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Abstract 

Two active t.opics in radiation t.\wrapy t.l'<'at.nH'lIt. VC'rilicat,ion, port.al illlil).!,t· St'g 

mentation and correlation, arc addrC'ssed, and il l'ohlls\. al).!,ol'it.hlll fol' illlt.olllat.Îc st')!,lIIt Il 

t.ation of portal images and port.al illlagt' J'('gist.mt.ioll wit.h l't'SIH'c\. \.0 il l't'\t'It'I\('(' Illlagt' 

is dcvelopcd. MOl'phological t.echll iqllC's ha ve 1)('('11 i Il (,('lIsi Vt'Iy a pp lit>d i Il ail st.a!!;t's of 

the segmentation part. of t.his alg,ol'it.hm, from ('dg/' det.(·ct.ioll t.o f('al.lII'(· (',...:I.ract.ioll. Ali 

important issue, cdge enhancement, is disnlsst'c! part.irl\larly ill dd1l.il. 'l'hl' j>('rfOl'lllillln' 

of the morphological edg,c detect.ion t.('chni<llw 011 port.al illla)!,(':; is (·olllpal't·d \Vit.h th,II, 0\ 

local gradient opera tors and opl illHlI (·d)!,p d<'l(·('t.ol'S, willk t.1\(' adva,lIt 0').',(' 0\ Ut(' 11\0\ phu 

log,icé11 edg,e detcctioll and scg,lI1clltat.ion techniques is just.ifi(·c1. TIH' t.1·(~at.II)('Ilt. fi(·ld IIlilsk 

is proposed as the land mark for portal-sirnulator ima.ge cOl'l'elation a,chi('v('d hy 1IIi1.t.chilll!, 

inertia moments of landmarks. The cffcct of t.wo di ffcf('n 1. landrnarks, t,J)(' t.1(!itl.J\lI'lIt. field 

mask and the treatment field contoll1', is exami,wd wit.h t.ltis correlatioll JJ\(·tltod, illld 1.111' 

supcriority of usiug the trcatrncnt field llIélsk is showll . 
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Résumé 

/)('UX sujds d'importance pour la vérification de traitements en radiothérapie, la 

!">('J.\lIl1'l1tiltioll d la (ol'l'(;léltioll dl'!"> illlag('~ 1 ortallx. sont. adressés. En plus, un algorithme 

rolliistf' qui :-,('11,11]('111,(' ilut.omatiqucment des images portaux et <tu enrcgistre une im­

'L,l.',!' 1'<11' 1 apporl, il UII<' image de réf<Srcllcc est dévclopé. Des techniques morphologiques 

Ollt. (',t.(~ appliqll(~('S intclIsivempllt. à, tour les niveaux de la section de segmentation dans 

l',dp,orithllle, inclual11. la détpction de bords jusqu'à l'extraction de traits. L'amélioration 

d(' !>ordllJ'('s, 1111 suj('\, d'illlpolt.all(,(" est. souligné. La performance de la technique mor­

phologi(p\(' de' Ict d(~t.('ct.i()11 d(' bordures sur des images portaux est comparée à celle des 

OP(~I'é\t.('III·S (k grndiC'lIts locausx d, des détecteurs d(' bordures tout cn justifiant l'avantage 

de' la t,C'chllique morphologique C't C<'lle de segmentation. Le masque du champ de traite-

111<'111. ('HI, IItilis(~ ('Olllll)(' point. de repére pour la corrélation des images sijulateurs et por-

1,,111:\ qui ('st accomplie' ('II Illd tant. C'nsemblc les moments d'inertie des points de repère. 

L't,lrl't d'utilis('1' h' lIlasqu<' de champ de traitement ou le contour du champ de traitement 

('01111 lit' point. de' ('('p<'r<' pour ecU(' méthode de corrélation est examiné, et la supériorité 

oht('lIl1 {'Il ut.illisélllt 1(' masque est démont.rée . 

Il 



• 

• 

• 

Original Contribution 

A robust algorithlll is dC'v<'lopC'd for lllltOlllùt.ic St'!!,lIlt'lItat.ioll of dOllhlt, t'X\)()SIIJ(' 

port.al imagf's whirh is rC'qllir('d for collt.rast. (,llhanc(,l1l<'lIt. of t.\l<' port,t! ilw'I . .!,t·s wit.h t.!w 

selective histogram cqualizatioll t.ech nique (S Il E), a IId fol' ("('p,i~;t.ra t.ioll of t.J1t' t'II ha lit pd 

portal ima.ge \Vith l'('sp<,cl. t.o t.\\(' (orn'spolldiJlp, ~iJllIII,tI 01 inl")!,!' ILISt'd 011 11101 pholugit .d 

edge dctectioll Illorphological feat\ll"(' ('Xt.1 actioll \.('chlliqu('s, tltt' al)!,orit.hlll ('Illploys ,1 

dynamic approa.ch to search tJ1(' opt.imal s('gmentatioJl for p(leh individual port.al illlap,t' 

a.nd therefore can accornmodate very cliflicult sit\ltltions. A III'W l"tllhll"l k, t.ht' t.r(·,It.J1I1'II1. 

field rnask, is proposed for the registl'atiot\ of il port,ftl illlilg,(' onl.ll 1.11<' (OlT('~POlldillp, 

sill1ulator inwgp by mat< bill!!, incrl.ia IIlUlllt'III!-l. 'vVe {inti t.hal II\(' 1I1l'1t.i.t llltlllll'lIt.h 01 tilt' 

treatrnellt field Illask are less sensitiv(' 1.0 shap(' distort.iolls t.!tflll 1.11<' illl'rt.iil 1II0111<'IIt.S of 

the field contour, thus resulting in rohust registrat.ion . 

III 



• 

• 

• 

Acknowledgements 

r <1111 VPIY gl ctl.l'/lIl 1.0 Illy supervisor, DI. B. Gino Fallone, who not only introduced 

Ill!' 1111,0 tllIS illt(!r('~tillp, fiC'ld of portal imaging wh en 1 was looking for a thesis project a 

Y.·dl .. go, huI, also gave Ill<' full ~UppOI't ill ail aspects of t his research. 

r would lik(· 1,0 thallk MI'. lall Crooks, 1\'1H physicist, for the inspiring discussions 

1 Il,HI wlth hilll dUri loI' hi:-- 1<'( IlIli( ,d 11('lp, (':-'P('( lally 1'01 allowllIg Ill<' 10 Il:'(' III!> pl'ogl'am 

fOI 1lll<lge' lil(· fOIIII,t1, ('ollv('lsioll, \Vhi( Il have' savpd IlIl' a lot of time aTld labol'. Special 

1.",lIlk:-- go 1,0 t1l<' 1. .. c!lIliciall:' of t,lw Ikpcll'tlllcnt. of Radiation Oncology at the Montreal 

(:l'II(·,,d lIospit.d fol' h('lping aCClIlIllllatc the portal films and simulator films used in this 

J'(·s(·tlrcll. 1 <llso wish 1.0 t.hallk Illy i'ellow students in Medical Physics for their kindness 

alld Ir It'IIII:-.hip, alld 1 wO\lld Iil-\<, to thallk Ms. Chantal Audet fol' translating the abstl'act 

illt.o FI (·Ildl. 

'l'his projed Îs part.iéllly support(·c1 by t.he Sterling \Vinthrop Irnaging Research 

Illst it.llt.(· alld tilt' Mc·diral HC'"ca,rch Council of Canada. The Tcaching Assistantship from 

t,lJ(' Ikpart.III(·IIt. of Physi('s is abo g,ratC'fl\lIy (\ckllowleclg('d. 

IV 



• 
Contents 

1 Introduction 

1.1 Gencral Il\t rodudiolJ 

I.~ TIl<'sii'> Orgéllllzat iOIl . .) 

2 Background ·1 

2.1 Portal IlIIdgillg 

• ~.2 ProC<'s~ing of' Digital Port.al IlIlcl,!.!ps 

2.2.1 Contras!' EIIhanCellH'lIt. ... li 

SegllH'll t ation of' Port.al Illlrl,l.!,(·i'> . 

Trcat,lIlI~llt, V('I ificat.ioll \Vlt.h Portal Filllls 

3 Materials and Methods JO 

3.1 Image Processing Syst,elll . 10 

:3.1. 1 l IImgc- S('I ics . III 

:U.l lIo:-,t. and 1/0 
1 Il 

:3.I.:i SortWél!(' .. 11 

;j.2 Image Acquisition. 

• 3.:3 Algorithm Implemcntatioll I(j 

v 



• -1 M .. t.hPlllat.icHI Morphology 17 

li 

1 1 1 l'IIIJdtlrll('III,d 0p('1 ,11 1011" I~ 

·1.1 ~ ('ulllpll'" 0PI'/ cltIO!l'" ,lIlel Algol it.IJIIlf, 21 

1 ~ Dlgr1..! !\[o/ pholo,!!,y . 28 

,I.~ 1 1 Jill" l'y J'vlorpbolo,!!, y 28 

(:Iay Scal" Morpltolo,!!,y . 30 

r. Po J'I,(1 1 Image Segmentation 37 

:n 

• 38 

Oplrrll,t1 Edge Ih'I(,C'tors 

~\'I()rphol()l-'.i('al Edg(' Dd,('cl,or 43 

F(,,,t.uf(' l'Xl.I actloll 47 

!).,I Aulolll,t.1 iOIl of Sq?,II\(,Il!.atioll 

() Po .. t.al Image Registt"ation 60 

'i,1 (:t'I)lIwt rie 'l'1.IIISfolll1<1tioll 62 

h.:! L"IHIIII"1 k SI'II'( 11011 64 

Ik~l1lt.s 01 H('l-'.i~1 1 .\1 iOll 66 

• VI 



• 7 COll du sion 71 

ï. t SUllIIlld 1 \ ~ 1 

- .) 
I- :\Igollt 11111 E\ ,Il Il.IIIUIl 

i '2 1 SI'/.!,llH'1l t ,II iUIi 1 ) 

ï'l'2 Hi'/.!,l"t l,Il i()11 ï.\ 

i :3 FlItu/"(' \VOIk Il 

• 

• VII 



------------------ ------

• 

• 

• 

List of Figures 

:~ ( l.ayoll t of th{' i nlélgi ng system. . . . . . . . . . . . . . . . . . . . . . . .. 11 

1-( (il) origillal illlage, (h) st.l'Udtlfing clcment, (c)solid objects arC' the eroded 

oh i ,·ets. !.I)(' 011 t.er ('0 Il tour J('pr<'SPII ts the original ob jects, (d) soHeI ob jects 

il Il' 1.1 \(' origi lia ls, t.ht· 011 tt'r cOll tour rcpJ'('st'1J ts the dila tcd ob jects. . . .. 22 

·I-~ (a) OJ igilléll image, (h) st.ructuring clement, (c) opening of the original 

i IlwgC', (d) closing of the original image. . . 

-I-;J Illllstratioll or the reconstruction procedure. (a) original image, (b) marker 

ima.ge, (c) illt.crs(,ctiolJ of the dilated markel' with the original image after 

24 

s<'v('l'ctl it(,l'ittiolll:-o, (d) the reconstructed object. . . . . . . . . . . . . . .. 25 

1 -( 1IIust.rat.ioll of the' bolc-filling operation. (a) original image, (b) comple­

I\lent. of t.Jl<' ol'iginal image, (c) image containing a l'ectanglar frame on 

t.Jw image bOl'd('!', (<1) int.ersection of (h) \Vith (c) after sorne interations, 

«,) t.JJ(' rOIl\'t'l'g<'IU'(> of tilt' itcl'ations, (f) complement. of (e) rcpl'esent.ing 

Wlllpldioll of t II<' hok-filling operat.ion. 

Vlll 

27 



• 

• 

• 

.')-1 Performance of t hre(' cl iff<,rt'l1 t edp,l' det t'cl ors 011 .\ dOIl hlt, t'XPUSlII't' port al 

image. Th(' l'dp,l' images heH'l' b(,(,11 1 hresholdt'd wit.h a t.hrt'shold valut' .11 

wh ich the closed COll tour of tlll' t.('('al 1l\(,1l \, Ikld is jus\' r01lnd. (a) ori!!,i lia 1 

portal image, (b) Sobel, t.hl'<'shold= 1, (c) ('aIlIlY- I)('ricllt', t I\ll,~ltohl :.:.\, l d) 

Mgradien\', t.hl'cshold=6. . . . . . . . . . . . . . . . . . . . . . . . . .I(i 

5-2 Profiles along the middle row of original alld ('lIhall('('d portal iIlHW·S. TIlt' 

porta.l films are acquired during t.hc saIllc t.r('atlllt'Ilt. hllt, wit.h dilft'\"('IIt. 

cxposure: (a) 4MU, (1)) 6MU, (e) 81\1U. 

5-3 IlIust.ra.tion or the labellillg operat.ioll . 

5-4 Flowchart or the mai nstreélm of t.be sq!,llIell tal.ioll ,\lit! ('011 t.r.ts t. ('11 Il (11)( ('-

ment procedure ....................... . 

5-5 Flowchart of the first stcp of the segment.at.ion [>1'O("(.<llII'(,. 

5-6 Segmentation procedure. (a) original image, (b) hinal''y ('(Ipp illlapp al. UI!' 

threshold valuc rcached by the first approximation, (') l,d)(·I(·cI (,Olllpll'lllt'llt 

of (b), (d) object image at the optimal thrcshold value, (e) t.l'eat.lIH'nt. fipld 

mask made from the cent.ral object. in (d), (f) port.al illw)!,(' ('nh;III('('d wit.h 

SHE ............................... . 

5-7 Flowchart. of the second step of the S(·glll(·nt.at.ion J)I·O(·(·c\IJI'('. 

6-1 Illustl'atioll of the gcoIIH!tri(' rdat.iollsllip l)('tW('('11 ft ~illllllat.ol illlftl!,(' alld 

its corresponding portal image. 

IX 

(i 1 



• 

• 

• 

()-2 lllust.mt.jeHl of the registration procedure. (a) simulator image, (b) land­

rrlilrk dmwJI Ort the sÎmulator image, (c) enhanced portal image, (d) land­

JIIark itlltornatically extracted from the original portal image, (e) portal 

illlage! itn,(~1' corrdatioll, (f) overlay of the correlatcd portal and simulator 

image' wit.h il wC'ight of 60% - 40%. 

()-;$ COlllparÎson of lartdmarks. (a) field mask extracted from a double exposure 

portal ima.ge, (h) field mask extracted from another portal image digitized 

from t.he sarn(~ portal film, (c) registration obtained by using the two masks 

a.s lalldmarks, (cl) l'egistration obtained by using the two field contours as 

67 

Ia.rtdrnal'ks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 69 

x 



• 

• 

• 

Chapter 1 

Introduction 

1.1 General Introduction 

Portal films acquired with phol.olls elllallating fmlll ra.diotIH'r<l(>y 1.1'<'<lI,III<'IIt. IIl11chill<'S 

are the conventional means of LreaLmenL verification. But. scvpml !>J'ohl('IIIS ('xist, in this 

verification procedure. Portal images are of very pOOl' qUéllity dllP t.o t.1J(' hip;h PIH'I'P;Y 

of the photons emel'ging from treatmcnl. machillcs. COlllpal'isOIl of portal illlélP,(':-; with 

reference images are made cvcn morc difficult. by thc t'ad tha.t. l'd('I'('IH'(' illwl!,I's aJ(' 

obtained from othel' imaging lTIodalities which exhibit. diffcrclIL chal'adel'isf.Îrs l'rolll pOI't.al 

images. Digital image processing t.echniques have bœn elllployed t.o illlf>I'ove UJ(~ q\lidif.y 

of portal images for better visualilm.tion, and to manipulat.(· digit.al illwW's fol' qu.l.J1tif.af.iVl' 

and autoruatic verifica.tion. As fIIorc' and lIIort' oll-li IH' portal i IlIap,('I'S ,L1'(' i lista 11(·11 011 

treatment machincs, postproccssing of digital portal ima.ges becorrJ('s mol'(! aJld /lIor(~ 

important. This thesis addresses sorne active topies in portal imaging, sucfl as t.reatm(m!' 

field extraction from portal images and correlation of port.al images with respect. t.u a 
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11'f1'f('/IW image. Â l'ObI/st algorit.hrn for al/tomatic segmentation of portal images by 

IIsing Illorphologicai tedrniques and portal image registration by using the treatment 

fidd as Ia.lulrnal'k is also pl'cs(,lIted. 

1.2 Thesis Organization 

Ali oV(!l'view of portal imaging is give ' in Chapter 2 and sorne problems currently under 

illV<'stigat.io/l i/l portal image segment.ation and treatment. verification are presented at 

t.IlC' saI/lI' t.i Il l<'. 

ln Chapt.cl' :J, the image pl'Occssing system, espccially the special image proeessing 

hardwit/'(' <!Illployeù ill this l'csearch is described. Teehnical aspects sueh as film digitiza­

t.ion and illla.ge format modificat.ion are also clarified . 

As (\, preparat.ion of Chapter 5, Chapter 4 introduces the principles of math­

('IIlél.t.ical 1ll000phology alld formaIizes the morphological approach in image processing. 

Operat.ions wied in t.his thcsis are explaincd and illustrated in detail. 

St.a.rt,illg l'rom low I('vel proccssing operations, the performance of different edge 

<leU'dors on port,al images is eompared and t.he advantage of rnorphological edge detection 

alld S(·gllu'ntat.ioll t.echniques is justified in Chapter 5. A robust algorithm for automatie 

sq.;nH'llt.atioll of <Iouhk cxposure port.al images is developed, thereafter. 

Illlag(' ('on·(·lat.ioll by using the inertia moments of landmarks and the condition 

l'or \lsillg t.his Ill('thod on port.al simulator image pairs is discussed in Chapter 6. The 

advallt.ag(· of usillg the radiation field masks as correlation landmarks over the treatment 

2 
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field contour is also proven. 

Finally in Chaptpr ï, conclusions of this r('s('arch an' Slllllll1iUizl'd. Limitat.iolls of 

thts image segmentation and con'dat ion algol'ithl1l for radiat.ion t l'l'at llll'nt vl'l'ilimt.ion 

are discussed and some fnture work t hat l'an illlj)royp t.lw \H·rfollll.I\\l'\· nI' t !lis .\IAorit.\1l1\ 

is proposed. 

3 
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Chapter 2 

Background 

2.1 Portal Ilnaging 

'l'he sllcc:cssflll accomplishmcnt of a radiotherapy treatment depends on t,hf' accurate 

sdllp of the radiation beam with respect 1,0 the tumor within the patient body and 

the v<,rificat.ion of patiellt rnovement during the treatment. To achieve accurate beam 

localizal,ioll, visualization of the tumol' and the surrouncling anatomy is needed. The 

acquisitioll of an image on a thcrapy machine is called portal imaging or megavoltage 

illlétging comparcd to x-ray imaging in diagnostic radiolog.y[Al], and the image obtained 

is called iL portal image. 1dcally, an on-Hnc imaging system that ca.n work in real-time 

is lH'ed('c! for iliLcradive s.:"tup of the patient and monitoring of the patient during the 

t,rcat.I\H'IIt.. A large Humber of investigations on on-Hne portal imaging systems have been 

p('rfol'lll<'d in t.he past. dccade[B5]. The syst.ems can be categorized int.o three types, metal 

plat.e-f1uorescent. scrccn ba.sed system!!, liquid ionization chamber syst.ems and soHei stat.{~ 

syst.C'llls. AJt.hough having been used cHnirally, on-line portal imaging syst.ems are weIl 

4 
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under development. The regular means of h('(\m localizat,ion l't'mains t.1lt' port.al film . 

To obtain a double-exposlll'(' pOI't.al[A 1 J. il. radiographie fillll is plaCt'd ou t.1lt' bt'étm 

exit side of the patient and is exposed twicc. OIlCC \Vith the' blocked fil'ld shapt·d .u·cOI·t1ill!!, 

1.0 the prescribed field contour, another timc with t!w open fh'ld. This J'('sllIt.s in a 

dark field shadow 011 a bright. anatomy backgrouud. 'l'hl' double t'XpOSHrC I.t·c1l11iqlU' lias 

the advantage of showin!!, the position of the field relative t.o t.li(' aJlat.ollly so t,hal, this 

position on the portal can be compared wit.h that on a rcfcrcncc image for vc'rificat.ioll. 

The reference image rnay be a sirnulator film acquired during t.h(' silllllla.t.iOJl PI'OI:('<I Il 1'(' 

performed before the treatnwnt, or allothcr portal image for fract.ionat.(·d I.r('al.lIH'nl.. 

2.2 Processing of Digital Portal Images 

In the energy range of therapy photons (1 l'V lOMev), the dominant illt.eraet.ioll het.W(!C'1I 

photons and the human body is Compton scattet'ing[.J2]. Different. const,it.lwnt.H of t.he 

body, like soft tissue, fat and bones, have very close rnass att(,llua.t.iOIl ('oeflici('lll.s, 1'('­

sulting in very low radiation contrast, in a portal imagc['1'2]. MOI'(!over, scal,tc!l'illJ.; bllll's 

the image and introduces noise. Therefore, portal images havc low colltrast., low spat.ial 

resolution and high noise level. Digital image processing techniques have heen employed 

to improve the quality of portal images . 

5 
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2.2.1 Contrast Enhancement 

COlltrast enhallœrnelll can be achicved wilh different kinds of histogram based transfor­

Illations, arnong which histogram cqualization is a very popular one[Pl]. The histogram 

of ,L11 image is a plot of Humbel' of pixels versus pixel value, i.e. the occurrence of pixels 

a.l (!ach gray level. For a low contrast image, its histogram occupies a small region of the 

whol(' display range. Gray lcvel variation corresponding to the content of the image is 

smal!. 'l'he histogram cqualization process transforms the value of each pixel such that. 

1.11<' hist.ogl'éun of t.he tl'ansforrned image is uniform across the whole display l'ange, Le. to 

assigll equal llulllber of pixels to each display levcl to achieve the optimum visualization. 

WIH'1l applied Lü dou hic exposllre portal images, the effect of global histogram equaliza­

t.ioll is limit.('d. On ét double exposure portal film, the treatment field is a dark shadow 

oVC'rlaid 011 the background anatomy resulting in two major peaks in the histogram. The 

histogram call not be sufficiently stretched by a global histogram equalization because 

il. etUI Ilot. be extC'nded out of the display range. Selective hist.ogram equalization (SHE) 

(,pchlliquc has bccn developed for further contrast enhancement[C2][C3][L2][C4]. 

Selective Histogram Equalization 

III SIm, local histogram cqualization i8 applied separately to t.he treatment field and the 

SlI1'l'Olllldillg arca, which is equivalent to filtering out the dark treatment field shadow 

and applying hist.ogram equalization. This technique requires accurate delineation of the 

tr(·at.lItellt field from the surrounding area. Segmentation is also required for contrast 

6 



• 

• 

• 

enhancement of on-line' portal image's, which arc acquin'd wit il sill!!,lt' t'XpOSIlI'C', IH'catlsc' 

the dark surrounding area will eaus(' t.hC' saille' <'fr(,ct. as tlH' dal'k t.n'i1l.IlIc'lIt fit'hl on il 

double exposurc image. Applying hist.ogram ('quali~at,ioll 1.0 t.1H' t.rt'itt.IIl('IIt. \ic'Id 011 a. 

single exposure image instead of to the whole image will giv<, be't.t,(,1' vislla.li~a.t.ioll. 

2.2.2 Segmentation of Portal Images 

Different techniques for portal image segmentation have bcen deve\ope'(1. Bijhold (,t, al[B:Il 

used contour connecting technique to extract. t,he trcat,mC'1l t. field bordel' fl'om t.h(· (·dge·­

enhanced image by the Sobel edgc detector. The Sol)f'l, lilw ot.her gracli('llt. op('rat,ors, is 

very sensitive to noise duc to its small kcl'l1c1 si:t.c (:1 x :J). The iHTllI'éU'y of t1\C' ('xt.rae 1.('<1 

field boundary is limitcc\ by the l'clativf'ly high Iloi::;e leV<'1 of port.a.1 illlagc's, 

To suppress noise ::;ensitivity in edge detection, Les:t.cznsld Pt. al lIsI'cl 0/1<' (lf t,1)(' 

opt.imal edge detectors, the first derivative of t.he Gaussian (DOG), 1.0 sllIoot,h t1H' im­

age before edge enhancement, and incorporatcd a mo/'c sophisticat.ed stage in cont.our 

connection[L2J. Howcvcr, the DOC opcratol' requircs COriVOllltioll with lal'ge I{(~I'IJ('IH 

therefore is computation intensive, which is a major issue in on-liu(' portal imagiug sys­

tems. The first derivative of Gaussian is the firsL irnplernentat.ion of t.he ideal optimal 

edge detector which is charactel'izcd by the three cdtcria givem hy Canny[CI J. i\ hd­

ter implementation of the ideal optimal edgc detector has bcen given by Del'iche and il. 

outperforms the first uerivative of Gaussian operator according Ut<' Caully ('rit.(!J·ia[J)~I· 

Morphological techniques were applicd Lo portal image segnu!IIt.atioll b'y Crool<s 
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(.t. HI[C1] bill. t!)(' (·dg(· enhancernent. was bascd on the Sohel operator and the extrac­

t.ioll approaclJ wa.!ol has(~d 011 a si ligIe rredefined criterion. Although relatively cru de, it 

slJowed the pot.ent.ial of lTlorphological techniques in automatic segmentation of portal 

i/llag(·H. As Cl collt.inuation, this thesis is aiming at increasing the robustness of auto­

/Ilat.ic segment.ation of portal images by using new approaches in edge enhancement and 

feat.lIf'(· (~xt.ract,i()11 ill orcier 1.0 incrcasf' 1.11(' degree of automation of the whole treatment 

v('rific al.ion proccdurC'. 

2.3 Treatment Verification with Portal Films 

Hadiol.J.el'apy 1. reat III Cil t is planned according 1.0 the simulation carried out before the 

t.reatrllcilt. 1\ HilllulatoJ' is a wgulal' x-I'ay unit, but with the same geometric structure as 

(L t,ll<'rapy rllaehille HO t.hat t.he patient can be set-up on the therapy machine according 

t,o t.h(· silllula.t.ion. 'l'he ra<liation oncologist marks the treatment field on the simulator 

fillII. Th(, t(~chniciall makes field shaping blocks according to the prescribed field. Since 

III os 1. t.rea,l.lIIcnt. lIlachill('S do ilOt. have on-line portal imagers, treatments are verified by 

cOlllpa.rillg a porta.I film with the corresponding simulator film. Although the treatment 

lIIachille h~\s thc Sé\.Il\C mcchanical structure with the simulator, the film to source distance 

alld t.h(' orielll.atioll of the cassette in the image plane may be different. This results in 

di/I'('rerll. magllification and image orientation on the portal film and the simulator film 

alld lIIak('s visual comparisoll labor intensive. When the films are digitized, the images can 

IH' l'ê\sily l\IiHlipulatcd and correlatcd through a geometric transformation. A significant 
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amount of rescarch has b<,t'I! pt.'rfonned ou mat ching digit.al portal all<1 sillllliatur illl,I~I'S . 

Meertens et al ust'd land marks lIIanllally m,Hi<, fWIlI dn,llolllic,.l stllllllln'~ llll bolh 

portal and simulator imag,{'s 1,0 mat.ch tlH' t.wo imagps and t.o ohst'n't' t.lu· shif\. ni t.ht' \.t't',lt­

ment. field relative to th<' prescribcd fidd[M:']. Balt,('I' t'\. al wwd i\ nwt.hnd of rorn·I.\t.iIlA 

open curve landmarks by using thcir C\1l'vatU\'<,s t.o match portal and sil\\ula\.ol" ima!!,t'-; IHlt. 

the landmarks have also to he drawJI rnallually[B2], Sill('(' t II(' \.n·atl\l(·Il\. lil'Id ("011\'0111" cali 

be extractcd automatically, Bijhold et al has iIlVt·s\.ig.I\.l'd IJlétl,chill~ diAit,1I lill!' dl'.lwiIlA:' 

by llsillg their inertia IllOIll(,lIts, ailllC'd al élutomatic oll-lim' trpat.ll\C'lIt. Vl'rilkat.ioll[B,Ij. 

This method uses the trcatmellt. fic'Id cOlltour 1tut.olllat.ically ('xl,rad,('d frolll t.he portal 

image and the prescribed field contour which is predrawlI on 1,1«' sillllliator illla~(' a.s lalld· 

marks and calculates the parameters necded in the geollldl'Ï<' t.ransforrllat.ioll l'rolll t.!J(' 

inertia moments of the two digital COlltOI\l"S, 'l'wo pl'Obl<'rns lllay (·xist. ill t.ltis appl'oilch, 

a) fluctuation on the automatically exLracl.ed trcaLrncnt. fi('ld cont.our dlle t.o noise in t.h(' 

portal image, b) sha.pe distortion of trcatment field due t.o errors in t.he lIHlllufadurinp; 

of the treatment field shaping blocks, whieh happens very freqlH'lllly in daily \'n'a,\'lIlt'tll" 

A compact object has larger inertia moment.s t.hall it.s cont.OlllS. TllI'l'I'fol'l', W(' 1)t'1i('V(' 

that using compact field masks as landlllarks CéllI 1)(' (·xP(~(t(·cl 1.0 ~iv(' st.roll~(,(, J"(·sisl.all(·(· 

to fluctuation 011 t.he field border and accept.able fiC'ld shape' dist.ort.ion . 
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Chapter 3 

Materials and Methods 

3.1 Image Processing System 

Ali illlagillg, SYS!.('1I1 having hardware processing ability has been employed in this study. 

I!. wilsisl.s of ,t V D(:;l87·' video eil/llera (Sanyo Electrie Ine., Japan) with a. user designed 

lighl. box, il CHS laser fillll digit.izcl'(Du Pont, U.S.A.), a 386 PC (MaxSys Ine. U.S.A.), a 

Mal.l'Ox Illlage-S(,l'ies IM-1280 imaging board set (Matrox Electronic Systems, Canada), 

alld il Mitsubishi IIW905 Diamond Scan 19" (Mitsubishi Electric Corp., Japan) high 

J'('solut.ioll illlage ll10Ilit.0I". A diagram of the system is shown in Figure 3-1. 

3.1.1 Itnage-Series 

As 1.1)(' ("('llt,I'(t! part. of this system, the Image-Series pcrforms image digitization and 

pro("('s~illg alld coulmls illlag(' display on the image monitor. It is an intelligent board 

sd. cOllsis(.e<l of a bmH' board (lM -1280), a real time processor board (RTP) and a 

digit i:œr hoard. Tl\(' t.hn·(' boards are eoullccted by an image bus. 
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video camera 

light box 

digitizer board~ 

system monitor 

000 

keyboard 

386 PC 
fi oppy 

~[i]~ 

JI base board 

~====I ; display board 

laser digltizer 

image monitor 

000 

Fig1ll'e :3-1: Layout of t.he imagillg systc'J11 
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Base board 

'J'I)(' Hw·if" Board b the œntral board of the image-Series. It has a Graphies System 

Pro('(!ssor (CSP) which contraIs the whole Image Series. The GSP receives opcodes 

tltlllslllit.t.(·d frolll t.he lIost computer, dccodes them, and then either sets up the appro­

pl int.(· IliIrdwill (' 01' ('xecutcs t.he requcst. itsdf. The base board also hosts buffers which 

r(·(·c1 dat.a 1.0 t.he 011- board vidco display eontroller and servc as the main storage area for 

illlilJ!,('S, IH'OC('ssillg alld graphies. The framc buffcl's arc organized ta provide very fast 

dat. ... tl'iilIsfpJ'S bet.we(·11 buffers and ail other Image-Series boards (up ta 30 million pixels 

/lN S(>('OIl<l), 

hlUlge-RTP 

Consist(·cI of (\ Da.t.a FOJ'lnatter, a Data-Router, a Cascaded ALU, a Neighborhood Pro­

('('SSOI, a St.itt.isticéll »rot'essor, the Image-RTP makes il. possible to perform several opera­

t.ions in one 1 fi MHz pass, 1t can pcrform :3 x 3 gray scale and 18 x 16 binary neighborhood 

0P('J'ilIÎOIIS in 011<' pclSS \Vil.h t.llP Ncighborhood Pl'Ocessor, and combine information from 

\.\\'0 ~OIlI'(,('S \Vith t.h(· Cascaded ALli. A data ('otiter allows for various data paths through 

1 he' pl'l)('('ssill,l!, (·I(·JJl<'lIts. 

'l'II<' Data FOJ'l11a.ttcrs, situated on both Image-RTP inputs, convert incoming 

l'n1111t' hulf('rjdigitizIT data fl'om various input types into the internat 16-bit represen­

t al iOIl lI:,t'd hy t I\(' pron'ssing pipeline. An on- board Data Router directs data to the 

appropriat(\ IH'()("(\ssing clcmcnts. ft allows results from one processing element to un-
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• dergo further processing tllrough otht'r plOCt'ssing l'ktlll'lIls withoul h.\\'illg III slOl'I' and 

then re-l'ead t.he l'l'stdts, The cascadcd ALtT pl'l'fOrlllS a "al'id,y of al'ithllld ir and logiral 

operations, It can pre-process the input or post -pr'occss Ut<' output of nt hN pWCt'ss­

ing elements,The neighborhood Pl'ocessor can perfol'Ill 11(> loIS x Hi hinary and IIp 1.0 

63 gray scalc neighborhood and lIlol'phological OIH'l'ittions in nt\(' fl'illlH' tilllt', Il SlIp­

ports both rcctallgular and hexagonal lattic<'s in hardwill'<" TIH' statistind pron'ssor h.is 

an event counter/comparator, a minimum/maximum (,()lIIparator, ami a histogl'illll élnd 

profile generator. This processor tises St.atistical LUT as il storag(' an'(\, for r(·sults. 'l'hl' 

Statistical Processor can use abject labels to sort t1lC' ('('sldt.s of hasic fl'atm!' ('xt.rad,ioll. 

Digitizer Board 

• The image-ASD supports both analog and digital input., accepts d. widC' l'illlP;<' or SOIIl'( (~ 

frequencies, has a programmable synchronization gcncratOl', and can éU·C(·Pt. trigg('r pllls(':; 

for mono-shot cameras. It supports black and white video sources. or vid('o soul'n's with 

switchable filters 01' RGB input on thrcc differcnt channels. This digit.i7.(·r ('1111 ollly s('11I1 

one analog color component at a time to the Image-nus. Arr on-board Digit.i7.(·r LlIT 

maps digitized data, 

• 

Image-Bus 

The Image Bus serves as a ~o MII~ COrnlJJlIlIlcat.iorl lillk het.wpell tif{' bas(' Iward illICI Urt· 

other Image-Series boards. It is fi wid(! dllal-bus illterface collsistillg of i1ll 1/0 hu:; fol' 

system control, and a processing bus with two 32-bit data paths for higiJ-specd image 
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IHOC('ssing data tl'ansfers. The two processing data paths provide simultaneous data flow 

1)Ot.t. t.o alld from data storagc. 

3.1.2 Host and 1/0 

TIJ(' MilXSys :J~() PC hm;ts the Image Series. To a large extent, it is only used as a 

rOIlt.roller. T})(' VDC :3871 video camera has r CCD array of 800 x 490 elements. It uses 

il. 21)1ll1ll }('mi to focus the image on the CCD. Video output of the camera are sent to 

I.h(> IfIlage-Sel'Ïes and digit.ized by the digitizer board. Films are also digitized with the 

lasp/, film digitizer which digitize a film into 844 x 1021 pixels with a depth of 14 bits 

01' 1()8~ x 20~2 pixels wit.h a dept.h 12 bits. Digita} images are displayed on the image 

1I101lit.0I' whkh has a J'(~solllt.ion of 1280 x 1024 pixels . 

3.1.3 Software 

'l'h(· llllag!'-Seri(·s milles with il complet.e set. of control, processing and graphics modules. 

/1. a Iso has a cOllltrland illtcrpreter t.hat allow the user to issue commands directly to 

t.he' hardwan', but. this is performed on a very low level and is difficult to use. Noesis 

Visilog[Nl] illlage pl'oc('ssing software has heen used as the user-board interface. Visilog 

is ,111 illlilg(' proccssing and analysis software package working with industry-standard 

Ulflphics User Int.erface. lt can automatically make use of the abilities of special imaging 

hardwC\n·s. '1'11(· PC version is developed in the MS-Windows 3.0 or hight:i environment, 

t.h('\'(>[ol'<" is pmt.icularly suitable for investigations for algorithm development. It also 
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has a library of image analy,is, proc('sslIlg and graphies fllllct iOlls for IIset' applicat.ion 

development. 

3.2 Image Acquisition 

Portal and simulatol' image pairs arc sc\ect,('d randomly from t!1<' pat.i(·nt. tilt·s in Hatliat iun 

Oncology in the Montreal General Hospital and the Jewish G('lll'ral Ilospit.a.1. Sill\lIlat.ol' 

films are obtained from an AECL Thcrasim-750 simlllat.or, and port.al films are obt.a,il\('d 

from the following therapy machines: Therat.ron-780 Co-()O uui t. ( A t.omic En('l'gy or 

Canada), Therapi-4 4MV (SHM Nudcnr Systems), EMI-6 (iMV (EMI 'l'lwl'élpy Syskllls) 

and Clinac-18 lOMV (Variall Associates) Irncc\l' a('('C'I('!'at.OJs. 'l'II<' filllls ('OYI'!' il Yill'il'ty of 

treatment sites. Since portal films have low spat.ia.1 resolutioll and low (,Ollt,!'W.;t., t,lwy an' 

digit.ized with the video camera into ~56 x ~4() pixels, each pixel wit,h a clept,h of 1) hit.s. 

Films are also digitized with the lascl' digitizer, and the image file is J>I·psellt.ly illlpO!'I.(~d 

into the hast of the imaging system via a floppy disk. The st.andal'd n'solution mod(' 

(844 x 1021 x 14 bits) has been used. Silice the image forlllat. of Visilog is I.l!at. t.1l«' dl'pt.h 

of a pixels must be a multiple of a byte, images acquil'ed wit.h t.1H' laser digit.iil,N il.n' 

shrunk into 8 bits deep. An impl'Ovemünt. may he achievcd by t.aking advltllt.age of t.he 

full 14 bit image, but the advantages may hc marginal due t.o t.he inhel'elltly low COIlt.ras', 

features of portal images, therefol'c we t1Hüd the video camera fol' <ligitiil,atioll rnost. of t.he 

time . 
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3.3 Algorithm Implementation 

Ollr algol'it.lml is writt.en in 'C' and is implemented in the standalone mode. A double 

(!xposure port.al image is segmented into two sub-images by use of an automatic technique, 

Olle eorl'cspouding 1.0 the treatment field, the other corresponding to the surrounding 

area. 'l'II(' t.wo sub-images arc cnhanc('d with histogram equalization and are combined 

afl.(·l'wmds. Thf' (·xl.rad,f'd field lIléLsk is also kept in lTI<:'mory for correlation. 

','IIC' simlllator ima.ge is of diagnostic quality and represents the refe' ence image. 

The liLlldlllark 011 the sirnulator image used for correlation with the portal is preselected 

wit.h OUI' soft.ware. The land mark is drawn directly on the simulator image with a mou se 

hy following t.he prescribed field contour specified by the radiation oncologist and the 

reslllta.llt. lalldmark mask is saved in a file as an image. The geometric relationship 

1H't.w('(·1l the portal a.nd simulat.or image is calculated from the inertia moments of the 

t.WO la1ldm1ll'ks éllld t.he enhanccd portal is correlated to the simulator image . 
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Chapter 4 

Mathernatical Morphology 

4.1 Euclidean Morphology 

Morphology as a methodology in image profcssing was introduccd hy G. Ma.t.lw\'OJ\ ill 

the 1970s[M2]. Based on set them'y, rnorphology d('als wit.h geomet.ri(' :-;1.1'\1('\.\11'(':-; inh('I"{·\l1. 

to an image[S l][H l ][S2][D3][ G 1]. Geometrie informal.ioll i 1\ an illlé\!',(' IH alla IY"'('d hy 

fitting sorne predefined small geolI1ctl'ic shapes, called sl.l'llcturing derl\(ml., illt.o t.he illlitgC·. 

As a probe, the structuring element. is passed over the dornain of itll illla.!',e white <1. 

set operation is applied around the neighbol'hood of ea.ch e1erne/lt of the illJil.ge. The 

geometric information which is extracted depelldH 0/1 tlJ(' 0l)('rilt.ioll applic'd wll('/I t.Il1' 

structul'ing elemen t is pa.ssed over the image. Since rnost of the Illorphologicill operal,iollH 

used in this study are applied on binary images, wc will cornrnellœ our disClISHiofl of 

rnorphology in the Euclidean plane. Two-valucd images can he ("ollsidc!l'ed aH SdH of 

points in the Euclidean plane . 
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• 4.1.1 Fundamental Operations 

Matllemat.ical lIIorphology is based 011 set theOl'Y. Morphological operations are built 

UpOIl sel. operations which arc primitive to the morphology level. Besides the usuai set 

01H'lations, llnio/l and intersection, another primitive operation, translation, has to be 

illt,l'Odll('(~d ill ()rcl(~r t.o dcfillc the basic morphological operations. For a set of points A 

in t.1H! Euclidcélll plane Hl., the tmnslatioll of A by a point ;c in R2 is given by 

A+x={a+x:aEA} ( 4.1) 

Now we cali defined the two fundamental operations in morphology, Minkowski ad-

dllion alld Hub/mcllOn. Givcn two sets A and B in the Euclidean plane R2, the Minkowski 

• wldilio'1l (repr<'sclI !.pd by EB) of A and B is the union of aIl the translates of A by each 

('1<'111('111. of /J, 

• 

AtllB=U (A+b) 
bEB 

(4.2) 

whilp t.1H' Ml1Iko/Uski subtmction (reprcscnted bye) is the intersection of aH the translates 

of Il I>y ('ad) e\PIlH'1l t of B, 

A8B=n (A+b) 
bEB 

(4.3) 

w 1 \('('(' b is a.1l él.rbi trary e1cmell t. of B. 

Traditionally, morphology was developed in a graphical way. Basically, a small 

probe' is applied \'0 every clement of an Image, and the manner in which this probe 
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fits within the image is investigated. East,cl on t.his stra.te'gy, Iwo hasic lIIorplwlogical 

operations can be dcfined From Minkowski addit.ion and l\linkmvski snh!.rr :'\.ion. 11. CClII 

be proven that the Minkowski addition, t\ tfl /3, is l'qlliva\t'llt 1.0 t,lll' union or ail tilt' 

translates of B by each clement of A: 

==u (A+y) 
yEH 

== U ([ U {.r}) + ,,) 
YEB xEA 

= U U {.r+!/} 
yEH3'EA 

=u ([u {y}]+y) 
xEA yEB 

= U (B+x) 
xEA 

The dilation of A by B is defined as 

V(A, 13) = Am LJ 

where B is called stl'ucturing element. 

Minkowski subtraction can be writtcn as 

A8B = n (A+y) 
yEH 

=n {x:xE(A+y)} 
yER 

=n {x:-y+xEA} 
yER 

={x:-B+J'C a } 

where -B is defined as -8 = {-b : l E [J}. This is equivalcnt t,o rot.atill~ Il I)y 1 HO" 
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abolit the origin, and finding thc set of points by which the translation of the rotated B 

cali fit. i li tu 11. 

The (;7'osio7t operation of 11 hy B is defined as 

f(A,B) = Ae(-B) (4.7) 

wlw/'(' Il is also ('alled structuring elemcnt. The procedures of dilation and erosion are 

illlll"itJ'ilt(·d ill Figure 4-1. Thrcc abjects are shown in Figure 4-1 (a). Erosion and dilation 

of t.11<'1"i(, ohject.s by a snlitll square st.l"UctUl'ing element in Figure 4-1 (b) are shown in 

/t'igme Ij-I (c) alld (cl), respectivcly. The dilation and erosion of an object by a struc­

t.urillg c1cmellt. can be SC'CIl by sliding t.he structuring element along the border of the 

obje·ct., alld t.h(· Ol!tpr cont.our drawn by the structuring element defiues the dilated object 

whilc' t.he illllcr cont.ol\l' dmwll by the structuring element defines the eroded object. In 

It'igme <1 -1 (c), croded ob jects are l'epresen ted by the solid ob jects and their originals 

an' l'('pn'scllted by the outer contours. Symbolically, er('sion is like "peeling" the objects 

at. è\. deptll which is half the size of the structuring element, from the outer and inner 

":-;lIl-I",,("(':-;". Art.!'r el'Osioll, t.he sllIall object at. the upper left corner disappeal's, the thin 

jllllct.iol\ 011 th(' largest. ohjects is hroken, and holes on this object becomes larger. The 

oppositc' sit.uatioll is showlI iu FigUl'e 4-1 (d), where solid objects represent the original 

objC'rt.s and t.he outer COli tours repl'esent the dilated ones. Dilation is like "pasting" an 

ohjc'c!, wit.h a "coat.ing" whose thickness is half the size of the structuring element, on 

t Ill' oukr al\d illll('r "surfaces". Aftel' dilation, the two objects at the center are united, 
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the two smaU holes disnppear while the largl'st. ont' bt'collH'S ~J1\,\lIl'r, and tIlt' <'l'ack 011 

the largest object conv<:'rgcs. 

4.1.2 Complex Operations and Aigorithl11s 

Complex operations and algol'ithms can 1)(' huilt Up01\ t.h(' \'wo hasic opt'rat.iolls, ('J'l)sioll 

and dilation. Sont<' complcx oj>('t'at.iOIlK a,lId algol'ithms hav{' \'('{'OllW sl.andi\ld pro{'('SS{'s 

in morphological image processing. III our cont.ext., we will ollly dis{'\lsS t.1I(, t,WO 1II0St. 

common complcx opet'ations, (Jpcnwg and closiug, and two standard alv,ol'it.hllls, l'!'('OI/­

sl1'uction and hole-filling, that wc have used in the s<'gmen t.at.ion of (>OI't.a 1 illlapps. 'l'II<' 

opening of A by B is an erosion followcd hy a dilat.ioll, 

O(A, B) = 'O[E(A, 11),11] 

and the closing of A by B is a dilation followed by an erosioll, 

C(A, B) = &['O(A, -H), -13] 

Opening and closing are graphically illust.rated ill Figure t1-~. Ori)!,iual ohject.s 

in (a) are opened and closed with the small square st.ructuring delllC'lIt. in (1,), and t.he 

resultant opened an.d closed objects are shown in (c) and (d), respect.ivdy. It, cali he sœn 

in (c) that opening eliminates the two small objects and bwaks the weilk jUIlct.io/l al. I.IJ(' 

center of the largesL object. Slmrp tips are also iilfloothed out. 011 the ot.ltc/' /talld, ill (d), 
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a .. 

C 
b 

b 

• 

Figure 1\-1: (a) original image, (b) structuring element, (c)solid objects are the eroded ob­
j('ds, tilt, out.er COlltOur represents the original objects, (d) solid objects are the originals, 
\.II<' outer COIlt.OUt' represcnt.s t.he dilated objects . 
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the crack and the two small holes art' filled. Opt'lIillg beh,n'l's simil.\r1y as t'msioll t'XC~'pt 

it maintains the original size of an abject. '1'11<' Sall1l' type' of \)('h,l\'ior l'xist.s 1H'\.Wt'l'lI 

closing and dilation. 

Before we proceed to reconstmction and to hol('-lillill~, a special t.ypt' of t'l'OsiOI\ 

and dilation must be introduccd, i.e, geodesic erosion and g('odt'sk dila.t.ioll. A st.l'\l(,­

turing element is called a fundament.al st.l'llctlll'illg, dt'ment if it.s siz(' is slll"II.·I' th,UI t.lw 

shortest distance bet ween ally t \VO ohjt'c\,s, If t.he l'li Ild1t111('11 1.111 St.IIlct.1I ri 1Ig, (''''IIl('1l t. i!> 

used, an erosion is called a gc>od('sic el'osion alld CI dilatioll iH callet! il g('Odt'Hic dil,lI.ioll. 

Reconstruction picks up certain obj('ds l'rom ail image' wit.h t.he WH' of CI IIwrk<'I' 

image. After reconstruct.ion, only objects that colltain a markcr will ('(·llIil,ill. SIIPPOS(' Il is 

the original image, Bis the marker image and e is a fundarnent.al st. rllct.1lI'in1!, <+111<'111., UH' 

reconstruction of A wit.h B is an iterative proccss of the intersect.ioll of 1.11<' 1!,('()d('sically 

dilated marker image with the original image, that. is reprC':wllt.c<l in l1w following IIIILlllWr 

G't+1 = An 'D(C't, c) 

where 

Co = A n V(I], c) 

until the marker fills the whole domain of the ob jcct (con verg('nce), i.(~. (,'1+ 1 == CI' 1 f. 

should be emphasized that the dilation operation illvolved ill t.l)(~ reconstruct.io/l op('mt:(,() 
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a 
• 

c 

h 

• 

d 
• 

Figure I-~: (a) origillal illlclpp, (h) stl'llctllring elelllellt, (c) opening of the origillal image, 
(d) c10sillg of t.h(' ol'igi lIéll image, 
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a h 

• 
c d 

Figure 1-:l: Illustrat.ioll of 1,\)(' !'<~('OIl~trllc1.I()1I plO('(·dlll(·, (fi) oliAill,.! iIIlIlAI', (II) IIlillkl'l 

image, (c) intersectioll of the dilat.ed lIIarke'" with the' (Jli~llIal illlil~(' IIftl'l ~('Vl'I," il,c'l'iI 
tiolls, (cl) the 1'('COlIstl'lIcted ob,iect. 
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llIlIst he p/!od(!sic, i.e thc fundamental structuring element must be used. Otherwise, the 

dilat(!c! markpr rnay "hit" another object b('fore it is intersected with the original image. 

Ali illust/'étt,ioll of t.he reconstruction operation is shown in Figure 4-3. The right object 

iu (éL) cov(!rs t.he rnal'ker in (b). The intersection of (a) and (b) is still the marker, the 

slllall sqIHU'(' ill (h). Artel' dilation, the squarf' is enlarged and it is intersected with (a) 

agaill ~o t,hat. it. ilOt. excccd t.he border of the object we want to extract. This process 

('ollt.inll(·S uut,il the dilatcd marker "flushes!l ail over the domain of the object we wish to 

l'xtrad .. Ail illt.cl'lIlediatc step is shown in (c) and the result is shown in (d). 

IIol('-fillillg is ILII operation that mis the holes within objects of an image. Given an 

illlag(' A, alld JJ is t.h(~ boundal'Y of the Euclidean plane, hole-filling of A is an iteration, 

wht'('(· ('0 = Il itlld A is the complemcnt. of A. This pl'Ocess will be repeated until 

(,OIlV(,I'~('Il(,(" i.e., th(' next iteration does not make any difference. For example, after the 

IIth it,t'I'atioll, (,'11+1 = Cn • The complement of enH , ën+l' is then taken. As is the case 

wit.h 1'(·('onst.l'llction, thp dilation used in hole-filling must also be geodesic. Figure 4-4 

shows t,II<' procedure of the hole-filling algorithm. To fill the hole on the l'ight object 

in (a). tilt' illlagp is in"erteo 1.0 its complement (b). The image border in (c) is dilated 

ami int.(·l'sectt'd \Vith (b). The process, an intermediate step of which is shown in (d), 

C'l>l\t.illl\(·s Ilnt.il t.h<' background in (a) is flushed as in (e). When (e) is inverted to its 

colllplpllll'11t (l'), tllf' hole on the right. object has been filled . 
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Figure 4-4: Illustration of the hole-filling operation. (a) original ima.ge, (b) complenl<'lIt 
of the original image, (c) image containing a l'ectanglar frame on the imag(' bordm', (cl) 
intersection of (b) with (c) after :;ornc interat.ions, (c) t.he convel'gen<:c! of tbe it(·rtLtions, 
(f) complement of (e) representing completion of the hole-filling operatioll. 
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4.2 Digital Morphology 

Mathernatical TTlorphology can be easily ex tend from the Euclidean space to the digital 

sit.ual,ioll witl! HOIlle> modification of the definition of the basic operations. When sets in 

the Euclidean plane an' digitized into sets of pixels, two-valued Euclidean morphology 

he('(}rnes binary mOl'phology. 

4.2.1 Binary Morphology 

III hilliLry lTlol'phology, digital binary images are considered sets of pixels. There are 

:J pOHsihl<' valllcH for a pixel, 0, 1, and * (undefined). A typical image f(i,j) will be 

* * * 1 1 1 1 * 

* * 1 * 1 1 1 * 

1 * 1 1 1 1 * * 

* * * 1 1 1 * 1 
J= ( 4.10) 

* 1 * 1 * 1 * * 

* * 1 * * 1 * 1 

* * * * * * 1 * 

* * * * 1 * * * 
3,10 

wht'I'<' 1 étlld j me the ('olullm Humber and row number of a pixel respectively~ and (i,j) 

<loes Ilot llt'c<\ssal'ily havt' to start From (1,1). For example, in Eq. (4.10) the subscript 
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"3, 10" implies that this matrix starts from ('olumn 3 and row 10 . 

Translation of f rightwards by u and dowllwards hy l' is giVt'1l hy 

[TRAN(f;i,j)](u,v) = f(u - i,v - j) 

Rotation of f by 90° is given by 

[NINETY(f)](i,j) = f(j, -il 

Digital union of a series of images h., k = 1,2,:1,· ... " is ('(·pre·scut(·d as 

{

l, if there exists al. least one k' for which fk,(i,j) = 1 [V fk](i,j) = 

k *, if fk(i,j) = * for all k 

while digital intersection is representcd as 

{

l, if fk(i,j) :::: * for all k 
V\ fk](i,j) = 

k *, if there exists at teasl. one k' for whieh f k, (i, J) = .f 

(.\.\\ ) 

( t\ .1 t\ ) 

With these primitive operat.ions defincd, we cali 1l0W int.roduCC! the digit.iLl Mi"kowski 

addition, 
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Ji' fb E = V TRAN(E; i,j) 
(I,J)ED. 

and digital Minkowski subtraction 

FGB= 1\ TRAN(E;i,j) 
(I,))EDOMAIN(E) 

As in the continuous situatioll, dilation is the Minkowski addition 

a.nd ('f'osiOIl is 

DILATE(P, E') = Fœ E = V TRAN(E; i,j) 
(i,J)E·D. 

EHODE(F,E) - 1\ TRAN(Ej -i,-j) 
(I,J)EDOMAIN(E) 

1\ TRAN(E'; i,j) 
(I,J)EDOMAIN[NINETy2(E)) 

(4.15) 

( 4.16) 

( 4.17) 

(4.18) 

wherc J)OMAIN(/~) means the domain of the structuring element E and NINETy2(E') 

lI\('élllH ·'l'Ot.at,(· I~' hy 90° twice". 

4.2.2 Gray Scale Morphology 

'l'Il<' principlcs of mat,hcmatical morphology are not limited to :l-dimensional Euclidean or 

digit.al spaces. III ract, mathematical morphology was originally developed in Euclidean 

Il-SPéU'('. The difrcren('{' I)('twccn gray seale morphology and binary rnorphology is that 

t.he primitive operat.ion applied at each pixel is different as the structuring element is 
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translated across the image. In gray scale morphology, t.h(· following t.wo op(·rat.ions, t'.f-

lended maximum and minimum, rcprcslmtcd as EXTMAX and ~IIN n'spt,rt,iVt'ly, l't'plan' 

the union and int.ersection opcratiolls us(,d in Eq. (I-:n and Eq. (·I-:l), J'('slH'c\.in'ly, 

max[J(i,j),g(i,j)], if both J élnd 9 arc d('(ilu·d al. (i,j) 

[EXTMAX(j,g)](i,j) = 
J(i,j), if f(i,j) "1- * and g(i, j) = * 

g(i,j), if g(i,j) =1- * and J(i,j) =,.. 

*, if J(i,j) = g(i,j) = * 

{ 

min[J(i,j),g(i,j)], if both .r and 9 arc ddil)(·d al. (/,j) 
[MIN(J,g)](i,j) = 

*, if eitllC'l' .r or 9 is ilOt. ddilled at. (l,)) 

Dilation and erosion of an image f by a stl'llcturing e1ement. (~ can he expl'esH('(1 

pixelwise 

V(f,t:.}x.v =max [J(x - i,y - j) + dz,j)] 
I,J 

&(J, e)x'1J =min [a(x - i, Y - J) - b( -i, -j)] 
1,] 

( ~.22) 

where (x,y) is the index of an arbitrary pixel of J and (i,j) is the index of an arbit.rary 
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e1(!IIH!lJt of t,he structuring e1crnent. kernel. The index of central element of the structuring 

element. kernd if-. dcfincd as (0,0). 

Morphological Gradient 

A very useful gray seale morphological operation is the morphological gradient which 

cali he llscd as an cdge detcctor. Given an image f and a structuring element e, the 

lTIorphologieal gradient of f is the subtraction of the erosion of f from the dilation of f 

(i(f,e) = V(f,e) - f(f,e) ( 4.23) 

The edge J'csponse ean be acljustcd by ehanging the size and shape of the struc­

t.lIl'illg e1clI\(,lIt. The cOlluTIonly used structuring element is 

1 1 1 

III 

1 1 1 

whi('h is based 011 the eight-connccted neighbors of around a pixel. The morphologieal 

gl'éldi(,llt. is illllstl'a.ted with the following example. Given an image 
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• 0 0 0 0 0 0 0 

0 S 8 8 8 8 0 

0 8 8 8 8 8 0 

f= 0 8 8 S 8 8 0 (.1.2.1) 

0 8 8 8 8 8 () 

0 8 8 8 8 8 0 

0 0 0 0 0 0 0 
1,1 

such that dilation and erosion are represcn t.ed as 

9 9 9 9 B n 9 

• 9 9 n 9 9 9 B 

9 9 !) 9 9 9 !} 

VU, e) = 9 9 9 9 9 9 B (t1.~.1) 

9 9 9 9 9 9 9 

9 9 9 n 9 !) !} 

9 ~J 9 n 9 9 9 
1,1 
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0 0 0 0 0 0 0 

0 0 0 0 0 0 0 

0 0 9 9 9 0 0 

eu, e) = 0 0 9 9 9 0 0 (4.26) 

0 0 9 9 9 0 0 

0 0 0 0 0 0 0 

0 0 0 0 0 0 0 
1 Il 

t.he lIIol'phological p,mdient. is given by 

9 9 9 9 9 9 9 

9 9 9 9 9 9 9 

9 9 0 0 0 9 9 

QU, e) = 9 9 0 0 0 9 9 (4.27) 

9 9 0 0 0 9 9 

9 9 9 9 9 9 9 

9 9 9 9 9 9 9 
1,1 

What. rcmains in G is simply the representation of the edge of f. 

4.2.3 Iterative Property 

A very important. property of mathematical morphology is that, when uniform structuring 

elcllIcnt is uscd, large size erosion and dilation can be implemented as iterations of erosion 
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and dilation \Vith a small structuring element, rcspectivcly. For ('xampll', dila.t.ion wit.h 

the 3 x 3 kernel 

1 1 

1 

applied twice is equivalent to single dilation with the 5 x 5 kerlH'1 

1 

1 1 

1 1 1 1 

1 1 1 1 

because the 8-connected neigh bors of the :1 x 3 kcrnel are the clelllell t.s 0/1 t.11I' IHml,,!' 

of the 5 x 5 kernel, and the operation applied ét!'oulld the neighho!'hood of <Lily pix(" of 

an image is comparison. Since the nllmber of calculat.ions is proport.iollal t.o t.he squar'(! 

of the size of the structuring element., the it.erative mcthod can significitnt.ly sllorte/l 

calculation time. For an n x n image, in which the border effcct is ig/lored, dilation wit.h 

the 3 x 3 kernel requires (9 - 1) . n2 compaJ'Ïsolls while dilat.ion wit.h 1.1)(' r) ,,( !) kerJIC'1 

requires (25 - 1) . n 2 cornparisons. Thereforc, the it.eration rnet.hod is appl'oximat.dy 

[(25 -1)· n2 ]J[2' (9 - 1)· n2 ] = 1.5 times fast.er than the direct mdhod. SiIlC(! calc:ulatio/l 

time is a major Issue in portal image processing, ail the morphological operations we usee) 

in this project are performed iteratively by using the 3 x 3 constant strllcturing e1ernent .. 
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With t.lll' "asie concepts and operations of mathematical morphology introduced, 

we cali now pl'oc:eed to t.he next chapter where we discuss how these operations are 

ernployed 1.0 build a robust algorithrn for the extraction the radiation field from double 

expOSUf(' portal images . 
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Chapter 5 

Portal Image Segmentation 

5.1 Basic Approach 

There are two approaches in image segment.at.ion, rcgion ori('nt.p<! alld ('dgl' orie·lIt.c'd[UI]. 

The region oriented approach classifies pixels into diffewnt categori('s itccordillg 1,0 SOIllC' 

properties of the pixels and sorts them into differcnt regions. III t.he ('lIg(' oril',II,f'd HP­

proach, different regions are differentiatcd by t.hcil' boundarÎes. 'l'Il(' regioll oric·lll.l·d 

approach is not appropriate fol' the segmcntation of double eXpOSllI'e portal illlagc's bl'­

cause it is difJicult to find any mcasure exccpt gray leve'l t.hat, is very di/fen'lIt insidp 

the treatment field from that which is outside the treatrncn t fidd. Morc'ow'r, evell thl' 

gray value is not uniform insidc the treatrncn t field sincc t.he trc'at.nwnt field Îs only a. 

transparent shadow on the anatomy. An additional difTicult.y is that. t,)w po~itioll of I,hl' 

treatmellt field relative to t.he anatorny is s!wc:ific'd hy t./lC' fidd hOlllldary Il'quirill,!!, t.ha.t. 

the field boundary must be accul'é\.tely localized. Be('él.llse of these reaSOIlS, (·dge orie/ll,l'c1 

approach is the natural choice in portal image segmentation . 
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5.2 Edge Detection 

5.2.1 Gradient Operators 

Ali ,~dge ilJ a gray sca,le image iH defilled as a discont,inuity ill gray value. As a discontinuity 

ill il l.wo variablp f'1I11dioll f(.l',y) caf) he accentuated by its gradiellts ~ and ~t, an edge 

0IH'r;d,()J for a gray s('alp illlap}~ I(l,}) cali be dC'siglled as 

6,(i,j) = I(i,j + 1) - I(i,j) (5.1 ) 

alo/lp, t.he· hOl'izof)tal direction and 

6 2(i,j) = I(i + l,j) - l(i,j) 

alollg t.ll<' v('f'tical dircct.ion. Thcsc cdge detcctors are called Roberts Gradient Edge 

J)l'I,('ctors[H Il. Edgc <Ietertioll is irnplemented hy cOllvolution \Vith the following kernels, 

000 

o -1 1 

000 

000 

o -1 0 

010 

whi('h ('lIhiU)('(' ('dges in the' hOl'izontal and vertical directions, respectively. The magni­

I,lId(, U .1I\d orit'l\(,ation (~ of t.he' gl'éHlicnt arc defined as, 
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The Hoberts <'dge dt'tt'ctors 1\r(' ~t'lIsit.i\'(' tll lIoi~(' "illl l' ollly 1 III' drlrt'It'Ilt \' \\'11 Ir 

one immediate ncighbor is comiidpl"{·d. Larg<,r k('r1l<'ls Ira\'(' 1)('('11 d('sigl\('d lu O\'t'It'OIIH' 

the scnsitivity 1,0 [)ois(" sllch as tire Pn'witqP~1 élnd Sol)('I[Dlj ('dge· dl'lcl'tols, slrowlI 

below fol' the horizontal alld v(,l'tical dilwtioll, r"spc'ctiVl'ly: 

-1 U 

• Pr('witt. o () o -1 Il 

-1 -1 -1 -1 0 

:2 -1 (J 

Sobel o o o -2 0 :! 

-1 -2 -1 --1 0 

Aftcr cdge ellhallccmcllt, the gradiellt illJage is IIslIally I.ht'C'sholdc·c1 1.0 (·Iilllilla!.c· 

HOlse. Sorne edge det(>ct.oJ's, sudl as t\w Laplacia/l orJ(·rat.or, f'él/l a Iso IH' \'a:,('c1 0/1 t.Il!' 

second arder derivatives. For a two variable- flllldion f(J', !/), it.s Laplac i,lIl is 

'Vl(:r 1) = ()lJ(,I',il) ;PJ(,I',l~) 
,.1 ') l + ') l ( ,1' ( .II 

(:),1 ) 
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'l'Ile 4-lwighllOl' Laplacian edge detedor is designed as 

/.(t,n = /(i - I,j) + l(i, +1,j) + /(i,j - 1) + /(i,j + 1) - 4/(i,j) (5.5) 

alld can tH' imp!C'rJ\('llted as convolution with the Laplacian kernel, 

o 0 

1 -4 1 

010 

1 nsf.ead of a local maxima, the response of the Laplacian operator to an edge is a 

pail' of peaks, one positive' and the other negative. The zero-crossing point corresponds 

t.o t.he position of the cdge. 

5.2.2 Optimal Edge Detectors 

Gradicllt OpCl'éttol'S and Laplacian operators are very sensitive to noise because only a 

V<'ry slIIall Il<'ighbOl'hood al'ound a pixel is considered. Based on the assumption that 

local val'iatiollh COITt'sponding to edge transitions are slower than those corresponding to 

tlOist', opt.imal edge detcdors have been designed to suppress noise at the same time as 

to oht.ain good ('dg<' localization by srnoothing the image with sorne filter before taking 

!.lit· gradi<'nt.[M 1]. Fol' simplicity, let us consider a one dimension signal f(x) and smooth 
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• it with a filter h(x), 

J
+OO 

g(x) = J(:1') * h(:r) = -00 J(x - t)h(t)dl (5.H) 

and the gradient of the smoothed signal is 

J+= 
g'(x) = -00 f'(x - t)h(t)dt (5.7) 

If the filter has a finite range [-a,a], g'(.!') can, by intcgratioll hy part.s, IH' l'I'c!u('('d 1.0 

g'(x) = Laa J(x - t)h'(t)dt (5.8) 

• Thus, edge detection is equivalent to convolving the image witl! the fil'st derivativ(! of il. 

filter. The optimal edge detectol' Îs characterized by the following t,hrec crit(·ria[CIJ: a.) 

The probability of failing to detcct l'cal edges and falscly responding to Iloncdge f1uctu-

ation should be small. Since probability of suceess depcnds OII sigllal to 1l0iH(' ratio, t.hi:; 

criterion corresponds to the maximization of the signal-tü-noise ratio. h) The locat.ioll of 

the edge points accentuated by the operator should be as close as possible t.o t.he cent.er 

of true edge. c) Only one response to a single edge should exist. Ther(' am difrcrcnt. 

ways to characterÏze these criteria mathematically, thcl'cfow t.he implernentat.ioll of t.he 

optimal edge detectol' is not unique. But the performance of diITcrent implerncutation 

can be evaluated by these criteria. 
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• One approximation to the optimal edge detector lS the first derivative of the 

Uaussian (DOG)[MI], 

dh(x) = _-=- exp (_-=:) 
dx a 2 2a2 

(5.9) 

W)I(!I'(! (J iH the standard deviation of the Gaussian function. A unique feature of portal 

illlagc!s is that the field cclge has bigger penurnbra than anatomy edges sinee the collima-

t,ors arC' clmier 1.0 the focal spot than is the patient, resulting in a wide slope in the gray 

value across the field border, This feature can he used to differentiate field edge from 

étllatomyedgcs. The DOO operator has been used by Leszczynski et al to segment portal 

images acquil'cd fl'om an on-Hne imager[L2]. While the DOG opel'ator can accentuate 

• lm>ad edges a.nd depress sharp ones, it requires convolution with a large kernel. For a 

~56 x 25f> portal image, the standard deviation (J of the Gaussian function has heen shown 

1.0 Iw 2 '" 3 which corresponds to a kernel size of approximately 11. To accelerate the 

pl'OCCSS of edge detect.ion, we investigated the performance of two types of edge detectors 

on double expOSUl'e portal images, the Canny-Deriche and the morphological gradient, . 

'('ht' Cétlllly- Del"Ïehc' opera tOI' is a better implementation of the optimal edge detec-

tOI', It, gives better performance thal1 the DOG operator according to the three criteria of 

t.llt· optimal edgc detector[D2], and was implemented in a highly recursive fashion. This 

filler is desct'ibcd by, 

h(x) = (1 + C\' Ixl)e-01xl . (5.10) 
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• and the detector is given by 

(5.11 ) 

Optimization between noise suppressing and good edge localizat.ioll cali 1)(' achi('V('d 

by adjusting the spreading coefficient o. The sma.ller the' spl'l'ading (·o('ffici(,tll. is, t.1\(' 

stronger the smoothing effed is. For doublp cxposure portal images, \V(' found that. t.11<' 

best lX is around 0.5. Since the Canny-Deriche edgc det.cct.ol' is implcllwllt.l'd l't~clI\'siv('ly, 

the calculation time is independent. of t.he' va.lue of a. 

5.2.3 Morphological Edge Detector 

• The simplest morphological edge detectol's arc the dilatioll residu(' and Cl'OSÎOII residu(' 

operators[LI]. The dilation residue operation is the subtradion of nn imag(~ fronl it.s 

dilation with a structuring element, while the erosion residuc is the suht.ractioll of t.he 

erosion of the image from the original image. The difference imnge is t.he edge image. As 

defined in Chapter 3, the dilation of a grii'yscale image f( i, j) wit.h il grayHcal(· st.I'IH't.1II'ing 

element e(i,j) is 

D[J,e](i,j} =max [J(i -I,j - m) + b(l,m)] 
l,m 

(5.12) 

while erosion is 
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• H[j, e]{i,j) =rnin [J(i + {,j + m) - b(l, m)] 
I,rn 

(5.13) 

Erosion rcsidue operation is givcn by 

Ge [J, (:](i,j) = J(i,j)- min [j(i + I,j + m) - b(l,m)] 
I,m 

(5.14) 

while dilation residllc operation is given hy 

G,J[J,e]{i,j) = J(i,j)- max [f(i -I,j - m) + b(l, m)] 
I,rn 

(5.15 ) 

FOI g()od (·dgC' localiJ',atioll, small stl'ucturing clements are used. This makes ero-

• sion r('sidllc and dilat.ioll residlle opera.tions sensitive 1.0 noise. Larger structuring clement 

Cilll be uscd 1.0 supprcss noise, huI. the edge ohtained will he shifted inward or outward 

with erosion l\~sidue or dilation residue operations, respectively. Good edge localization 

cali be achicved with the so-called morphological gradient[Gl] (Mgradient) operation 

which is the subtradion of the erosion of the image from the dilation of the ,image 

G[J, cHi,j) =rnax [J(i -l,j - m) - b(l,m)]- min [J(i + p,j + q) + b(p,q)] (5.16) 
I~n p~ 

Mgradit'1l1 will plan' tilt' center of the edg(' at. the exact houndary of a structure. If 

collst.ant. strllcturing element is lIscd, i.e. b(i,j) =constant, such as the 8-connected 
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• structuring element 

Mgradient can be simplified j,o 

G[J, e](i,j) =max J(i - l,) - m)- min f(i + p,j + q) 
1.1I~ 7'.'1 

(.rd 7) 

This is similar 1,0 the subtraction of two convolution operatiolls ('xc!'pt. t.)Hlt. IlWXillltllll 

and minimum take the place of Humlllat.ion. 

• Since any structures sma.llcr t.hnn t.he si7.C of t,)1<' st.l'Ilct.urillp, d('IlH'Ilt. willl)!' ('lillli-

nated in the dilation and erosion processcs, the Mgradient also Ims sllJ()ot.hinp, cilpabiJit.y. 

A comparison of the performance or the Mgl'étdicllt with t.hat of t1w Sobel alld Call1ly-

Deriche is shown in Figure 5-1. The Sobel, Canny-Derichc and Mgradj(lllt. olwra.l.ors an' 

applied to a typical double exposure portal image in (a) and the reslllt.s (U'<' showlI iu (h), 

(c) and (cl) respectively. The edge images have been t,hresholded wit.h a t.hreshoJd valu(! 

at which the closed contour or the t.reat.ment. field is just. round. H cali heell !-i('('fI t.hat. Ut(! 

Canny-Deriche and t.he Mgradient are much less sensitive t.o sharp cdg('s éUI<! uoise. The 

Mgradient can give result similar 1,0 that given by optimal dctedors but. is mlleh fast.er. 

Even when the IM-1280 board is disabled, the Mgl'adient. ta.kes :1.~1 sl'(·ond:.. ('()/IIpare(1 

to the 17.08 seconds required by the Canny-Del'ichc for il :lf)() x ~!)() image. 
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Fip,III'(' ;'-1: P('rfol'lllétncc of threc diffcl'CIlL edgc dctectors on a dou ble exposure portal 
illlag(" 'l'hl' edg(' illlages have bcen thl'csholded with a threshold value at which the 
dww<! contour of tilt' trcatrncnt field is just round. (a) original portal image, (b) Sobel, 
t.lIr('shold=l. (c) Callny-Dcriche, threshold=4, (d) Mgradient, threshold=6 . 
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• To tC'st t.hE' insellsiti\'ity of lht, ~lgl'adit'nt 10 twist" thrt,t' pllt'talliltlls "'t'rt' al'qllil't,d 

during one t.reatment with diffPrt'llt amOUllt. of radiat.ion 10 {>l'oduCt, tliIft,rt'Il1 O\'t'I'a\lnoist' 

level, and the resultal1t detected fit'Id ('dg<'s OH t hl' prol't'Ssl'd illlap,l's an' shown in Fiv,-

ure 5-2. For demonstration purpOSC' only the images obtaitwd hy histoj.!,t'é\\\\ ('ql\a.liz(~t.inl1 

are shown because the contrast of the original port.al imagl's Îs \'00 low t.u ohst't'\'(' any 

difference in noise levels, The profiles along t.he' middle l'OW of t.JJ(' OI'ij.!,inal il\l<tj.!,t' and t.ht' 

cnhanced images are plottcd, It cali he S('('II t.hat tht' cxt.ré\ct.t'd fit'Id hurdt'r HW t.ht' salllt' 

il'respective of noise levcl. 

In the studies, wc have pl'('f(,l'l'ed t.he Mgmdit'Ilt. dd,t'dol' 1)(,(,1\llSt' of it.H Sl)('('d a.nd 

its low sensitivity to noise, Once the cdge has bCCJl dcl.('I'lIlined Ilsing t.h(' Mgradipul., Wt' 

proceed to extract the radiation fic'Id 1.0 finally alltomal.ÎC'1\Jly scgllH'lIt. it. 1'1'0111 t,II<' 011\,('1' 

• field image, 

• 

5.3 Feature extraction 

Arter edge enhancement. with Mgradicnt, a t.hl'csholding operatio!l is IlSIIa.lly iLPplied 1.0 

l'emove noise and unwanted edgeH, TIII'('s!loldillg is <t trallsfol'lll that assiJ.',lls il sillJ.',11' vahll' 

(usually '1' is uscd) 1,0 ail the pixels whose gl'ay va.luc is gl'eater thall the thl'<'shold ilnd 

assig,w; '0' to aU the others, GivCII ft g,raysCftle image I(t,j), thteHholdinp, hy il thl'eshold 

value T results in a binal'y image O(i,j), 
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Figll1'(' 5-2: Profiles along the middle row of original and enhanced portal images. The 
port.al filllls ,Ul' (lcquired during the same treatment but with different exposure: (a) 
·IMU, (1)) Gl\Hl, (') 8MU . 
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• . {l, if](/,j»'/' 
0(/,)) = 

O. if 1(1.)) < '/' 

In t.he case of a double' CXpOSUf'(' portal illlclg(', P.g. Fip,u[(' !)-[ (a), 1 hl' 1'("It.\II't' 1 hat. Wt' WéllIt. 

to extract is t.he c\oscd contoUl' of tl\(' tl·{·é\l.IlIPIIt fi('ld. Bill. t.1lt' ('dp,(' int.(·nHit.y alonp, (.(It· 

trcatrnent field contour is IlOt. UnirOl'1ll sillcc' t.h(· t.J'('éÜIIlt'n(, fi('ld iH a t.réIlIHpan·nt. shat\ow 

on the background anatorny. Thcrcfon" t.1H' t.hl'l·shold valtl<' iH Hl'll'd.t·d aH tilt' lUit' .d. 

which a closed field contout' is formcù. 

Usually, portal images have a low inhcrcnt contra.st.. Ir ct <Iouhlt' {'X[HlSIIJ'(' port.al 

film is appropriatcly acquircd, i.e. the (,wo exposures arc in a l't'asollahl(' pl'OpOI't.iOIl, I.h(· 

trcatrnent field has greatcl' contrast tlwll LIt<' anatollly. Tht'refol'l', a.fL(·I' ('dp,!' ('ldJalu'(" 

• ment., the field edge is st.l'ongcl' than tire illléd.Ollly edp,c·s. '1'1)(' c1oSI·d fi('ld COIlt.Ollr ("ail 1)(' 

extracted al. a threshold val lie higher titan tllP i Il t.pl\si t.y of 1. he élllil t.OIll'y t'd/!,t's, n·slIlt.i 1Ip, 

in a very clean edge. 

But on some occasions, the field hordel' rnay fall on SOIllC' dark sl.l'lIct.llrt·, thc~l'd'or(' 

causing some parts of the field edge 1.0 be significantly w(·akpru·d alld 1.0 I)('('olllf' ('OIlIP1l.I·"· 

bic with strong anatomy edg<'s, III ()l'der to ohtaill tilt' cl()~wd fipld COII!.OUI, tilt' t.IlJ'(·sltold 

value must be reduccd, At the same time, noise and ana.tollly (·c1ges will apl)(';U- wit.hill 

the binary edge image and rnay be connected t.o tl)(' field edge, as in Fip,lIJ'(' :,-[ (cl). 

This poses a big problem to contollr connecting techniq1les hc(:ause it rc'«lJiJ'(~s ltig}I-I(~vd 

knowledge to differentiat.e a field edge from anatorny cdgC's. lIowev('r, if the hillitry (·dg(! 

49 • image in Figure 5- 1 (cl) is illvertcd, c!os('(1 ('(Ip,es l)l'cOUIC' p,aps spparatinp., dirrC'l'l'lI1. objt'cf,s, 
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étntl OP(!fl (!dg(~H become cracks 01' holes on objects. The task is changed from extracting 

t.ll(~ lidd contour ta cxtrad.ing the object repl'esenting the treatment field, and the prob­

h~1I1 is c1lan~('d from rcmoving uIJwanted anatomy edges connected ta the field contour 

to piekillg up the object. corresponding ta the treatment field, and closing cracks and 

filling holes CHI the object. This process is made much simpler by using morphological 

I,('dllliqllcs thaJl il. is by incol'pOl'ating sorne form of high-Ievel knowledge into feature 

{·xt.metioll a.1~()l'ithllls. 

Alt(·" t.lu· billé-ll'y l'dge illlage is inverted, it is labclcd for analysis in order to isolate 

tlll' fi('ld ohj('cL The la!>C'ling operation is to differentiate different objects byassigning 

dill'ewllt gmy I('ve!s to diffcrent objects in a binary image (Figure 5-3). 

ObjectH can then be separated by thresholding at each gray level, and properties 

Iike area alld perimct.cr can be ca\culated such that objects can be analyzed and sorted 

hy th('ir »l'Operties. 

Image' HTmlysis is very t.imc consuming because it involves intensive calculation. 

Wc' int.l'Oduced cc'rta.in models within the analysis to shorten computation time. When a 

fillll iH digit.i;"ed, it is always placed at the center of view. Therefore the field always cover 

t.h(· ('('111.1'1' of a digit i:'.ed ima.gc>. Basecl on this raet, the field abject can be extracted with 

1.1)(' J'(·(,Ollst.l'u<'l.ioll opc'ratioll (Cha pt,C'1' ·1) wit.h a bi nary marker image which cantains a 

slIIall marker at t II<' illlHgc center. For 256 x 256 images, the marker consists of a disk 

or radius of 10 pixels. This marker is sufficiently small not to exceed the l'ange of any 

t.n·at.Il1<'lIt fidd in any portal image, and sufficiently large not ta miss the field object if 
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1 1 0 0 0 0 0 0 0 1 1 1 () 

1 1 0 1 1 0 0 0 0 1 1 1 0 
1 0 0 1 1 1 0 0 0 0 0 0 0 
1 0 1 1 1 1 0 0 0 0 0 0 () 

Binary Image 0 0 0 0 1 0 0 0 0 0 1 1 1 
0 0 0 0 0 0 0 0 0 () () 1 1 
() 0 1 () () 0 () 0 1 1 () () 1 
0 0 1 1 1 1 1 1 1 1 () () 1 
0 0 1 l 1 1 l 1 1 0 0 0 1 

• 1 1 0 0 0 0 0 0 0 2 2 2 0 
1 1 0 3 3 0 0 0 0 2 2 2 () 

1 0 0 3 3 3 0 0 0 0 () 0 () 

1 0 3 3 3 3 0 0 () 0 () 0 0 
Labellcd Image 0 0 0 0 3 0 0 () 0 0 4 4 4 

0 0 0 0 0 0 0 0 0 0 0 4 4 
0 0 5 0 () () () 0 5 5 0 4 4 
0 0 5 5 5 5 5 5 5 5 0 0 4 
0 0 5 5 5 5 5 5 5 () () () 4 

Figure 5·:~: llIust.rat.ion of t.he labelling {)p(~I'èLt.ioJl 
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t./JI' /IIiLl kC'1 fall~ CH! a !Jo/e' 011 thc~ fic·ld objc·ct. 

AII.lrOllgh t.!/C' fidd object, pick{·cl IIp by the marker has the same shape with the 

C\;Il k I.lI'at.rnell t. fif'ld on the original portal image, its size is smaller because the field 

(·c1gc· Ilsllillly lm!'> il width of sev('ral pixels. h. also has sorne cracks and holes on it due 

1.0 t.!J(' il lIal.ollly ('dgc>s and noise. From our own investigation, we round that applying 

t/II' closillg oJ)('/'at,ioll t.hrec times is sufficiellt to close any cl'acks on any field objects. A 

Itol<'-fillillg ope/'atioll is élPplied to fill any possible holes on the object. Then the field 

ohjc·ct, is dilat.e·c1 twicc' t.o return it to the real size. The flowchart of the mainstream of 

t.!w se'gll 1<'11 t.at,ioll alld COll t.rélS t. ('II hallcelJ1C'n t is shown in Figure .5-4. 

'l'Il<' origillel! port.al image is rcad into mcmol'y and the Mgradient operation is 

applwel 1.0 il. 1.0 oht.aill ail ('dge image, This cuge image is thresholded with an optimal 

t/I/'('shold vahl<' ol>t.aillcd by a program which will be discussed later. After thresholding, 

t.his billa./'y ('dge image is invert.ed t.o it.s complement, and the central object in this image 

il' pickpd IIp wit.h t.I\{. lIlarkel' image describcd earlier. This object is then refined to a 

IllilSk J'(·lu·(·S(·IIt.illg t.h(· tI'pat.mcnt. field and the complement of this mask image is the 

lIlill'k n'pn'sc'lItillg t.he' SUITolllHlillg area. The original portal image is segmented into 

t.WO sllhilllag('1'l wit.h t.hcse two masks. The two subimages are combined together after 

applyillg hist.ogrélm ('(\lIali:uli.Îoll separately to each of them . 
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Tlm'shold (;l'adi(·Ilt. blla!!,(' ~ 

III vert. Bi na l'y IlIlc\.ge 

l ______ _ 
Extra!'t (~(,llt.l'al Obj(,cl, __ J 

Make Field Milsk 

Mak(' Back!!,l'Olllld Mask 

Appt y Masks ] 

.-----__ --1-1 ------J 
Separat<· lIi:-.t.o!!,l'cLlII EqllilliZcltioll 

'--___ C_·<_H_ll_h_i ne Sil hi nmg(':-; ~ 

Figure 5-4: Flowchél l't of the maÎnst.l'cam of t.he seglllenta tioll il IId ('("d.1 ,1:-' t. ('lIh,1 11('('11)('11 t 
procedure . 
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5.4 Automation of Segmentation 

To 1,,· <tutolflatic, the alp;orithm must Iw capable of adjusting itself to search for an optimal 

t.hll'!'.hold Vithw with which the fidd ('xtractioll procedure mcntioned above can proceed. 

'l'III' opt.imal t111t'shold valuc could be defined as the highest value at which a closed field 

(0111.0111' i!'. jUf>1. rOlJlld ill the' binary image. But, if the field contacts the image border, its 

(,Olll.oUI' will 1)(· an opell curve with both ends on the image border. A better definition 

hilS 1)('('11 usC'd, i ,(', th(' opt.imal thrc'shold valuC' is the highest value at which, in the 

(Olllplf·III I ·1I1. of t11(' IJillal'y imagt', th(' objpc\, cOI'I'('sponding to the tl'eatment field is just 

:'('pill il tpd Ollt from t hl' ba(' kgl'olllld, Portal images are acquired for differen t anatomical 

:'II.(·!'. frolll dirr(·I('IIt. tllC'l'é1PY machines and thus have different optimal threshold value. 

'l'II(' sC'éirchillg procedure starts with a high threshold value at which nothing is 

s(·(lélmt.e·d alld de('l'(,lIIcllt.s the thrcshold value one byone, A predefined area criterion is 

"(,l'ilie'c1 al. <,acll t.hl'eshold valu<' t.o d(·termincd whether to stop the search or not. Due to 

t.hl' cOlllph·xit.y of t.he cOlIl.ent of portal images, the procedure has been divided into two 

st.ap,<'s, ('aell wit.h its OWIl cl'it.eI'Ïon, The first approximation, the flowchart of which is 

sltoWII ill Figur(' 5-.f), is basC'd on a very simple mode!. Usually, portal images have a very 

low ('()lIll'ast., alld t.llt' illtc'Ilsity of the field cdge is much greater than that of allatomy 

('dl-!,('s, \Vltil('1 hl' t.h]'('sltold is Iwillg dCCI'C'(lsed, the field cclge will appear fil'st in the binary 

('dp,(' illlal-!,(', Thi~ l\Il'all~ t.hat. iu t.he complement of t.he binary edge image, a big object of 

litt' siz(' of t h(' whole ill1age will break up into two big pieces corresponding to the radiation 

fi('ld and t.1\(' stll'1'o\lnding area. Thcrefore, our first approximation is to determine the 
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Figure 5-5: Flowchart of the first st.cp of the segmentation procc'd Il r(:. 
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thresholcl value al. which this just OCClUS. Starting from the initial threshold value, the 

pl'Ol;raUl counts the Ilumber of scparate ohjects in the complementary of the binary image 

whose area is larger than a specific critcrion. The criterion we chose is ~ of the whole 

image area. If the number of large objects is smaller than 2, then the threshold value is 

dpcremclIl.ed, and the number of large objects is recounted, and this process continues 

llllt.il !,wo large object.s are round. 

ln sorne cases, part of tlw field bordel' may fall on a dark structure (Figure 5-6 a). 

This part of the field ('dge will he significantly weakened 50 that its intensity is probably 

cOIIIJmrabl(' t,o t.hat. of the strong anatomy edges outside the field. In the complement 

of the hinary image, the background may faH apart into several pieces before the field 

()hj(~ct. cOllle's out cOlllpletely. Therefore, the area criterion may be met at a threshold 

value high('r t.héLlI the opt.imuJ/I and, step one is stopped earlier (Figure 5-6 c). 

The s('c(>Ild stage of the segmentation, whose flowchart is shown in Figure 5-7, is 

d('sign('d t.o accommodate t.his difficult situation. After the first approximation, if the field 

ohj('d is Htill connccted to the background, the connection must be weak. The second 

apploxilllat.ioll is to pick IIp the' field object ( il. may he connected to the background) and 

v('rify wl\('t.!Jer il. is COIIlI>élcl. 01' ilOt. As described in Chapter 4, the opening operation 

rail bn'ak IIi> w('ak jUII('t.ion which is smaller than the structuring element. Therefore, 

aft.pl' t.1lt' first. crit.erion is met., the program extracts the central abject and, opens it 

ro\ll' t.il1les t.o verify whethcr any piece of a significant size can be broken up from this 

obj(·ct. At. t.hiH stage, if ally pÎ('('(' can be broken out from the central object, its size 
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Figure 5-6: Segmentation procedure. (a) ol'iginal image, (h) binary edge image at. t1H' 
threshold value reached by the first approxima.tion, (c) la.heled complemeut of (h), (cl) 
object image al. the optimal threshold value, (e) t.reatmcllt field llIask rnadc' rl'orn t.he 
central object in (d), (f) portal image enhanced with SilE. 
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Only 1 Big Object? ) 

Yes 
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Figur<' 5-7: Flowchal'L of t.he second step of the segmentation procedure. 
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must be relatively small. The criterion is set as 6'S of t h(' whol~ Îmagt' art'a. If, aft.t'!" t.1H' 

opening operation, only one object larger than this cri\'('l"ioll Îs rOll1ld, I.}\('II Wt' aSSUJllt' 

that we have reached the optimum threshold valut'. Ot\wrwist" t.lll' t.hl't'shold valut' will 

be decreased further, and the t.est. will be l"Cpeat.ed uutil the opt.imal t.hrt'shold vahw is 

reached. Gpening with the 8-connected struduring dellwul for ·1 t.iu\t's is <'<juivalt'Ilt. t.o 

opening with a 9 x 9 structuring clement (Chapter ·1). This op('rat.ion is slllrici('lI1. 1.0 

break any inherent jUllct.iom; 01\ t.ht' ohjed ht'causl' t.ht' shapl' or il pn'!HTiIH·d t.n'at.IlH'Ilt. 

field is sufficicllt.ly compact to sustaill this Opt'rat.ion, St.t·p t.wo do('s ilOt. (ollt.radict. wil.h 

step one, sinee if the optimal thrcshold valuc has already 1)('('1\ 1'('adl<'<1 hy st.('1l Ollt' nlolt(" 

step two is automatically satisfied. 

This automatic segmentation technique was test<'d on ét large 11111111)('1' or pOI't.al 

images acquired from a cobalt unit, 4MV, (iMV alld IOMV liuites. 'l'II<' illlag,('s ('OVl'I' il 

variety of treatment sites. The algorit.hrn t.urns out t,o be étc(,UI'at.e, l'ohus!, alld f(lsl.. Th(' 

computation lime varies from one image lo anolhcl' because of t.he dYllétlllir l'('asolling 

procedure, but it is less than 15 seconds. 

Besicles selective histogram equali,mliol1, allot.hcl' purpos(' of a,lItolllati(' st'g,Illl'llta­

tion of dou ble imageH is to açcclcrate the PI'()(,(,SS of \.1'<'(\ \.u 1<'1\ \. Vt'I'ilkat.ioll, 'l'h(· il Il \.oma\.­

ically cxtracted treatmcllt. field ma.sk will he useù as th(~ létlldllléU k for pOI't.al-silllllla.t.ul' 

image correlation which will be discusscd in the next chapter. 
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Chapter 6 

Portal Image Registration 

As d(~scril)('d in Chapt.er ~, radia.tion therapy t.reatments are verified by comparing the 

port.al image wit.h the simulation image. Portal and simulator images have different size, 

locat.ion and orielltation on films due 1.0 their different geometries in the acquisition. An 

illust.ra.t.ion of films set.-up is shown in Figure 6-1. 

011 t.IJ<' si/llulat.or, the cassette is placed right above the image intensifier under 

tlw couch, and is positiollcd as close to the pat.ient. as possible 1.0 reduce geometric 

P('II Il Il lbra. But the lIlctjority of treatment machines do no presently have huilt-in on­

lilH' port.a.1 illla.gNS. Since there is Ilot snfficient room for the cassette in the coueh of 

t.1·('at.lllcnt Illélchines, t.he easset.t.c is not placed as close to the patient as on the simulator, 

J'(·sldt.illP; in port.al films l)('ing ll1agnified compal'ed 1.0 simulatol' films. Because the fixing 

of t.lw Ctlssdt,(' Illay 1)(' difl'(·rent. on the two machines this may result in a tilted portal film. 

Wht'II \V(' digit.ize the portal and simulator films with the laser scanner, they are inserted 

illto a slof.. 'l'II<'('('fol'c thc digital images have different size, location and orientation. 

'l'Il<' plll'p08<' or digital imaging Îs to manipulate the image data so that images of the 
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focal spot 

simulator image plane 

portal image plane 

Figure 6-1: Illustration of the gcometl'ic l'e1ationship bctween a simlllêll.ol' irnag(! ami it.s 
corresponding portal image . 
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• Si1If1(~ obj(!c:l but acquired Illlder diffcrent geometry can be transformed into the same 

/!,eollldl'y for direct comparÎsoll. This matching procedure is called image correlation or 

l'egistra.tioll. Correlat.ion of two images is usually achieved by matching sorne features 

COllHnOIl to both images. These features correspond to the same object or part of an 

ohjed. 

6.1 Geom~tric Transformation 

A W'olllC'tl'ic t.ra.nsformation of an image is to change the spatial positioning of pixels in 

t.h(! ilJlage·. Givcn an image I(x,y), its spatial positioning in a plane can be achieved 

wit.h a rotat.ioll, a translation, and a size transformation. For an arbitrary pixel located 

• a.t (:l',!J), a rotat.ion of an angle () al'Ound a point (xr,Yr) moves it to (x',y'), where 

( 
.r' ) _ ( c~s 8 -sin 8) ( x - X

r 
) + ( X

r 
) 

y' sm 0 cosO y - Yr Yr 

(6.1) 

A t.ranslatioll of the pixel by a vector (xt,yt} is simply given by 

( 

.1" ) = ( x ) + ( Xt ) 

y' y Yt 

(6.2) 

Sra.ling is to proportÏol\ally change the distance from this pixel to a projection point 

(,/',,, ,II,.) • 
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X: ) = (Hl 0) ( .1' - .l'p ) + ( .1'1' ) 

yOm li - lIl' !Il' 

(H.:J) 

where m is the magnification factor. For porl,al-simlllat.or illlé\gt' COITt'lat.ioll, I,ht' tmlls-

formation parameters are calculat.ed rrom lalldmarks. 

However, a digital image is represeutcd as a two dimcnsiouill array. WIWH tilt' 

image is rotated or scaled, the new location or a pixel bt'colll<'s fractÎoll1\.l.t'd t.hlls ilOt. 

allowing it to fit within the grid. The image data must be rc-sé\.III[>led 1.0 oht.ain t.he' pixl'l 

value at the new location and this is usually achievcd by int.('rpolatioll frolll t.h<, old dat.a. 

If the new location is simply truncated and the olel data is app1ied t.o t.h(' 1I('(tWSI. image 

gr id point, distortion will result in the ncw image. lllterpolatioll e1illlil\(\I.('S )!;polll<'l.rÎc 

• distortion, but the pixel value obtained by illt('l'polatioll rema.ins '\.ll approxilllat.ioll. TIlt' 

accuracy of interpolation depends 011 the type or intcl·polat.iotl l1sed. Tht! lI\Ol'e ê~ce\ll'a.t.e 

the interpolation is, the more time consurning is the calculatioll. As d('scrilwd in C/mpl,er 

2, portal images have low spatiall'esolution. Under the 256 x 2!i() mode, wc' compar('d 

the result of nearest neighbor method (no interpolat.ioll) wit.h t.hé\.t. of t.h(' ~-Iwigh"(}r 

interpolation, and no differcncc was seen on the transfOfllled port.et! images. WC! t.hlls 

used the nearest neighbor replication in the transformat.ion of irnag<!s . 
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6.2 Landmark Selection 

TIt(~J'(' arc! t.wo ways to verify a radiation t.herapy treatrncnt: (a) align the portal and 

sillllllal.or images with respect to sorne reference anatorny features to observe the shift 

of t.he t,/'catrnellt. field, or (b) lise t.he treatmcnt field as reference for the alignrnent to 

v(·('ify ally shift ill t.h(> allat.orny. Usillg anatornical fcatures as landmarks for correlation 

l'I!quin!s accumte specification of thcse landmarks on both images, but it is difficult to 

ITw.illt.aill consistency when choosing the landrnarks because the two images are of very 

difr('J'('lIt <jualities. Sincc the patient body is not a rigid abject, it is also not feasible 

1.0 pla('(' lalldmarks on or within the patient body that remain statianary with respect 

1.0 pa.t.ieut. ana.t.ollly. The mdiation field is a pre-specified non-anatomical feat ure , and 

as disclIssed in Chapl.cl' 5, wc automatically extracted it from the portal image. The 

sailli' radia!.ion field has already been prescribed on the simulator film and it is very 

silllpl(' t.o descrihe the field mask by following the field rnarked on the simulator film. 

'l'1H'l'dore, w(· used the field fIIask automatically extracted from the portal and the rnask 

d('snilH'<! l'rom t.h(> pres<Tibed fidd cOIlt.our on the simulator image as the control objects 

for cOl'I'da.t.ioll. A billary mask can be considered as a two dimensional uniform rigid 

obj('ct" aud t,wo g('omet.rically similar shapes can be correlated by use of their inertia 

IIIOlll('I\l.s [.J 1 ]['1' 1 ][ A 2]. 

For a t.wo-dimellsional solid uniform object located in the x - y plane, the nth 

01'<1('1' IIIOIII('llt is gi\'t'II by, 
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.1 (./' - Il)' (li - br" d.rdy 
J d.tdy 

(li.-' ) 

• ~:rdJ.' l 7 ydy wlth a = tir' 1 = dy , and n = 1 + m, w\wre 1 and III an' posit.iv(' 1 "t.q!,('\'. 

Moments up to the second order are SUffieif'llt. t.o ob tain tilt.' g('omd,l'Ï<' rC'\at.ion lwt.W('(·1\ 

two objects (i =1,2) of geomet.rically similar shape. 

Theil relative location cali 1)(' calculal.l'd [rolll 1.1\t' ('('111.('1'01' IIWSS (o. b), n·lat.ivt' 

orientation can be ohtaincd from t\w 2nd order inC'l'tia 1Il01l\('Ilt. Illa\.rix 

(::: :~: ) ((i}j) 

and the relative size cali he oht.aillcd [rom t.11(' cig<'llvaltws of \.\1<' il\(,l't,j" 111011\('111. 11I.ll.rix . 

We used the angle subtendccl by t.he greatcl' of the t.WO eig,('lIvC'ct.OI'S wit.h I.h(· hOl'izollt.al 

aXIS, 

(fUi) 

to specify the orien taLioll, and used tlH' cOl'I'cspond ing ('ig,('JI val 11(', 

(fi. 7) 

to specify size, By choosing t.he centf'\' of mass (a,l» as tlU' rotatioJl œllt.(·., alld 1.11(· 

projection point, the transformatioJl paralTwt,('r!-> an' giV<'1I by, 
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6.3 Results of Registration 

'l'lu' whole procedure of rC'gistratioll iH shawn in Figure 6-2. The treatment field mask is 

dl<lW/I (HI U)(' si 11111 laf,or image (a) and is shown in (b). The landmark 011 the portal image 

is ,d('(·ady a.llt.olllflt.i('ally (·xt.racted (Chapt.er 5) and is slrown in (d). 'l'Ire parameters in the 

P,(·()IIH't.ric t.rallsforlllat.ion, t.1\(' I.rtlllslatioll vect.or, t.he rotation angle and the magnification 

fiwl.ol, a!'(' calnr!,d.<'d frolll t.he two landmarks, (b) and (d). The enhanced portal image 

((') is Lmllst'orllwd to the' gcomctl'y of the simulator image (a) and is shawn in (e). The 

• (,ol'('('Ia.I.('d port.a.1 (.) alld sirnulator image (a) arc overlaid in (f) with the weight 60%-40% 

fol' vI·rifieatioll. III (f), wc' cali see I.hat. the portal and the simulator images are very weil 

aligllcd huI. a discrepancy in t.he shape of the treatment fields is seen at the notch located 

al. I!f(' ill'I'OW. 

POI't.al-silllulat.or image correlation by using inertia moments of landmarks has 

111'1'11 ill\·psl.ip,at.(·d hy Bijhold d, al[B/t].TIH.'Y llsed t.he treat.lIlcnt neld contour automati-

l'cdly (·'\t.I'(\('((od 1'('0111 t.11I' porlal illlagc' mul I.h(' prescribed field contour which is predrawn 

011 t.lH' silllulnlo(' illlag(' as 1.h(' lalldmarks for correlation. But the extracted treatment 

lic'Id cOIlt.our has smalliluct.uatiolls with respect to the real field border due ta noise, and 

""ry fJ'('quC'1l t.ly, discrepallcies (couIc! be large) exist between the prescribed field and the 

In'allllt'Ilt ric'Id dut' t.o 1.11<' ('lTOrS in manufactlll'ing the field shaping blocks. A compact 
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Figure ()-2: Illustreüion of the reg,istratioll proced11l'('. (a) siJllllla1.o!' illl.tpp, (b) 1.1Ildlll.tlk 
dl'awtl OH the simulatol' image, (c) enhallced portal illlag(', (d) lalldlll.l!k all1.olll.ll.ically 
extraded l'rom the ol'ig,i liaI port.a 1 i lIlag(', ((') pOl ta 1 Il Wtgt' ".1'1.('1' 'DIII'I:tl.IOII, (\) Ilwll·I.Y 

of the ('orrclated portet! <Lm] sillllda.tol' illlélg(' \Vith .\ \\f('iglll, 0\ hO'/( !JO'/(, 

G7 



• 

• 

• 

l/IiLsk has larger inertia moments than its contour therefore it has stronger resistance 

t.o tlJ(~ c1i~tOl't.ion of t,}\{' trc~atnwnt fi('ld shape. We compared the results of calculating 

t.Iw ilwI'tia. IIICJlIlPllt.S of the cOlltour with that by calculat.ing the inertia moments of the 

IIlilsk. A doubl(! pxposure portal film is digitized twicc with different film orientation on 

tlH' lig;ht.box alld dirfm(~IIt. camera-to-film distanc('. The automatically extracted treat-

111('111. fi,·ld Illilsks are shown in Figure 6-2 (a) and (b). The two fields are correlated 

by usilll!, t.he· field contours and the field masks as landmarks respectively, as shown in 

FiguJ'(' fj-:l (c) and (d). AC{ we had cxpected, registration with masks appears to oITer 

j)('u.(.1' 1H'l'fol'lIIfl!l(,(' than l'cgistrat.iol1 with contours. 

AIt,hol\gh usillg t.he field masks rather than the field contours results in stronger 

l'('sist.allc(· t.o field distortion, t.he incrtia moments method will fail if the distortion is too 

lal'p,l'. Ac('ordillg 1.0 our observat.ioll, large discrepancies in the treatment field shape are so 

('0111111011 t.hat t.hey al'(' t.1H' facl.or limiting the effectiveness of this verification procedure. 

This cOI'rdat.ioll method was Lest.ee! on 30 portal-simulator image pairs randomly selected 

frolll pat.i(·nt files élnd 12 of thcllI ha.ve very large discrepancies that the algorithm could 

ilOt. giV<' sat.isfact.ory cOITelat.ion. The algorithm's resistance to discrepancy between the 

pl't'sCI'ilH'd fi('ld <llId tl'f'at.ment field is dependent on the shape of the field because the 

s<'lIsit.ivit.y of t.1l<' im'l'tia mOlllent.s to a distortion on one geometric shape is different from 

t.h(· Scllllt' dist.ortion OH anothcr. In a.not.her word, the magnitude of the discrepency at 

which t.1t(· ('oIT(·latioll algorithm will fa.il is different for different geometric shapes and is 

abo d<'(H'lldmt. on titI' location of tl\(' distortion on the geometric shape. For example, 
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Figure 6- 3: Comparison of !andlllarks. (a) field Illask ext.rad,('d l'l'Olll il dOllll!p PX IWSlIJ'I' 

portal image, (b) fie!d mask exlracted !"rom anot\H'r portal illlapp dip,itiiwcI l'JOIll tht, 
same portal film, (c) registratioll ohtaÎlled hy Ilsing t1l1' two llIa:,ks ,lH lalldlllill'kH, (d) 
registration obtained by using the lwo field contours as lalldmarks . 
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tlll' illfllH'u' of disl,ort iO/l on the inertia moments of a ~ql\arc is much larger than that on 

t/I<' i/wrtia rnortH'llt<; of a vC'ry fiat. redangle. The correlation algorithm is not resistant to 

slwllc' distortio/l:" wlH'1l t1lC' t.l'eat.lIlC'/lt. fi(>ld is square. Anothcr limitation of this method 

is tlwt il, doc!:., /lO" (ollsic!('1' 0111, of plane rotation. But its contribution to the overall error 

is rrl1wh srrwllc'I' than tl\e contribution from ficld-shaping errors . 

iO 
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Chapter 7 

Conclusion 

7.1 Summary 

A robust algorithm of automatic segnlC'nla,t,ion a.nd rC'gÎstrat.ioll of dOIl hll'-I'Xpos\ll'1' P0l'­

tal images has beclI developcd. This alg,o\'it.hm ('llIploys llIétt!wllmtÎml \IIo\'pholo/!,y \.\'('" 

niques to extract the radiat.ion tlJ('rapy t.l'('atnwnt. fi('ld out. of H. douhl('-I'xpOSlII'(' illIH/!,(' 

and therefore ddillcate t.he treatmcnt field and the surrounding (U'ea. i" (lI'C'pal'a.tioll of: a) 

the selective histogram (or adaptive histog,ram) equalizat.ion t.eehlliqlJ(· wwd fol' ("OIlt.I'a.sl. 

enhancement of the portal image, h) t.he lalldmark fol' po!'t.al-silll ilia t.OI' ÎlIlal!,(' fOJ'I'(·Ia.I.Îoll. 

Basic principlcs and operations of lIIat.hcllIat.i("al mOl'phology an' ird.rodu('(·d alld Sl)('( ifil 

techniques employed in this algol'itblll are explaÎrJ{'d. 1\ flllldiLlIlCllt.al issu!' ill COlllpUt.(·1 

vision and pattern recognition, edge detection, is disctlssed ill ddail. Tite l)('rforllliLlICI! 

of three edge det.ectors, the Sohel, the Canny-Ikriche and 1.1)(' lrtorpltologwil.1 gladiprl1. 

on portal images is cornpared, and Ul(' cffect.iv('l\('ss of the· kJJ()wl(·dW·-IJ;I~(·d "1'1)11);11 Il i~ 

justified . 
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C)a~si('it) ~{'oJr)('tIic moments up to the second-order arc llsed for portal-simulator 

ill1iLP,(' {·ondatiul1. 1\ lIoll-inhcrent feature but common to the corl'esponding portal and 

simulatol' irnag<! is sdeded as landrnark for registration in order to be objective in the 

1./'f·;tI,IJI<!1I t v(!J'i fi cal. ion proced li rc. 

7.2 Algorithm Evaluation 

7.2.1 Segmentation 

'l'lu' H(·p,lllelll.at.ioll techllique has bcen tested on a large Ilumber of double exposure portal 

ilJl1l~e t.a.ken on ft Cobalt unit, 4MY, 6MY and lOMV linear accelerators, and the images 

('OV('I' il 1a.1'~(' variat.ioll of t.l'eatm('llt site. The segmentation algol'ithm has been proven 

éI,('('1I l'il t.C', robllHt amI fast.. The calculation time depends on the content of the portal 

illlil~{, bill. is Jc.ss t.han Hi seconds. These advantages originates from the following factors. 

Morphology gradient 

Loca.l p,l'adi('llt op<'rat.ol's ,l\'(' dpsigllcd to givC' good localization of local edgcs but they 

Mt' abo s('lIsit.ive to 1l0i~t' I»t'CilIIH(' of t.h(·il' ~ll1all kernel size and shal'p shape. Global edge 

dt'l,t'('l,ors art' has('c1 011 sl\loot.hing filt.CI'S to supprcss noise and weak edges. The filters 

uSllally h"v(' finit.c· (·xtC'nt. t.hcl'cfol'C t.hey require convolution with a large size kernel. 

COlllput.at.ion t.illl(' Célll he shortened by using recursivc mf>thods where the number of 

calclllat.iolls is illdepelldpllt of t1H' widt.h of the filter. De1'Îche has proven that according to 

\.11t' ('al\:ly <Titt'I'ia, thc' Callny-Dc'riche operator perfol'ms better than the first derivative 

72 



• 

• 

• 

of the Ga ussian in noise su PPl'('ssion and in t'dge localizat.iol1, A not ht'r ad ran t lIgt' is t.ha t 

it rcquil'Cs less Humber of ralculations, l'l'sulting in suhstlmt ial sa\'illp, of CO III put at iUIl 

tim(', Calculation time cali be saved fmthc'r hy lIsing t,\w Illorphologicéll p,radit'lIt.. Tht' 

performance of tll(' Sol>('1, tll<' CaIlny-D('riche alld t.ll<' l\1p,radit'llt Opl'I'atols 011 pOIL" 

images has bCCll ('ompared in (,hapLe!' ;). Mgl'adit'nt. gives similal' l't'slllts 1.0 t.11I' Cill\\ly­

Dcriche detector but is lI1uch faster. 

Multiple criteria and dynamic reasolllng 

Morphological techniqucs havt~ bC('1l IlS(,t\ hy (:!'ooks 1'1. al [C:J][< :.1] 101' ,\lttollt.lt.i( S('AIIlI'II­

tation of double exposul'<' portal films. But. !.Il(' scglllC'lIl.at.ioll \Vas h,I~H·d 011 11 sillp,h' 

static cI'iterion, a predefincd thrcshold valuC'. lIoWCVCI', 1.0 aC('Ollllllot!all' il 11I1l('h 1,\l'ppl' 

variation of portal imagc types, the al,Çorithm pl'esent.('d Iwre lises a. (lyllalllÎc ilppWildl 

to search fol' the optimal threshold image for each individlla.1 port.a.1 illlélAt·. B('nuls(' of 

this, it is capable of casily accommodat.ing V('ry dilficllit. sitllatiolls, s\lch ah t.!w (·xiI.llIplp 

shown in Figure 5-1 (a). The two pl'cdeHllcd ('J'it.(~l'ia. arc' ilOt. s(,llsit.iv(· t.o t.11l' vmiat.ioll III 

the content of portal Images. 

7.2.2 Registration 

Image correlation by usillg incrtia 1I10TlHmts of lalldrmu ks i" bas(·d 011 t.11I' (Olldit.ioll t.llat. 

the lalldmarks arc geometrically similar objects. Theoretically, t.he tlC!at.rrwnt. fipld lias tlJ(' 

same shape with the prescribed field bccaul'l(~ t.he blocks Ilf,Pc! 1.0 shap(' tll(' 1,r(·at.mellt. field 
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<ifC! /llilllufactuled ac:cording to the field marks prescribed on the simulator film. But very 

fJ'(~qll(·IIt.ly, dil>crepallcy occurs. Alt.hough thc ficld mask has stronger rcsistanee to field 

distortioll thau the field contour, the incrtia moments method will fail if the discrepancy 

ill fidd shapes hctWf'CII the two images is too large. Nonetheless, unsuccessful correlation 

is ail illdicat.ioll that the trcatmcnt ficld docs not correspond to the field prescribed on 

t,/w sillllllal,oJ' image'. The verification process has at. least, indicated the existence of 

iL discJ'(·pa.llcy. Jf lIIorc care' is takcn in the manufaduring of the field shaping blocks, 

t.he· SIl< ('(·ss rate of t.his 1Il('t1lOd will incrcase significantly. ln the case of fractionated 

tW.d,IlH'lIt., if UI<' t.1f'atn)(,I1t is vcrificd by comparing the portal with another portal which 

ha.s he'('11 v('rified, this method is mueh more effective sinee the field shaping blocks are 

fix('d 011 the' t.l'ay throllgh out. the whole treatment. process. 

7.3 Future Work 

li p 1.0 1I0W, tll<' factor tltat limits the SIlCcess rate of the segmentation algorithm is 

impro!H'1' ('XPOSIII'C' of the pOl'tal film. The ratio of t.he amount of the two exposmes are 

1101 IC'i\sollélhlc' 0" a doubl(· ('XPOSIlI'(' pOI't.al film, c.g. the open field exposure is large 

t.hal t.J)(' H1H1t.OIll)' (,Olltra:.Ü is comparable with that of the field contrast. Even the eye 

('aullnt. dill'(·I'('IIt.iat,c' tl)(' t.n'atmcnt field and the anatomy. This makes the extraction of 

I.ht' ln'al.lII(·Ut. field impossible. Thercfore, image acquisition should be integrated into 

III<' WllOk p['()('('d u l't'. As a matt.er of fact., this projcct is also an investigation of on-line 

II'('at.IIH'1l1 :-<'I-up alld Illonitorillg. vVith ail on-liIlc portal imager, optimization in image 
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acquisition call be cxpected so that illlpro\'('d pt'l'forntaIH't' of tilt' H('p-lIwnt.at.ioll nlll tH' 

achieved. 

Calculalion time is an important iHHltt' for on-Hn(l portal imap,inp; SYHt('IllH. In tlll' 

rnean time, the a\gol'it.hm is implcment.ed in a l'clat.ivc1y hig,h I{'vpl, i.t'. usill)!; H\.allda.rd 

image processing modules in the Visilog library. Spe('d l"\.1\ \l(' impl'ovt'd if t.11t' al/l,orit hlll 

is implemented by using the low l('v('1 drivers of t.l\<' image' pro('('ssing hoa.rd dirt'd.ly. If ail 

interface bctwecn t.he lM 1280 bOiU'<1 a.nd the on-lint' imag<'l' is bllilt., t.llt' éllp,ol'it.hlll «'II 

he modified to a live-pl'Occssing llIode. Althollgh the algorit.hm iH all't'a.dy V('I'Y l'OhIlHt., 

its success rate can still be improwd hy incorpoJ'ating hig!. 1< '\'<' 1 kuowl('dges. 1 Jlt.illla t,(,ly, 

a databasc can be introduccd to build an expert. SYHt<'1I1. 

The registration algorithm is d('veloped only fol' tl\(' imq)('ct.ioll or t.n,.ltllH'1l t. fi('ld 

shift. But it has been ObHCl'ved t.hat. a large percent of t.Jl'al.lII('IIt. fi('lds do ilOt. Illilt,ch 1.111' 

prescribed fields. Sometimes the discrepancy is so large' that il. cali 1)(' lJot.ic('ci visually. 

If large distortion of thp trcatrnent fidd exisls, it is no long('J' l'easollahlp 1.0 UHe \,Iw fi(·ld 

mask as the reference of regist.ration. ThcJ'cfoJ'c, eit.hcr more CH.J'(' lias 1.0 1)(, l.alwll ill 

the manufactming of thp field shaping blocks, or somp othe\' 1'('(11.11)'(', S1\('1I as a.lla 1.01l\ if' a 1 

landmarks, can be llscd as n·fen'lIcc· cV<'lIthough Üwy Illay Iw t1iflindt. to sp<'<'ify 

Since fast spced has bcen purslled dlll'ing t.he dC'v(·lopment. of 1.11<' algol'ithlll, 1.It<' 

program is not user fricntlly. Graphies tools are needc'd to nid t.he verificat.ion pm('(·dure 

because after correlation, it still rcquircs 1 II(' opcratol' 1.0 look al. t.IlC' images 1.0 det,e/'fJli/l(' 

whether therc is any shift of !.tH' étllatollly, Wit.1I <.;\1('11 lools, it. W(JlIld 1)(' v<'I'y ('i1<';Y t.u 
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quantify t.he verification. For exarnplc, a rulcr function can be provided 60 that a radiation 

o/lcologist cau Il SC! a rrlOUSC to specify the shift of an anatomical fcature on the imagc 

overlay to calculal,(! the size of t.he shift. Or, fcatures can be specified on the enhanced 

port.al a/HI OH t.1U' silllulator image from which the shift can be automatically calculated. 

With iL liser fl'i(!IIdly interface, the prograrn can be refined into a clinically operational 

software for on-line and off-line treatrncnt verification . 
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