!6%/!3$&('&*$0!6)2#!2#$!/$1',0!0%2%!/$24!"#$!*%),!0)(($&$,1$!
'(!2#)/!0%2%!/$2!)/!2#%2!2#$!,7*<$&!'(!,71-$)!/%*3-$/!6%/!&$071$0!),!&$/3$12!2'!2#$!
,7*<$&!'(!&$0!0'2!/%*3-$/!'&!<%1>+&'7,0!/%*3-$/4!F,!$E1$//)8$!,7*<$&!'(!/%*3-$/!
'(!',$!1-%//!*%.! -$%0! 2'!%,!'8$&()22),+?!6#$&$! 2#$!,$26'&>! ),/2$%0! 2'! -$%&,!%<'72!
+$,$&%-!3%22$&,/?!)/!('17/$0!),!2#$!),0)8)07%-!$E%*3-$/4!"#$!+&%3#!<$-'6!/#'6/!2#$!
Z5L!('&!$%1#!1',()+7&%2)',!2$/2$0!7/),+!2#$!/$1',0!0%2%!/$24!
!

!
@)+7&$!SVY!Z5L!8%-7$!('&!,7*<$&!'(!#)00$,!-%.$&/!('&!2#$!0%2%!/$2!N4!!

!
;,! 2#)/! 1%/$?! 2#$!*),)*7*!Z5L!6%/!'<2%),$0! ('&!S^!#)00$,!,$7&',/! ),! 2#$!#)00$,!
-%.$&!6)2#!%!-$%&,),+!(%12'&!'(!a4V?!+$22),+!%,!$&&'&!&%2$!'(!S4`Pk!',!2#$!2$/2!/$24!
!
F(2$&!2$/2),+!2#$!0)(($&$,2!,$26'&>!1',()+7&%2)',/?!2#$!1#'/$,!1',()+7&%2)',!6%/!2#$!
,$26'&>!6)2#! Q! ,$7&',/! ',! 2#$! ),372! -%.$&?! S^! ',! 2#$! #)00$,! -%.$&?! %,0! V! ',! 2#$!
'72372!-%.$&?!2&%),$0!6)2#!C%1>3&'3%+%2)',!7/),+!%!-$%&,),+!(%12'&!'(!a4V4!
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_-%//)()1%2)',!
!
"#$!,$E2!/2$3!%(2$&!2#$!,$26'&>!)/!1&$%2$0!)/!2'!1-%//)(.!2#$!)*%+$/4!"#$!),372!8%-7$/!
('&!2#$!,$26'&>!*7/2!#%8$!2#$!/%*$!/2&7127&$!2#%2!2#$!/%*3-$/!#%8$?!2#%2!*$%,/!)2!
)/!,$1$//%&.!2'!3&'1$//!2#$!)*%+$/!<$('&$!7/),+!2#$!,$26'&>4!
!
"#$!3&'1$//!)/!2#$!/%*$!2#%2!2'!+$2!2#$!/%*3-$/?!<72!),!2#)/!1%/$!),/2$%0!'(!0'!)2!'8$&!
1',1&$2$!%&$%/?!2#$!3&'1$//!6)--!%(($12/!2'!2#$!6#'-$!)*%+$4!f,$!)*%+$!#%/!S`Q4QaM!
%&$%/!'(!QEQ!3)E$-/?!2#$&$('&$!2#$!1'0)()$0!)*%+$!6)--!<$!&$3&$/$,2$0!<.!S`Q4QaM!-),$/!
6#$&$!$%1#!-),$!1',2%),!2#$!Q!($%27&$/!<$('&$!1'**$,2$0!('&!$%1#!%&$%4!!
f,1$!2#$!)*%+$!)/!3&'1$//$0!2#$!,$26'&>!1%,!&$%0!)2!%,0!1-%//)(.4!"#$!1-%//)()1%2)',!
&$/7-2!6)--!<$!',$!,7*<$&!<$26$$,!S!%,0!V!('&!$%1#!QEQ!%&$%!(&'*!2#$!)*%+$I!2#)/!
,7*<$&!6)--!&$3&$/$,2!2#$!1-%//!2'!6#)1#!)2!<$-',+/4!!
!
"#$!(),%-!&$/7-2!6)--!<$!%!,$6!JKC!)*%+$!6#$&$!2#$!1-%//)()$0!%&$%/!<$-',+),+!2'!2#$!
1-%//!N!%,0!V!#%8$!,'2!<$$,!3&),2$0?! &$071),+!1',/)0$&%<-.! 2#$!,')/$! (&'*!2#$!&$0!
0'2/!%,0!(&'*!'2#$&!$-$*$,2/!'(!2#$!)*%+$4!"#$!1-%//)()1%2)',!'(!',$!)*%+$!(&'*!2#$!
)*%+$!/$2!)/!/#'6,!<$-'64!!
!

!
G%H G<H!

!
!
@)+7&$!SWY!G%H!X%&2!(&'*!2#$!'&)+),%-!)*%+$4!G<H!5%*$!3%&2!%(2$&!1-%//)()1%2)',!6)2#!,$7&%-!,$26'&>4!

!
!
#
>"L#D/84/%&3&,(%#T:#&9'/=9(<)#
!
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Figure 21: Nuclei aspect after morphological operations. 
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