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nmet hod and system for inmage segnentation and nodel |l ing
woo@sad24B3 t he | nventi on The present invention Pel/8GCE®7/000275
to a nmethod and system for segnenting a space spanned
by a set of nedical data, such as a 2- or
3-di mensional MRI image of lat least part of a brain
or other structure consisting of a set of intensity
values at corresponding |ocations in the space. The
of an ob ect haV|ng
SE0 d modelling

portlon of the space occupled by t he object

Background of the invention Since their introduction
byEEi&QLﬁEﬂEMEﬂEKBSS 1988), a variety of deformable
nodel s have been proposed and used in a nunmerous areas
such as image segnentation, shape nodeling, and

obTRE présett invemtioRtelates® 4l eddthoaking syawsialisr §é’g?rn§ﬁﬁng a space
classified as either paranetric deformabl e nod
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accordl n their resentation and i npl enmentation
ohan g\a NScmedical sianyiicancR that 18,85 pelirate efsthe portion of

pa{r@@ﬁé&&ﬂpfé& ﬁ,gggqjﬁé{rfaces in a Lagrangi an

for ation e other hand, are represented
inplicitly as |level sets of higher- d| nmensi onal | evel

funct|8n That is, to nodel a contour within a
2-%@%%¥8@———2L5%ﬂ¥@mﬁgke within a 3-D space, we define
a continuous function (a |evel set function) which
takes a certain value (e.g. zero) on the contour or

suSi‘fﬁ?@ethe(fr intreduetipn: by dasshet al. (ikaisssta88), aavatiedy of deformable

0 e f uncrion .
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199@9meﬁﬁhlbnarsha§5pmdd@hngo dridMobjectt tracking! Eistihg deformable
aspect Model representation and construction

o @006 Péf‘eﬁ"’_’y dassiiedens aier Pa@Eyife rfopnablgemodels (PDMs)
PUGIE ORI 190N R0 8080 IRLL 00" Condd i1, 2001
paBheet QODzaLlwrQQﬂS)ami] gevomehic deformable models (GDMs) (Malladi,
1995; Caselles, 1997; Yezzi, 1997; Sethian, 1999; Han, 2003) according to
their representation and implementation. In particular, PDMs are represented
explicitly as parameterized curves or surfaces in a Lagrangian formulation.
GDMS, on the other hand, are represented implicitly as level sets of higher-
dimensional level set functions. That is, to model a contour within a 2-D space,
or a surface within a 3-D space, we define a continuous function (a level set
functibn) which takes a certain value (e.g. zero) on the contour or surface
(referred to as the "level set"), and a non-zero value elsewhere. The level set
function evolves according to an Eulerian formulation (Sethian 1999).
GDMs are superior to PDMs in the following aspects:
» Model representation and construction. GDMs are completely intrinsic and
independent of the parameterization of the evolving contour. Thus, there is no

need to add or remove nodes from the initial parameterization or adjust the
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nodes. For PDMs, particularly, in the 3D cases, it is
woodos@24083 vi al  task to generate paraneteri zedpCT/SG2007/000275

representations for surface nodels. Model property

calculation. The intrinsic geonetric properties of a

geonetric deformabl e nodel ,2such as its normal and

curvature, can be easily determned fromthe |evel

set function. Shape adaptation. In GDMs, the

propagati ng contour or surface can automatically
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reaches a predeterm ned maxi nrum but no sinple and
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_constraints are particularly important when local features of the model and
image are liable to deform the model! in unexpected ways.

* Leakage prevention. Leakage from the boundary is less common in
PDMs, whereas it is sensitive to boundary gaps and weak edges in GDMs.

. Convergence detection. The deformation procedures in PDMs have an
explicit stop condition which is the minimization of some kinds of energy
function, whereas in GDMSs, the procedure usually stops when the certain
number of iterations reaches a predetermined maximum, but no simple and
fast methods are available to autometically estimate a suitable maximum

number of iterations.



Summary of the Invention The present invention ains to

provi de new and useful ways to estimate, wthin a
wepasmepanned by a set of nmedical data (e.g. MA/SAEDA000275

consisting of intensity values at many correspondi ng

| ocations in a two- or three- dinensional space), the

portion of the space occupi®d by an object. In genera

ternms, the present invention proposes a boundary-based

ge@mﬁmaggbfg%f_mygﬁﬁgf model (BGDM). That is, a nodel
is

evel set function, which is
nodi fi ed by force cal cul at ed using the nedical dat a
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u@éﬂjrgﬁw af theipodel. ¢ hese | ocations. This
reduces the conputational burden, conpared to

modi fying the entire | evel set funct i on in all
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< €8 d Iocatlons i n a nei ghbourhood of the
boundary (" narr owband

The convergence condition used for termination of the iteration may be the
minimization of an energy function related to the force. Thus, the
embodiments of the invention may have the convergence advantages of
PDMs.

The force used to deform the level set function may be calculated at each
point of a narrowband region (neighbourhood) of the level set, and the level
set function modified only at these locations. This reduces the computational
burden, compared to modifying the entire level set function in all iterations.
Upon detecting that the level set approaching the boundary of the narrowband
region, portions of level set function outside the narrowband region may be
refreshed.

The narrowband may include two sets of locations (pixels in a 2D space or
voxels in a 3D space): first locations at the boundary of the model (level set)



region"). The force at the first locations is
cal cul ated using the nedical data, and the force at

wo b@ssemend | ocations i s cal cul ated using the PCT/SG2007/000275

calculated force at the first |ocations.
Specifically, around each of the second | ocations a
nei ghbour hood may be defindd, and the force at the
second | ocations can be found by reference to the
force at those first locations which are within the
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nodi fication- of the |level set function may only be

performed when this does not violate sone prior
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i mi h | di f. densi ty, whigch
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medical data. The gradient flux-based force at each point on the level set may
be obtained efficiently by searching along a line segment passing through that
point and normal to the level set at that point, for a location which maximises
the value of a gradient flux density which is a function of the gradient of the
intensity values (or more generally, a location which is a stationary poiht of the
gradient flux density). In a manner inspired by electromagnetic systems, the
gradient flux density may vary as a linear function of the gradient of the
intensity values divided by a linear function of the square of the distance of the
location from the level set (i.e. analogods to an inverse square law). The

energy function may be average of the gradient flux density over the ievel set.



5 One specific expression of the invention is a nmethod
of inmage segnentation and nodelling, within a space
wae pasnegsby a set of nedical data, the porti onpof/SGrd@000275
space occupi ed by an object, the method conpri sing:
(a) defining a level set function, a level set of the
| evel set function being the boundary of a defornable
nodel of the object; (b) iteratively performng at
| east once the set of steps: (i) calculating, at each
of a plurality of |ocations, a corresponding force,
said force being cal cul ated using the nedical data and
t h@nkospetificyexpretsion oftttelinvetion( is 2 metodyofninddeesegmentation
| evel s function at the plurality of |ocations
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i tleveg ?@)épéctw ng the enbodinent; and Fig. 3 is a flow
di agram of the steps of the enbodi ment. WO 2008/ 024083
PCT/ S&007/ 000275 6
However, the invention may alternatively be expressed as a computer system

arranged to carry out this method, or as a computer program product (i.e.
software) which when run by a computer causes the computer to carry out the
method.

Description of the drawings

An embodiment of the invention will now be described for the sake of example
only with reference to the following figures, in which:

Fig. 1 shows schematically the calculation of the gradient flux density at
a boundary point x of the model in an embodiment of the invention;

Fig. 2 shows segmentation results using the embodiment for orbital
muscles in MR image: a) original image, b) the initial position of five numbered
contours, b) final positions obtained by deforming each of the initial contours
iteratively using the embodiment; and |

Fig. 3 is a flow diagram of the steps of the embodiment.



Det ai | ed description of enbodinments 1. Overview of

enbodi nrent An enbodi nent of the invention will now be
walemsnedoesl with reference to Figs. 1 to 3. ThPGI/SG2007/000275

enbodi ment is used for the segnentation of a nedical

dataset which is a set of intensity values, such as

an MR i mage. The intensity&alues are associated with

respective points in a two- or three-dinensional

space. The segnentation identifies an object within

t hPeitairgedesSriptior bf embadivhestsar e  gi ven of the use of

t he enmbodi nent for segnenting orbital nuscles within

MR images, but application of the enbodi nent to other

segnentations tasks is straightforward. The

enbodi nent enploys an initial nodel which is defined

i n1t heDsgaizww of embedimenmtge. | f the space of the inmage

is 2D, the initi-al nodel is a contour represented

pol ygon, or, if the space of the image is 3D, the

nodel is a surface represented by triangle neshes.

Thancembsdimet of thd atrntieh (Wil ¢ BE dd¥RFiBed Wafiefbference to Figs.

i nsi de_regions which indicate object itself. The nodel

i s 1cteo8ehhisrembedimenids disegnfor tibe meigmentation «f ge madical dataset

54 B R VAR b, A el 358t vluos

Thiase Rg6tiated wtthe’esFéd:tW&edom @val weo- oc tredidimensional space.
equations defined below, wthin the space of the

i mH§e LegmeBHAHQn identiliesanabieyiviiin the Kaaga PpREic gramples are
t he: nasLLL on : o o o

. SRR hO Sy TSR qhY) s it W
ex images cbutsagplication |afvibe esmbodimenthiogbthrer dsegenantations tasks: is
l evel . %%t fugcti on (x,t), defined as follows. The

i nSIRENTORYAIE- of O(x,t) at time t=0, that is b(x,0),

is defined as the signed Euclidian di stance map

(Maurer 2003) of the nodel: wth negative val ue

i nJihgeernbediment employs po dnitiahmodel whightis glefingd|in thnepace of the

UL B Sk BE ST 48 S HORE Mohlts = corour
. 7 répresbated polygor,) or,fif (tke $padelpf the image is 3D, the model is a

~ surface represented by triangle meshes. The contour or surface forms one or

more closed inside regions which indicate object itself. The model is chosen
manually based on the prior-knowledge of the object’'s shape and size, and
initially located according the location of the object in the image. This model is
then allowed to evolve, according to equations defined below, within the
space of the image to form a final model which is the estimate of the position
of the object.

Positions in the space are denoted by a vector x. The initial model is
expressed as a zero level set of a higher dimensional level set function ¢(x,?),
defined as follows. The initial value of ¢(x,r) at time t=0, that is ¢(x,0), is
defined as the signed Euclidian distance map (Maurer 2003) of the model:
with negative value inside the model, and positive outide the model. The

evolution of the function @(x,z) is governed by the following equation:



where, 0, (x, t) denotes the tine derivative of Qx,
t) , f(x,t) denotes the total force which is a

wo povse4oes of the nodel at tine t and of the i nBQgESG2007/000275
dat aset (explicit expressions for f(x, t) are given
below), and n(x, t) is the unit normal of the |evel
set, ‘i.e. the unit vector Which is defined by: n(x, t)
=V (x, t) /IV(x, t)I. (2) The nunerical solution of
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WShSrd, R%%iot%%%% i (cigr{&?t;g%g&f @5 8“}2%? %r‘?oté% the total
apf?srr{?é('vm{:ﬁqsaﬁ_ﬁ“%%on o? the '?1( él Qt gﬂ% ft(egﬂdt of the image dataset
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schenmes (Sethian, 1999), WEEh= % )W})Eal - (9
S s e b L o ke vo e
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§g t he regi on occupi ed by the defornmabl e npd
prog@gted aR\1HKM) tr)(xi.j_}ar'(d5f(x ’q)hgﬁsqegtlvq}lyiengt fige derivative
all locations x such thg C}f is at | east zero,
a(?)(X 1) iBnaPpatey 8¢ theca éfﬁrlﬁ? betwsgen jthe regpective; values of
? b | ocati ons such .t hat

VRSP SUFC%%V%WO%W& X fividel, Ay i . patial dlegivative on
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PCTQgg;Z%YerQQ@ZS 8 - #(9): the cardi nal nunber which

Is equal to the nunber of discrete points .
P(X,t,) =0(x,0) - At-n(x,1,)-f(x,5,) (i=012,.). (3)

To describe the evaluation state of the deformable model at a given time t, we
introduce several notations:

* s(x,1): the sign of the function @(x,?), i.e.:

‘ 1 if p(x,5)<0
s(x,2) = (4)
-1 if p(x,£)>0

* Q(t): the region occupied by the deformabie model, i.e.:
Q(r) = {xfs(x,1) = 1} (5)
That is, the set of all locations x such that ¢(x,?) is at least zero.
* d(¢): the boundary of the region Q(t), i.e. the set of all locations such that
¢(x,)=0.
* b'(t): the “narrowband” of the boundary 9(z), which is defined as the set of

points with Euclidean distance to d(¢) less than a given threshold r.



in agiven set S. 2. Gadient flux W now turn to the

probl em of defining f(x,t;). To do so, we first define
w@ 2000024083 f uncti on called the "gradi ent flux".rPrdDSOEYI/M0275

with, according to the object we are trying to nodel,

we define a "gradient characteristic nunber" g, which

descri bes the gradient diregtion at a boundary of the

obj eet#(S).nthgeaedinal nenbsr wivzhsiel efiial ¢o & audibey df aiscrete points

whet her. t he esired object is a valley of the

i ntRAIYSP $¢=2), or a peak of the intensity (g=- 1).

If the deS|red object is neither of these things, such

as a saddl e-point of the intensity, we select g=0.

Moe s@eadibnicfdd y, if the object is such that all

gradi ents on the object boundary point to the outside,

gis set to 1l. If all gradients on the objection

boundary point to the inside, g is set - to -1.

Ot e \owetund td mesptobueﬂn%f deBhirRX ). To dds8, wé flva deflne a novel
orbital image, Is 1 for orbltal nmuscl es; in

huﬁwflﬂné?aﬂeﬂﬁh@ egradignt §ux’.f or the hi ppocanpus, -1
for ventricles, and O for caudate nuclei. Now we
define the ' gradi ent fI ux" as follows. This is

i ntTendegint wittpr actordinghte theedblect Wtard hgintees @hoddle we define a
boundary of the nodel is to that of the object in t he

i rag@digny @he@%%mstwrabeaf & vhyeh gleseiibes m@ gradient direction at a
bo%@xﬂﬂé{gp& th@%bi@t‘ielln r@?&ﬂeﬁh@gwe%e\:écﬁ decotfi gqe%ﬁether the
ary a(t |rretgby reference

boun nmodel
n u r@s&éd bbjekt is a \tdﬂey rubdlaaé lraen$|ty ¢g=t1i) ner aspeﬂkeofrtbgi intensity (g=-

396 beSrefchioct) jgciyp '{%BE%BF BresS ina2" duch as B saddie-point of the

'd%bh& dw@)’sél@@t ?%"EC@nSI ﬂjecifﬁ:%h\?nﬁuﬁ'aé &) OFsequH that all

refer ence nuner al t 5 on
bo@ﬁ@l@ieptsmn The ekieek b!uma;rycp@nmtmthe oytsiged g liee set to 1. If all

o el ' b, BOLREEY B el s st 1o 1.

gf @henﬁls@ gs alet ROIIFSr Sxthiplehan 20Mh yMRherbital lmaﬁe gis 1 for
correspondlng point in the inmage contributes to t

gr QapiE mysals; dr THMR hymanhsaindmagepoa d i doptienkippeaampus, -1
that it
|t ks, DA AR g s 1 e

onputing c 8/ 024083
PCT/ S&007/ 000275 9 find it. Specifically, it is

defr\ﬁov? (\]llveaaeff71 né) 81e graglent ?qu’l QS fgl?ogwenlthls is (lznhterqged to produce the
result that the nearer the boundary of the model is to that of the object in the
image, the larger the average gradient flux on the boundary of the model.
Referring to Fig. 1, we denote the boundary d(r) of the model at time t by

reference numeral 1. Thus, the model at this time is the region Q(z)to the left

of the model boundary 1. The (unknown) boundary of the object which is to be
identified by the segmentation technique is denoted by reference numeral 3.

Consider a point 5 on the boundary 1. The poiht 5 has coordinate x, and the
normal direction to the boundary at this point is shown on Fig. 1 as n(x,t). We
will define the gradient flux at point 5 such that only the corresponding point in
the image contributes to the gradient flux at point x. The corresponding point
on the image is defined in such a way that it requires little computing cost to



centre at point x and extends in direction n(x,t) to a
predefined length d outside of the boundary a(t)

w@nahs/oe4es8zli rection -n(x,t) to a predeterm ned PengGn07/000275

i nside the boundary. Thus, to find this correspondi ng
point we only have to search along this |ine segnent,
which is relatively conput&tionally cheap. Any point
on the line segment has coordinates x+rn(x,t) , and
d t.i t ng ens;j al ue of .the e dataset at
%pg |b5§pﬁle5.}§lly,hlé I pgﬁ%gcimlpogg on tI\eXnF §egrﬁ\@5gt w[hﬁh has its
. chlifteYaRHbMRLx AR Bkiefs lifiCairdtt B hp& 618 BYpideiied length d
poi nt can witten as VI (Xx+r-n
expitside of theabouridarp ai(nt, amdan divection m(x 1) tme pradajemnined length
intersects with the_ object boundary 3 is_such that VI
( ddngidenthe baundany Ehua de dind his wmsmﬁ\dmepwm we only have to

g!? gég H%Ioﬁéﬁglgtl%gn%%rﬂhe b&o%%%“%&ar acp?lg%ﬁg?allg cheap. Any

nlpmhﬁro@ thé lirkee sebjresttt hias Loordihatest e rou@di) erand elenoting the
VI (x +r n(x, t)) should point to the outside of
twaenaltzdeylalueana the "imegegdat@isehtat dhisr pointrorsthe fingndegment as

e ra wor i b e oBlor o Sk alinahiShely i oioint can be

”WénCﬁL VARkYS A&, {))"eltgnéaé’k;?é?:&ecﬁ it tréuﬁ?ﬁﬁe; tat“'i)ﬁhiéh the line

p0| nt charge were l'ocated at point x+r
ﬁﬁiemﬁriteﬂsef:twwnldmbbbécﬁbo@ﬁdjéﬁy Kisvsudhdthatl &g (easa(x,7))is a
the distance r according to the function
3A¢eat rmapxinBym.ahattbgymonee VA Hir - nied, Hn shobil geacnrmatent with the
flux density at any point along the |ine segnent such
t Iexpeeied direddioanif t%e@aa@m chaeactafistic nymbar gt efnbe ekject is 1,

t rﬂ‘? QH@@QMBQP v%@l%rs xati) %H&uﬁ' S&H lt tltié LB&?th of the
der to 2ol econi ng

rTIQ@dé’le afgfif ke td?ﬁdi@hﬂ@hﬁfﬁctér‘réﬁé Hﬁhﬂ’o@rtd“% f-vnfﬁe'nofhe gradient

3/ (4nr2+1) instead 3/ (4rrr2), so that gr adi ent

f IvegtarsVHafHmuak. a) Shegld pejobicdhadnside oh thaemeseti st i c
rul es, the enbodi nent cal cul ates the gradient flux
denS|ty e(x, n(x, t)) at any nodel boundary point 5

h"’T‘H Bﬂfel Q\‘?/fl'i‘{'ﬁéﬁbﬁ vﬁﬁ:e & i?ﬁ B(’éﬁn?rgs ﬁwf‘ #Ui‘igoseztha{ ey ,paint charge

V\Mre Iméacedtax poa o:t+e$|(x e Tous stheeelactriceluxadertsity ampde1t x would
boundary 1 at point x; VI(x+r. ngx t))is the"%;adl
ofdecrrase Wil "bﬁ digtancery a@qoydma tp the finchpe 44 édBmenalogy, we

200 128K Fégéléﬁﬁlg)z /d%ﬂgﬁv At a}\9 point along the line segment such

that the gradient flux decreases with the distance to the boundary in the same
way as the electric flux. In order to avoid the gradient filux becoming infinite for
r=0, we define the gradient flux using the function 3/(4n’+1) instead of
3/(4nr), so that gradient flux is defined at r=0.

According to these heuristic rules, the embodiment calculates the gradient flux
density e(x, n(x, t)) at any model boundary point 5 having location x as:
max 3
e(x,n(x,t)) = < d{ 2i(g,n(x 0, VI(x +1-n(x, t))} (6)

where n(x, t) denotes the outside normal of the model boundary 1 at point x;

VI(x+r-n(x,1))is the gradient of the image at x+ rn(x,t); d is the predefined



maxi mum search | ength; the function indicates the

consi stency requirenent concerning the gradi ent
walzoosor408, and is defined as: g n(x, t) VI (RCESG2007/000275

n(x, t)) for g=1 or g=-1 (g, n(x, t), VI(x +r - n(x,

t)) =IVI(x +r - n(x, t))I for g =0 (7) 3. Force

cal cul ati on Havi ng now defilged the gradient flux, we

can now define the force f(x,t) used in Egn. (1).

Unli ke traditional |evel set techniques in which the

Bl sedretendiht 8 IoheliBh Eih e dhe ShsBintlay Jrauirement
2Boh SR BT AEDTOARR, big® BBffayaer of (e

boun or ‘a point x on the boundary
a(t), we defl ne its nefgghbQEh ¥tk + Ni(X,th) fos ¢ be setg=-1

f t the b d t d h h
Qe BLEL VIR BUEPRA"S G v kmenodiy for A0 ()

def ormabl e surface nodels (Liu 2005, Shen 2001), a
boundary point x of the nodel is considered as the
vertex of its boundary patch Nt(x,t), on which the
force at point x is calculated. The calculation

conmbi nes the nodel constraint(s) with i mage features.
TBi s Farce dalvaldipndefi ning the total force f(x,t) using
(i) a gradient flux-based force fa(X t) obtained

¢ ooy Felioq e ietinfinds e Sin TR0V Sl e sorkg fox) used
| -EQAI [1). Dntikg tfaittohal dvel tsbt \téurﬁh}: ueH) SiHNvesich thé force f(x,t) is
nodel obeys the nodel constraints irst we obtain the

gfAtiesthnhealcvigled at dhefrpinteX, we firstigaleulaiecfhe foreeten e model
IR, ald ierf Bl 1ol HRHBb oA i dobiindaly.

late
XEN (x.t) Then, the gradient fluxes q+(x t) and
are cal cul at ed., These cor

 SoBEHEADEITG" BPok o 2R RAURCR BE) naves Aefine dts; peighorhood

(iRt el HEEF Pl 8 e sy anc whin nave

"a‘}asngzegtg %égz%ﬂni nofhrefl'(dtdtr As l+n e%QRﬁ Qg%ce models

g)m 2005, Shen 2001), a boundary point x of the model is consndered as the
ventex of its boundary patch N'(x,t), on which the force at point x is calculated.
The calculation combines the model constraint(s) with image features. This is
done by defining the total force f(x,t) using (i) a gradient flux-based force
fa(x,t) obtained using the gradient flux as defined above, which in tum is
based on the intensity values, and (ii) an intensity based force fo(x,t) which
ensures that model obeys the model constraints.

First we obtain the gradient flux-based force. As a first step, the total gradient

flux qo(x,t) on the boundary patch N'(x,t) is calculated as:

Go(x.5)= D ex',n(x',1)). (8)

xeN"(x,1)
Then, the gradient fluxes q.(x,t) and qg.(x,t) are calculated. These correspond
respectively to the patch N(x,t) being shifted to the outside of the model

region Q(z) with unit translation n(x,t), and inside the model region Q(z)with

unit translation -n(x,t)).



Ee(x'-n(x',t),n(x",t)) (10) sSEN (x,t) where,

x"+n(x',t) and x'-n(x',t) are points obtained by
w@ebhioBh24eg3 t he point x' with translation n(x',eJdT/862007/000275

-n(x',t) respectively. Wen the g+(x,t) is higher than

g_(x,t) and go(x,t), the nodel boundary a(t) is

attracted to expand at poinkl x; when q_(x,t) is higher

than g+(x,t) and gekx ), et(}a'enp,pumd@gyt);a(t) is urged (9)

inward at point Xx; in otHi®,cases, the boundary

shoul d remai n st atl onary. Based on these heuristic

rul es, the gradient f&_&x,{)basEde(&emcne',tDa((x',ﬁ)) i's (10)

cal cul ated as: g+(x,t)n(x,tkegepx,t) > g0(x,t),q+(x,t)

et S e s eite Qatainecky ehifing theypoint x' wit
Ofr RELSS @ﬂ%d ﬂnB( PSCM{? vector n(x,t) with an

I'tiona agt0|n the force is used to
keep the boundary a(t) flxed at point x. Now we

orish B2 Rt arhou i Ao Srinerbo %ﬁ@@%ﬂﬂdaw 3 is
den%&%c{ Ko &&n%an o# e‘i?IrrV@géen ﬂﬁ?d‘% & h hﬁﬁ‘ o t{‘%ﬁ( %%xuﬂ A9, Golx.),

ptitec bobhdarytg(z) is . trged (ihyvard “at | goint bc# ih Sthé) tasds) the- boundary

XEL (t) 6(t) E[I(xé (t))" /# (Qt)) (13) XEL(t)
| shxoulyl remain »stationany.(Rased onlthesel heutigticc agdes,t thex gradient flux-

PbAS T RS PR Brb R iaiEe B8 e 8b}’fecf‘”. &) 222 than
he. boundary po) AT g (AS) catt Ve il %Z"i""q

i s expectdd rG-(X, tXAP(’{’t)beQJ(éCTéMK’y tl 8- (rxefﬁﬁ\ﬁe( int  (11)

x fromregion )] (xJHus, We gener at tadwise
i ntensity-based force at x which pushes the boundary

ahprd, avaiscthiehenit néctdemf(t) With 4re Gideiitiddal ¥lag to indicate that the
Conversely ot herw se, i u(t) +6(t) , then

<
wOTeR ifcvsgchto kaen W@é?%“@?%éﬁéﬂw@ﬁéeomxpush X
outwards. The cases for g=-1 and 0 are WO 2008/ 024083
PCT/ SG2007/ 000275

Now we calculate the intensity-based force. Let u(r) and o(r) denote the

mean and variation of the image intensity within the region , and let and H(x,1)

‘denote the mean of the image intensity on the boundary patch N'(x,t), i.e.:

p)= > LX) #(Q(1) (12)
xeQ2(t)

o(t)=_| JIIx) -1 AQ() (13)
x=Q(t)

Ixt= > I(x')H#N(x,1)) (14)
xeN"(x)

in the case that the gradient characteristic number g of an object is 1, i.e. the
intensity inside the object is less than that outside the object, if the intensity
I(x,t) at the boundary point x is greater than u(t)+0o(t), it is expected that it
will be necessary to remove point x from region Q(t). Thus, we generate an
intensity-based force at x which pushes the boundary d(t) toward the inside of
the region Q(r). Conversely, otherwise, if I(x,t)< u(t)+0o(t), then we generate

an intensity-based force to push x outwards. The cases for g=-1 and O are



12 simlar to g=1. Specifically, notivated by these
heuristic rules, the enbodi nent generates an

WO ndosnsioBy - based force fb(x,t) at a- boundary POI/RG2007/000275

whi ch is cal culated as: n(x, t) (p(l - g- [I(x) -

(t)] 7/ 6(t)) (g =1,-1) f b b (x, t) - - n(x, t) .

(p(l- 1 1(x) - (t) J/ a(t)}2(g:0) where the cut

f ellaonod’ g+ s, dSpédifshllyy : nittivhted nbyt(lhengIaedrnstta aules he
(16) and accordingly limts the force

t tﬁéﬂbmlme\na|gep191ate§]an indensitycbgseghtorgg etm((t(t) at aeh@trc_dary pomt x

i mum magni tude of forces fa(x,t)
%?{)ounﬁarya i.e.: fa(t)=Jl fa (x, t)

I/#(a(t)) (17) Q(ﬂ)) v—g, (i))—tr(t}]'ﬂéfitb) f@adx-1nt) 1

(18) The fi@al= orce ¥ al ly esti ted from (15)

the gradient flukR&IES F(Jlt‘[ (é)(IQ and th

[ [ vvlththeforcefa(xt)

L et’at%*?mﬂgﬁ ???SPQ“““%@! qO (X, t) n" f(x.t)=

fa(xt)/f ra"(t) fa(x, g t hfagx, t) I >fa(t)

(19) fb (x, t) ot hervas()slz \?‘éfﬁﬁla%/ngx(ngwﬁt()ul |y defined (16)

aldncedevurdinglydimiksithe fotde (X, t)awiltdh e tMmeivae[-boyndary.

The al gorithminplenents the | evel set evolution by a

fast narrowband approach (Sethian 1999). W expand

t ) )

Nt g fmg@ Cor{dié thb)aydthge d nd;‘grﬁé)gr’ﬁfﬁﬁt\”/g?é’qr{lﬁ)d e2bf forces

uste(xl)l)?ﬁ(tﬁbaebouddatyt e(r) tie.26- nei ghborhood (i.e. its 26

near est nei ghbours, which are directly adjacent). At

any given tinme t, we fqetﬁpn{bf Get) |#d@pi ghbour hoods (17)

{S2(k"} , for k= O 1, 2, ..xay with corresponding

boundaries {a") J. ¢ O is defipned tg be equal to(t),

and its boundary a(O)fmtx§t I WPyDset to a(t). For (18)

k=0, 1, 2, etc we define the reglon 92(k+" and its

boundary a"") iteratively from0") and a(k) : WO

20&8/ 9&4P?o?tcg q{/ 8620 rZAI yogg'zu?tated from the gradient flux-based force

fa(x.t) and the intensity-based force fy(x,t) with the force fi(x,t) as the priority:

—_

0 f.(x.t)=qy(x,t)-n_
fx,t) =, (x,0)/f (1) £, (x,0)#q,x,t)-n_,|f(x,)>f,(t) (19)
£, (x,t) otherwise

We have now fully defined all elements of Egn. (1) for a point on the boundary.
The algorithm implements the level set evoiution by a fast narrowband
approach (Sethian 1999). We expand the boundary force f(x, t) into a
narrowband b'(t) of the boundary 9(t).

In the 3D case, for any voxel x we use N2s(x) to denote its 26-neighborhood
(i.e. its 26 nearest neighbours, which are directly adjacent). At any given time ¢,

we define a set of neighbourhoods {Q®}, for k=0, 1, 2, ..., with
corresponding boundaries §*'}. Q© is defined to be equal toQ(r), and its
boundary 9” is initially set to 9(¢). For k=0, 1, 2, etc. we define the region

Q** and its boundary 9“*" iteratively from Q® and 9':



13 a(k+l) = [Uxea(k) N26 (x)] -Qk)'" W1l) _ Qk) U
a(k+1l) (20) The force f(x,t) on the set of points a(0)
w0 2008i02983 cal cul ated according to Eqn. (19). HEESG2007/000275
enbodi nent then uses the force on. each set of points
a(k) to obtain the force on the set of points a(k+1l)
as follows. For any voxel widich is a(k+l) and has
position x, the force f(x,t) is a weighted average of
the force on those of its 26 nearest-neigbors which
are in the set ddtRki[U . gN, )k Q=] Q* = Q® L™ (20)
I f(x' ,t)/d(x, X' )]/#(Nfé(x) na(k)) (21) x'eN, (x)nDW
where, d(x,x") denotes the Euclidean di stance of two
S X The force expe}p5| on in the 2D cas

.T'rhr; farce 3(4 Hean the eabobpoinisa & fist fqa@itaatqdugecqsgmlgsto Eqgn.

S 18P g ABafmATT R Uoes Mk kotoy Sresiaett 5ot ot B4Rt Ghto obtain
1) f (k+1
T

errasgyositidn) xpthet foecenbket) is a wsightedt aderaget dfetherfogmt on ¢hose of
of the average gr adi ent flux densi t(gg on the nodel
]

bdﬁr%fawareﬂ ﬂ§'9 ars whichparg in thg setd'Y ke a(t)) (22)

t) 5. t '

bosi t1on to DEAITE Kol Gobr AU @RI T s w1t @)
be explained witH¥¢P& ence to Fig. 3. The algorithm
ordierey db08) BIRAEL TRE Eulfuen Rty ofthd ARI¥Ype -

Speci fically, vveproposethefollovmng algorithmto

h I fr )

5008 Browsab e bt PBGiers SnTar tq e fhe 30 ease. I difers
{ HaSy'Han 97%%2‘%"95{"?&%‘&“ B AF clife Wittd Bhdightdihood in

ndbel2Q¢ase. it is zero for each point on the contour
(2D case) or surface (3D case) which is the initial

4. Energy function

The embodiment makes use of an “energy function" to determine when its
iterations shouid terminate. The energy g(t) of the model is estimated as the

negative of the average gradient flux density on the model boundary o(z) :

e = D e(x,n(x,t)]/#O(t)) (22)

xed(t)

5. Implementation algorithm

We are now in a position to define the complete algorithm. This will be
explained with reference to Fig. 3. The algorithm used by the embodiment is
based on the topology preserved narrowband method presented in (Han
2003). Specifically, we propose the foliowing algorithm to update the value

¢(X, ti+l) from ¢(X, ti):



estimate of the object position, and at all other
points is the Euclidian distance fromthe

wa@eoovsoemossur f ace nultiplied by a sign -1 or +1PCT/SG2007/000275

according whether the point is inside or outside the
regi on encl osed by the contour or surface).
Initialize the sign functidd s(x, to), and the

nar rowhitialisatioh ojstep Wogr Sek =8 andrehdainitial salue ¢(x t,) to be the
paraneter to specify the width of the ~ narrowband

bk(t) signeld Euclidean mislance tiap ofebednitigl mpdebfi.ai itézizero for each
accordin

| f f(x,  t:) -
Fhe  hoBRtL Ay e i (3R CRaSbPT BUHRGH (@P(qace) Wilh s the inital
20) . 3estmBpf6f Wu‘@ ofcn;lic@ %ofs(ﬁént )anfdr &f‘hﬁ’%ﬁ&abdmﬁé Is @het Buclidian

Its narrowband bk For each point x
i n bk( disjgnasafrem| the@ontmeravalm@ltlpﬁed by 8, 9igrt st ep+4Giccording

o)« 07" BEBHEAEhE B b o BRI el BB by contour

wher e, oﬁsﬁﬂfé@é)elrﬂﬁalﬁb tAB 3ifn funclioA&dk tthDRInAthe ‘i—‘mband bX(to),
fromU (ti) will not change the topol ogy of b) X is

a si npW erﬁniﬁtls 8p mansatiy-set t paraynatet dpdsRecto ﬂE@nW'dth of the

((:;% ). O ﬁgg“tp\glganfi L{gﬂ?t\'&“&k lsnéglrgdspﬁ,gﬁéqlﬁ@gﬂif’i‘fcg:{rgam{eé)accord|ng

tp(x, t{otEgR@0si gn(0(Xx, t;)), where, is a snall
positive nunber, so that O(x, t;+,) takes a small

val u%, @alduateciopca e, dhion Kieghowndaryt d(¢) sif dhe ahadel region Q(r,)
b(x,t;). In this way, the topology of Q (ti) is
preser(ﬁégp 29). Calculate the total energy e(t;+1) (step

1 & FPRD ik BB RO ot bhlihdpnZoli el B Fndiipend B (step

(step \7;@*; thervvlse go to the next step to begin the
next iteration. Alternatively, the term nation

cri ter Foneaely pbint Ixcia &di(tprealduigterthatraw oluist ﬂkm+;)0(rst9p 40)
reaching a threshold. These two approaches nay be

conbi nex), Datethahethier aligar sitripie tpaimt ofathes poiht sbeQ(z,) using the
nunber of WD 2008/ 024083 PCT/ S&007/000275 15

i t er ati onsnetbadrmresantelrie {Bettng, 11984}, wherai aisimple point means

energy ha\u ngdgl?on or removal from- Q(z,) will not change the topology of
Q).

b) If x is a simple point, update ¢(x,r,,,)according to Eqn. (3), and then

? Yi+l
update s(x,t;,1) according to Egn. (4).

c) Otherwise, i.e., x is not a simple point, set ¢(x,t,.+,)=e*sign(¢(i,zi)),
where, € is a small positive number, so that ¢(x,z,,,)takes a small
value while keep the same sign with the old value ¢(x,t;). In this
way, the topology of Q(t,)is preserved.

5. Calculate the total energy e(ti.1) (step 50).

6. Determine whether e(ti.)>e(t) (step 60), and if so retum ¢(x,r,)as the

final evolution result (step 70); otherwise, go to the next step to begin the
next iteration. Alternatively, the termination criterion may be based on
the number of iterations reaching a threshold. These two approaches

may be combined, so that the algorithm terminates if the number of



reached. 7. Reinitialization: Defermine if the zero
| evel set of Q(x, t;+,) reaches to the boundary, of

wo b@soeqosent narrowband bk(t;) (step 80). If SBCT/SG2007/000275
reinitialize q(x,t 1) to be the signed distance
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boundary of a deformabl e nodel of the object; (b)
iteratively performng at | east once the set of steps:

w@ 2Qosoadoszil ati ng, at each of a plurality of | opet/8eH®7/000275
a corresponding force, said force being calcul ated
usi ng the nedi cal data and the boundary of the nodel;
and (ii) nodifying the |eved? set function at the

pl ity of locations according to the cal cul ated
co ndi ng forces; and (c) nodelling the boundary
of said object as the | evel set of the nodified |evel
set function, A method according to claim1 in

whiteh s&i @%iheﬁapftly\a@e Isegmeantatiorarand wpedelling, within a space
“agégmﬂy ef%#ep%f %eﬁ@ lthe) ﬂﬁ{ ¥t 1304 pace occupied by an
con 0 6ca a
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nar r owb region or ned b ‘cal cul ating said
f oflw)dtexativedy peﬁomalngl atdaastme thadsetaf sigpat i ng sai d

force a.the cond. | ocat | on sai d cal cul at ed

forces 'ﬁgrcé?'f‘psfﬂ ?6@& f r@u"am’}'ogfs'g?ﬂt'%’?%ﬁ ¢errgshgnding force,
rmaaifdyfda@e bing eaRLIEd UsiHY tHeOmhddiclddtardmii beaﬁahry of the
of said |ocations using the corresponding cal cul ated

f omagel,anda et hod according to claim3 in which the

gg; IC?“ ﬁg %@fﬁﬁﬂ{gggvg% fgﬁgt?qri)é t?:% ocﬁH aittf 8t Blations according

cotg tepeiclilagd i rgddpandirpibredd)éngal cul ating the force
at the second WO 2008/ 024083 PCT/ S&2007/ 000275, 18

| o&@tmeﬁelﬁ@g Hye PRENERRY YRR Pbiest as dhe devealseliof Hiecmedified level

fibg st location wthin the correspondi ng
ne| g ur ood. 5. A nethod according to any preceding
claimin vvh| ch the force at each p0| nt at the |evel

se e2I| ég VcF accordl ?o calm 4 in w |c UIsglde plurality of locations are
within a narrowband region of the model boundary, and consisting of first
locations which are on the boundary of the model, and second locations which
are not on the boundary of the model.

3. A method according to claim 1 or claim 2 in which

said step (i) of calculating the force at the locations within the
narrowband region, is performed by:

caiculating said force at said first locations; and

calculating said force at the second locations using said calculated
forces at the first locations, and

said step (ii) of modifying the level set function is performed at each of

said locations using the corresponding calculated force.

4, A method according to claim 3 in which the force at said second
locations is calculated by defining, for each said second location, a

corresponding neighbourhood, and calculating the force at the second



according to whether a predefined criterion is net, as

either: (i) a first force which is a function of the
woreaisoadoszlat a; or (ii) an intensity-based forcecméoinr000275

encodes prior information about the object. 6. A

nmet hod according to claim5 in which the first force

is a gradient flux- based ff® ce which is a function of

th adlent intensity values of .t nedi cal data :
7 ogHaR e doe HeTE0% o Fan aofates feioere Braflitia location
f'%hh&ﬁ@d:d‘r@s?@néhg RAGHbAURhBbdon the |evel set of
the level set tunction is obtained by searching along
a line segnent passing through that point and nornal
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Fointla thd uevdli sat of mbela;@aobatnfumiuohhg balcalaﬁédyselectlvely
val ues, and obtaining the force as the gradient flux

deﬁ§¢qf9'"@tt°tW\'?eet§Pb? ipseRetinessrierion is mekas@ithaiccor di ng
to claimd f%eﬁphlknss ?rf@rq(':tﬁm of t'hﬂ)?nec?eal' dftaVaries

as a lihear tunction o radient o e l1ntensity

val ues (i) \andimtersityesbdseddarce Whmﬂ encodds plier mfpratation§ about the
t he,di stance of the location fromthe |evel set. 9. A
mePRIEG" accor di ng to any preceding claimin which

iterative step (b) term nates when a m ni num of an

energy function is reached. 10. A nethod according to

cl i m 9Aimethiedccconding ife cipjymf Biirc whioh the firbiefores isr ageadient flux-

over vel.set of .an energ value. 11. A nethod

o BEser TgrcBoWhict Ty o bR cdthe BhiSiaph ot dnleRLY alugs of the
7 madioddidata.t he energy value is the gradient fl ux

density. WD 2008/ 024083 PCT/ SG007/ 000275 19 12. A

nmet hod according to any preceding claimin which, in

said st ﬁ'%éiﬂtob é?:fcog'dtﬂﬁ 45 EMin% | rh\ﬁigkc?uvtﬂg @?Hntehyﬂﬁ)t( b88ed force at
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pr alopoian s8gept Passing through that point aad siarmaf to the level set at
m)ﬁfdt'doﬂﬂ oM d iucrauepwes i$ %a%ﬁenga& g%.ﬁgbf afgfagfan? flux density

data, the portion of the space occu y an o
t hwh@slsemfhramm\gobthe gradient of the intensity values, and obtalmng the

force as the gradient flux density at the stationary point.

8. A method according to claim 7 in which the gradient flux density varies
as a linear function of the gradient of the ‘intensity values divided by a linear

function of the square of the distance of the location from the level set.

9. A method according to any preceding claim in which iterative step (b)

terminates when a minimum of an energy function is reached.

10. A method according to claim 9 in which the energy function is the

average over the level set of an energy value.

11. A method according to claim 10 when dependent upon claims 6 and 7
in which the energy value is the gradient flux density.



. processor arranged to: (a) receive nedical data; (b)

define a level set function, a level set of the |evel
wa@edaosfoemess i on bei ng the boundary of a def or mabtESGmo@n00275

of the object: (c) iteratively performat |east once

the set of steps: (i) calculating, at each of a

plurality of |ocations, a cdfresponding force, said

force being. calculated using the nedical data and the

botgdary nedthb8&ce to ang P‘ééédlﬁ@élaﬁmllﬁgvﬁlé}? ih %‘éﬁi step (i) of

set function at the urali |'ocat i ons accor di
t dnpﬁéylegrthedpvﬁicﬁaﬁguwlm|tbe deivel et dynctiondis( qr)lyduogmed if the
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whi ch, when inplenented by a computer system cause

the comput er systemto generate a nodel, within a

pgge s : :
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dedataj tre pohtorebf thet spamtdocuple@ bg\arl objett, ahet fystem having a
| evel set functi 3n being an initial nodel of the

bRIRAESSPr & TaNPEddB} ect: (b) iteratively performng at

| qa$ rectivEmidifcat ahtLf steps (i) calculating, at each
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forces; and (c) generating said nodel as the |evel set
of the (mleqlé g. &) slach af af piigality of locations, a corresponding force,

said force being calculated using the medical data and the boundary of the
model; and

(i) modifying the level set function at the plurality of locations according
to the corresponding calculated forces; and
(d) output 2 model of the boundary of said object which is the ievel set of the

modified level set function.

14. A computer program product having program instructions which, when
implemented by a computer system, cause the computer system to generate
a model, within a space spanned by a set of medical image data, of the
portion of the space occupied by an object, by |

(a) defining a level set functibn, a level set of the level set function being an
initial model of the boundary of the object;

(b) iteratively performing at ieast once the set of steps:

(i) calculating, at each of a plurality of locations, a corresponding force,
said force being calculated using the medical image data and the boundary of
the model; and

(i) modifying the level set function at the plurality of locations according
to the corresponding calculated forces; and

(c) generating said model as the level set of the modified level set function.



