1 A model-based method and system for image segmentation and
modelling Field of the Invention The present invention relates to a method
and system for segmenting a space spanned by a set of medical data,
such as a 2- or 3-dimensional MRI image of at least part of a brain or
W(p(ghz%g g(t]rz%gyre consisting of a set of intensity values at corresponding )
ocations in the space. The segmentation produces a model 6f 27 80275
having medical significance, that is an estimate of the portion of the space
occupied by the object. Background pf the invention Since their
introduction by Kass et al. (Kass 1988), a variety of defomable models
have been proposed and used in a numerous areas such as image
segmeniasinnosiRapenandelie anstobjest fack SHag AR e llin
models can be classified as either parametric deformable models S
(Kass, 1988; Cohen, 1991; Xu, 1998; Mclnery, 1996; Cottes, 1991, 2001,
Shemiefthofitheiinveodsh or geometric deformable models (GDMs) (Mailedi,
1995; Caselles, 1997; Yezzi, 1997; Sethian, 1999; Han, 2003) according
to their representation and implementation. In particular, PDMs are .
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- Shen, 2001; Liu, 2005) or geometric 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 compiletely 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



Self-intersection detection. When the topology preserving transformations

are required for a deformable model, self-intersections can become a
problem. In GDMs, digital topology methods (Bertrand 1994) are available

to detect self-intersections, while in PDMs, the computational demands
related to self-intersection detection are usually very high (MacDonal ;
WOMIE) 2B the contrary, PDMs have the following merits o&ngéB%%ﬁ/goozh
Model constraints. Since PDMs are represented globally, it is convenient

to add high level constraints on shape and topology. These 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 b ung:ary is less common in PDMs, whereas it is .
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»  Convergence detection. The deformation procedures in PDMs have an
explicit stop cohdition which is the minimization of some  kinds of energy
function, whereas in GDMs, the procedure usually stops when the certain
number of iterations reaches a predetermined maximum, but no simple and
fast methods are available to autométically estimate a suitable maximum

number of iterations.



and second locations in a neighbourhood of the boundary ("narrowband
region"). The force at the first locations is calculated using the medical
data, and the force at the second locations is calculated using the
calculated force at the first locations. Specifically, around each of the

V&R 2B TdEtions a neighbourhood may be defined, and thePfoF&e 200275
second locations can be found by reference to the force at those first
locations which are within the neighpourhood. It has been found that this
use of neighbourhoods reduces (or even avoids) the leakage problem (in
which theRhiest IMaYnVERRG)Y grow to other regions of the space). High
level knowledge about the object can be incorporated in any one or more
of several ways. First, it may be used in the definition of the force which
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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. WO .
WO a0E1834883PCT/SG2007/000275 6 Detailed description &F &RBBHIHEME
1. Overview of embodiment An embodiment of the invention will now be
described with reference to Figs. 14to 3. This embodiment is used for the
segmentation of a medical dataset which is a set of intensity values, such
as an MR image. The intensity values are associated with respective
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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
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incorporates the prior knowledge). Secondly, it may be used to choose the
exact form of the force which is calculated using the medical data. Thirdly, the

‘modification of the level set function may only be performed when this does

not violate some prior knowledge of the object.

The force which is calculated using the medical data may be a "gradient flux’-
based force, which is a function of the gradient of intensity values of the
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 level set.



(x,r) =-n(x, 0 f(xt)(1) where, ,(,t) denotes the time derivative of 0(x,t),
f(x,t) denotes the total force which is a function of the model at time t and
of the image dataset (explicit expressions for f(x, t) are given below), and
n(x, t) is the unit normal of the level set, i.e. the unit vector which is
] (x,t) =V O(x, t)/IV 0(x, 01.(2) The numerical solution 0

Vg%a%@ﬁ%“n%?.s obtained by approximating the real time van%%fés%v
series of discrete time t4=1. At, where i=0,1,2,... and the time step is
denoted as At . The functions 0,(x,t§, n(x,t) and f(x,t) can be approximated
as (x,11), n(x,t() and f(x,t,) respectively. The time derivative 0,(x,t) is
approximated as the difference between the respective values of 0(x,t,) at
two successive time steps, divided by At. The spatial derivative on the :
g dR oL iy KRB PRl B (RSl cation
19996 which gives: (x()=(x,t,)-at n(x.t, xt) 1,2,
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"narrowband"” of the boundary a(t), which Is defined as the set of points

with Euclidd£7'g14atine & %?ﬁh 2iRkaltyig fogrtisnsi@ icorresponding force,
said force being calculated using the medical data and the boundary of the
model; and
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(i) modifying the level set function at the plurality of locations according
to the corresponding calculated forces; and

(c) modeiling the boundary of the said object as the level set of the modified
level set function.

However, the invention may altematively 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 drawinas

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.



8 #(5): the cardinal number which is equal to the number of discrete
points in a given set S. 2. Gradient flux We now turn to the problem of
defining f(x,ti). To do so, we first define a novel function called the
"gradient flux". To begin with, according to the object we are trying to
model, we define .a "gradient characteristic number" g, which describes
W‘t’rﬁ?”ﬁ%?@ht direction at a boundary of the object. In generaf THife (W87
select g according to whether the desired object is a valley of the intensity
(g=1), or a peak of the intensity (g#1). If the desired object is neither of
these things, such as a saddle-point of the intensity, we select 9=0. More
specmcally, if the object is such that all gradients on-the object boundary
zlliat et alils 68 £A] gradients on the objection boundary
point to the inside, g is set to -1. Otherwise, g is set to 0. For example, in a
Ti MR orbital image, g is 1 for orbital muscles; in Ti MR human brain
images, g is 1 for the hippocampus, -1 for ventricles, and 0 for caudate
nuciei. Nasnuesdefigebloeigedient flux" as follows. This is intended 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 4
boundary of the model. Referring to F| 1, we denote the oun aét Ei
the%ﬂo?f@t’&i"ﬁ?ﬁ@tt(B)}rr’gfé%ﬂ'&téoﬁu‘ﬁt‘e W berARSTARS AN 4¢ %r ffheas 195
the ragicn Qidtertimtifhentlie msedefdabadsegrhefitaitnnkhawngdical dataset
COURRR 0L Al %watymmgs Sienfit RANHSBATANANRhsity values
technlque IS’ d note eference humeral 3. Consider'a point 5 on th
bou#@a#gspCRteRdpwith 5&%@6&@%&%@% RotAERFisRaHeBRhapace.
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cor@ieL YerHEG PRSP t%r %‘Fm%”& Ay PeRAS e
ma:g&gedebue@mpimma whytthagritredjoiess litleotensegmeotaiqos Jasks ' is
flnd %’ |t is defined as a point on the line segment which has
its centre af p0|nt x and extends in direction n(x,t) to a predefined length d
outside of the boundary &(r), and. in direction -n(x,t) to a predetermined
|er}gfﬁedéw9&rm§»hbewml ¥ éﬁhﬁﬁfi%ﬂ@@d%@fr@%ﬂf&ﬂgmébﬁ@w of the
only have tg search along ine segment is relativel

conpa&Riofial f)‘/ecl?é?&ﬁeAﬂi/ g?ﬁ’nt"Bﬁqg e ﬁng %r‘?eﬁt‘fﬂ?l %?ainates g gpntour
r rt(xe@ree@deiemmthedntehsﬁy \@I&J@O@th@@fﬂ&gﬂgdam@amhlsrmﬂﬁt is a
on the line % 88 {% tHGBAMNE fﬁ% F P%Pfsm?aﬁgqgﬁns one or

mtens att p0|n can’be wr ten as X + rn(x It Is expected that

the mfﬁ vieaaghRgidna aaioRe gHiaht Ih@&%@:@h&ﬁﬂ% tselbbji masielaRPROsen

is syeh-hak Qs EdNGR tis BlRsakioariagenof tHEeBRRte Yhbpe ad (¥izh, and
should be consistent with the exti)ected dlrectlorhlf the qéﬁdlent
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gradiétglaRiestippose that a p0|nt charge were located at point x+r.n(x,t).

Thus, the electric flux density at point x would decrease with the distance r
according to the function 3/(4nr2). By analogy, we will defln the cilentd ‘
flux BQﬁgiﬂ‘/"%ﬁ‘any‘ﬁoﬁﬂ%%n@rt‘heqﬁ%’?éjgrln\én?sﬁ%ht?hat‘th xrbe“ra *@ fgde! is
decregsesiinatg tistarsetedhefkonigiandimtrasiamaidevay s tiwction ¢(x, 1),
electric flux. In order to avoid the %radlent flux becomlncgf)nflnlte for r=0,
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heuristic rules, the embodiment calculates theé;radlent quxd nsit e{(n del. Th
n(x, Wt’&t%ﬁ?’m&deﬂﬁ‘@uﬁbﬂﬂfpmﬂt@h%maq gﬁaﬁ!y(eagutl e the mdde e

evolution of the function @(x,t) is govemed by the following equation:



max3 e(x, n(x, t)) "n(x, t), VI(x + r n(x, t))} ,(6) d In,47t-r2 +1 where n(x, t)
denotes the outside normal of the model boundary 1 at point x; Vi(x +
r,n(x,t)) is the gradient of the image at x+ rdn(x,t); d is the predefined 10
maximum search length; the function E-, indicates the consistency
requirement concerning the gradient direction, and is defined as: g n(x. t)r
%?gf’?i‘}%‘%’:l or g =1 n(x, VI(x r n(x.=(7) 1VI(x + r ntx, WIG&{S§287/000275
3.Force calculation Raving now defined the gradient flux, we can now
define the force f(x,t) used in Eqn. €1). Unlike traditional level set
techniques, in which the force f(x.t) is directly calculated at the point x, we

first calculate the force on the | bol Y then expand the force
to a narrowband of the bounda?&gépeciﬁggﬁf, ’%?fp g point xon the M

boundarg, (g, (we) defimgeiss theightzorimdeatNg (o) fig e gaitpfdepivteshile total

are on the Roi‘ndarg -6(0 and which have distance to x less than a given
thre RSt WAL inSaBréPRASR el dmdakbRt (imedancshEsoingog dataset

boufetafigipeitbressitie fuodeli§ coagiileredemiie xeflexoR)is BUngar omal
patch NN PBaVhIEN e for ?/‘év:?& OREK R & 'FU|aC}%c}i, . The calculation

PQ
combines the model constraint Wlm Image gallires This is done by

defining the total force f(x,t) using (& gradeptdfBased|force fa(x,t) ~ (2)
obtained using the gradient flux as defined above, which in turn is based

ont %rﬂaﬁﬁﬁf RRENIA P HRTIRRAdyHIBERITER R GEPIPHIMaRng the real
enstimes thaatiedebypbeyeitbe niatieteaastiraipitt=i- At, where i=0,1,2,... and the

time step is denoted asAr. The functions ¢ (x,t), n(x,t) and f(x,t) can be
approximated as ¢(x,1,), n(x,t) and f(x,t) respectively. The time derivative
¢,(x,t) is approximated as the difference between the respéctive values of
¢(x,z,)at two successive time steps, divided by A:. The spatial derivative on

the right hand side of (2) is treated by upwind numerical schemes (Sethian,
1899), which gives:

BX,1,) = 9%, 1)~ Ar-m(x, 1) £(x,1)  (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,7), i.e.;

. 1 if(x,6)<0
s(x, 1) = (4)
-1 ifo(x,0)>0

* Q(r): the region occupied by the deformabie model, i.e.;
Q) = {xfs(x, 1) = 1} (5)
That is, the set of all locations x such that ¢(x, 1) is at least zero.
* d(2): the boundary of the region Q(t), i.e. the set of all locations such that
p(x, 1) =0.
* b'(t): the “narrowband” of the boundary 9(¢), which is defined as the set of

points with Euclidean distance to 9(¢) less than a given threshold r.



First we obtain the gradient flux-based force. As a first step, the total
gradient flux qO(x,t) on the boundary patch NI1(x,t) is calculated as: qO(x,t)
=e(XT,n(x', ) .(3) Then, the gradient fluxes o...(x,t) and g.(x,t) are
calculated. These correspond respectively to the patch 1\11(x,t) being
W@pMeeR#68the outside of the model region S2(t) with unit traPSkSiePHRI27>
and inside the model region Q(t)with unit translation -n(x,t)). 11 (X,
=efxr+is(x',t),re(x',t))(9) q.(x,t)e(k-n{x" ,t),u(x ,0)(10) iv/two where,

X'--N(Xieangh X' i RFR RRIBE ained MophifiRg MGRAPLY Mltete points
translation n(xl,t) and --n(xP,t) respectively. When the Th.Ix,t) is higher

thalf § VBRI Sio(x,1), the model boundary a(r) is attracted to expand at
point x; when g.(x,t) is higher than q.,.(x,t) and do(x,t), the boundary a(t) is
urged in %gl at g'oint X; in other cases, the boundary should remain

sta 'Onaéj/t 584" these heuristic rules, the gradient flux-based force

fa(x.t) is calculated as: q, (X, ii(x,q(x, >qo (X, t),q, (X,t) >q _(x, t) fa (x, = -
a_(x 1) nx,t)q_(x,t)>9g0 (x, 1), q_ (x, t) > gt (xi-t)(11 ) cio (x, t)
otheveisewhieretonthis aeblattt weakshirmtg Hmih 7o additonel fiag define a novel
indicate .that the force,is use keep the boundary a(r)fixed at point x.

Nov%(\L;J \r}vce'?:glgﬁﬁaetc(];(%ee i edrs%%f%y- ué(ged force. Let y(t) and (7(0 denote the

mean and variation of the image intensity within the region , and let and

ﬁl(rx&r)%ds}é;@}e g mea Rt e dmAgedBEnsibs UK RYNEARNRRIC e define a
“gradient characteristic number” g, which describes the gradient direction at a
boundary of the object. In general terms, we select g according to whether the
desired object is a valley of the intensity (g=1), or a peak of the intensity (g=-
1). If the desired object is neither of these ihings, such as a saddle-point of the
intensity, we select g=0. More specifically, if the object is such that all
gradients on the object boundary point to the outside, g is set to 1. If all
gradients on the objection boundary point to the inside, g is set to -1.
Otherwise, g is set to 0. For example, in a T1 MR orbital image, g is 1 for
orbital muscles; in T1 MR human brain images, g is 1 for the hippocampus, -1
for ventricles, and O for caudate nuclei.

Now we define the “gradient flux” as follows. This is intended 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 ¢(z) 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 mode! 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



(12) 0'(t) = x11(x)- u(012/#(2(0)(13) N Q(I MC. t) =-1(Xt) M(Nr (x, 1))(14) 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 1(x.t) at the boundary point x is greater than p.(0+ a(t), it is

wopssied fhat it will be necessary to remove point x from re |on %
Thus, we generate an intensity-based force at x which pus Hizooonrs

boundary a(t) toward the inside of the region Q(t). Conversely, otherwise,
if 1(x,t)<ii(t)+c(t), then we generate9an intensity-based force to push x
outwards. The cases for g=-1 and 0 are 12 similar to g=1. Specifically,

mfﬂh@t@ds@é&l’fﬁ:%‘ﬁw@M@%@f(ﬁ’é@sagqSfmhpgm%tl%%ngé?mérﬁ%hxch has its

mtensQ% based force fb(x,t) at a. boun oint x which Is calculated as:
|

(x, T72E 25 PR 40 (t%“df 'y csHen .t g PrpieIt gt <
= Qurdieseotitaechi futatiod €p, isrdefinaiideyiotadide Mex & bratidid@liagd length
accordingly limits th force fb(x,t) within the mtebralé 1, 1]. Let (t) and

ly,
) QRGBSR o M i So PR A ERRERRN GV R 4% G e to

boeadenly altihg this line segment which is relatively computationally cheap. Any
point on the line segment has coordinates x%r-n(x,t), and denoting the
intensity value of the image dataset at this point on the line segment as
I(x+r-n(x,1)), the gradient vector of the image intensity at this vpoint can be
written as VI(x+r-n(x,1)). It is expected that the point 7 at which the line
segment intersects with the object boundary 3 is such that VI(x+r-n(x,2))is a
local maximum. Furthermore, VI(x+r-n(x,t)) should be consistent with the
expected direction: if the gradient characteristic number g of the object is 1,
then the gradient vector VI(x+r-n(x,t)) should point to the outside of the
model; and if the gradient characteristic number g is -1, then the gradient

vector VI(x+r-n(x,t)) should point to the inside of the model.

To give a numerical value to the gradient flux, suppose that a poant charge
were located at pomt x+r-n(x,t). Thus, the electric flux density at point x would
decrease with the distance r according to the function 3/(4nr®). By analogy, we
will define the gradient flux density at any 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 flux becoming infinite for
r=0, we define the gradient flux using the function 3/(4nr®+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
e(x,n(x,t)) = W ‘ < d{ é( n(x,t), VI{x +r - 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); d is the predefined



7} fa()(,t) oto(0)(17) xeS(0 (t) = max | fa (x, t)1(18) The total force f(x,t) is
finally estimated from the gradient flux-based force fa(x,t) and the
intensity-based force Ib(x,t) with the force fa(x,t) as the priority: Ofa (x,t) =
ga(x, f (x, t)(x, )/f,™™ (t) fa (x, t)ciO(x.t)-n_,1 fa (x,t> f a (t)(19) ft (X,
waytseraiisé We have now fully defined all elements of Eqn @Y/ £6128096ME7S
on the boundary. The algorithm implements the level set evolution by a
fast narrowband approach (Sethiar,1999). We expand the boundary force
f(x, t) into a narrowband br(t) of the boundary D(r). In the 3D case, for any
voxel x we use N26(x) to denote its 26-neighborhood (i.e. its 26 nearest

neighbours, whi re dir | t ' ' j
B R o oy i Bmen
boomcEmésy (k)¢ $agiendeifiactibty becegudiioad(8sand its boundary aw) is
initially set to a(t) . For k=0, 62& Xt(%) yﬁéé{ejip‘e Eget)r)eg{jgrn g(2= Jf') anqu i;s_I
bgundary aé% iteratively from<Qu*dnd a TWH ° 7)
2068 6%4083FCT/IE20071000275 138X} 12R(K)), €2f"eada(k-+i)(20)

The force f(x,t) on the set of points ac, is first calculated according to Eqn.
(19). The embodiment then uses the force on each set of points awl to

obtain the force on the set of points as follows. For any voxel which is a'

and has position x, the force f(x,t) is a weighted average of the force on

thpse phiis:28 RedIgst-neigbors which are in the set am, i.e.:

Having now defined the gradient flux, we can now define the force f(x,t) used
in Egn. (1). Unlike traditional level set techniques, in which the force f(x.t) is
directly calculated at the point x, we first calculate the force on the model

boundary, and then expand the force to a narrowband of the boundary.

Specifically, for a point x on the boundary o(r), we define its neighborhood
Nx,t) as the set of points that are on the boundary d(¢) and which have
distance to x less than a given threshold r. As in deformabie surface models
(Liu 2005, Shen 2001), a boundary point x of the model is considered as the
vertex of its boundary patch N'(x;t), on which the force at point x is calculated.
The calculation combines the mode! constraint(s) with image features. This is
done by defining the total force f(x,t) using (i) a gradient flux-based force
f.(x,t) obtained using the gradient filux as defined above, which in tum is

based on the intensity values, and (i) an intensity based force fu(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 go(x,t) on the boundary patch N'(x,t) is calculated as:

go(x,1) = Ze(x',n(x‘,t)). (8)

xeN (x4} -
Then, the gradient fluxes a.(x,t) and q.(x,t) are calculated. These correspond
respectively to the patch N'(x,t) being shifted to the outside of the model
region Q(¢) with unit translation n{x,t), and inside the model region Q(z) with

unit translation -n(x,t)).



f (x,[Ef(xt,t)/ci(x,x1))/4t(N26(x)na(k))(21) sc'eNx(r)calk' where, d(x,xr)
denotes the Euclidean distance of two points x and x'. The force

expansion in the 2D case is similar to that in the 3D case. It differs ju;t by
changing the 26-neighborhood in the 3D case into a 8-neighborhood in
WE28/¢48E 4. Energy function The embodiment makes useaf/sae007/000275
"energy function' to determine when its iterations should terminate. The
energy "EU) of the model is estimatgd as the negative of the average

gradient flux density on the mode Q&angg(r:% @(t’)“ géﬁgfﬁét%)%é#éig?éztﬁ)e ()

teJ(t 5. Implementation dlgorithm (e are ina _
complete algorithm. This will be explained with reference to Fig. 3. The
algorithm used by the embodirfiertss based on(the topology preserved  (10)
narrowband method presented in (Haf"2803). Specifically, we propose the

folletuing, adgalithth dndipdaie hexalositxobismBdbytdhithdlthe point x' with
Ini@@@gg&(ﬁ@%lg%sm =0.and the in{iat‘igl value 0(x.r0) to be the

—h(x") respectiv
When the q.(x,t) is higher than q.(x,t) and qo(x,t), the model boundary d(¢) is
attracted to expand at point x; when q.(x,t) is higher than a+(x,t) and go(x,t),
the boundary d(t)is urged inward at point x; in other cases, the boundary
should remain stationary. Based on these heuristic rules, the gradient flux-

based force f4(x,t) is calculated as:

g, (%, 0-nxt) q,.(X,1)>q,(x,1),q, (X, t) > q_(x,1)
f(x,t) =<{—q_{x,t)-n(x,t) q.(x,t) >q,(x,1),q_(x,t) > q,(x,1) (11)
gp(x,t)-m otherwise

where, n. is the unit vector n(x,t) with an additional flag to indicate that the
force is used to keep the boundary 3(r)fixed at point X.

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

mean and variation of the image intensity within the region , and let and [(x,t)

‘denote the mean of the image intensity on the boundary patch N(x,1), i.e.:

RO = DTI(x) 4 Q1) (12)
xe{i{t)

o= | DI ~1O] AQ(r) (13)
xe{2(t)

Ix = 3 Ix)#N(x1) (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(s)+o(s), 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 3(t) toward the inside of
the region Q(r). Conversely, otherwise, if I(xt)y< u(t)+o(r), then we generate

an intensity-based force to push x outwards. The cases for g=-1 and 0O are



signed Euclidean distance map of the initial model (i.e. it is zero for each
point on the contour (2D case) or surface (3D case) which is the initial
estimate of the object position, and at all other points is the Euclidian
distance from the contour/surface multiplied by a sign -1 01 +1 according
WevHetEAtbie point is inside or outside the region enclosed B THE-@HHTOLH27>
or surface). Initialize the sign function s(x, to), and the narrowband bk(to),
where k is a manually-set parametghto specify the width of the
n bk(t),whigh i fined gion Q, tained.according.to
Eﬁéﬁ{% %%al Gl1a'te %%%%%%(Wi) oﬁ%ﬁg%%%nggry tgl];u)e,ggf trh(gr%’ggée:l rglg{%ﬁ , the
ci(FNRIEFEDY. 3 TS(3iRRI ARSTREBLATRENOFRINd %) &1(19) BeyRdary point x
nagrgwh anekinkiiaéster:30), 4. For each point x in bk(ti), calculate the new
value O(x.t1_,) (step 40) ? Detect whether x is a simple point of the point
set Q(tl)usin% (q;l@ m%}ﬂfé )pf’éééﬁté[cﬁ(ﬁ'? (‘B‘éméﬁ&»w@ﬂi Witere, a simple (15)
point means its additiomas tempdval Gromudti)/ withmot chiardg the topology
of C2(t). b) If x is a simple point, update O(x, ri+,) according to Eqn. (3),
an\gq éntﬁ%c?é'tte?% éﬁoﬁo CESOP&%%eDFg gn, (4). c) Otherwise, i.e., X is not a
simple point, set O(x.:1+,)r-s*signéopdin (1, hhawhere) e is a small positive (16)
number, so that 95(x,_t1,§)%er1{<es a small value whjle keeP‘theﬁame sign
i). [

witHEEITDEY 1B 91 Wy ERBREB FIeRE ) iS preserved.
5. Calculate the total energy e(t1.0) (step 50).

Let f3(1) and fnax(t) denote the average and maximum magnitude of forces
fa(x,t) on the boundary d(z), i.e.: |

f.0= D IEx0|#@Ww) (17)
xgad(t)
frae (1) = max [ £, (x, 1) (18)

The total force f(xt) is finally estimated from the gradient flux-based force

fa(x,t) and the intensity-based force f,(x,1) with the force fa(x,t) as the priority:

-

0 f,(x,t1)=q,(x,0) -0,
Fx, )=, (x0/f_ () £,(x0)%q,x D 0,5 x>t (19)
f,(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 evolution by a fast narrowband
approach (Sethian 1999). We expand the boundary force f(x, t) intc a
narrowband b'(t) of the boundary a(r).

In the 3D case, for any voxel x we use Nyg(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 {am}. Q© is defined to be equal to Q(), and its
boundary 9 is initially set to a(r). For k=0, 1, 2, etc. we define the region

Q%Y and its boundary 0% iteratively from Q® and 9%:



6. Determine whether e(t,,i)>e(ti) (step 60), and if so return 0(x,t)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
WHBiNe#330 that the algorithm terminates if the number oPABSEARHGNS27S
reaches a threshold without a minimal energy having been reached. 7
Reinitialization: Determine if the zerg;level set of (x. t1) reaches to the
boundary of the current narrowband bk(ti) (step BO). If so, reinitialize
0(x,t,,,i) to be the signed distance function of its zero level set (step 90).
6.Results The embodiifientwyas Nsgdk io-sejment Srbialmugéiés from MR(20)
images. Fig. 2 shows the segmentation of five muscles with five models in
one 20 slice. Fig. 2(a) shows the intensity values of the data set. Fig. 2(b)
shawie thedsitia, gostotis. gl (ishow? thairesulisltie ahefimeNtoltegn.
cag bg sfen that the models are deformed to fit the original data q@g}icge ‘
acdtirdtely! HEsnt tegdisam thiviine RN 4RENTeFL0HBGIE B. to obtain
(1988) (oreslspsind iteoc@piRdr ModelsioBlvd. EQMARY iSIRN wibnLisPP** and
3%—?31. 2, Cohen, L. D. %1&91{5,"On active contour models and balloons,”
CVEPPRALGE BntisLeaf §ib8, pyraigntod gverags ef tiRd' YRR hose of
L.(19%%) {Sasieacifiopesyiaon armtanevesto®ilow,” IEEE Trans. hag.
Proc., 7(3), pp. 359-369.
FEO=0 Y&, 0/dEx)#NLx)NI®) (21)

x'&Ny (x)ma'®

where, d(x,x’) denotes the Euclidean distance of two points x and x'.

The force expansion in the 2D case is similar to that in the 3D case. it differs

just by changing the 26-neighborhood in the 3D case into a 8-neighborhood in
the 2D case.

4. Energy function

The embodiment makes use of an “energy function" to determine when its

iterations should terminate. The energy &(t) of the model is estimated as the

negative of the average gradient flux density on the model boundary 9(s):

Bt =—{ 2 e(x,n(x,1))|A#(3(1)) (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 following algorithm to update the vaiue
#(x,t,,) from @(x,1,):



4. Mclnerney, T. and Terzopoulos, D. (1996) "Deformable models in

medical image analysis: A survey," Medical image Analysis, 1(2), pp.

91-108. 5. Cootes T. F., Cooper D., Taylor C. J. and Graham J. (1996)

"Active shape models: Their training and Application”, CVIU vol. 61, no. 1,
woRIBB5886. Cootes T.F., Edwards G. J. and Taylor C. J (280§ GAWiAE0273

appearance models," IEEE Trans. PAMI vol. 23, no. 6, pp. 681-685 7.

Shen D., Herskovits E.H. and Davatzikos C (2001) "An Adaptive-Focus
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Volume 5747 pp. 453-462. 10. Maile d Vemurj, B

(1995) “SHRTEHRRG WiRITHGH B %ﬁaaafa 3he 190 SBr GaBroGLins covtour
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(1999) Level Set Methods and Fast Marching Methods. Cambridge, UK:
Camb%dé‘ealghi%@réngpprﬁss 12 ed.thg. PrURSEX PG, FYitbe TnoqeoRgion Q)
Topology |ng Level Set Method for Geometric Deformable Models"
IEEE Tra AMI, Vol. 25, No. 6, pp. 755-768 15.Bertrand, G. (1994)

"Simple p&%n@ddbelbgmr(mmgm andr@@oyi@érc) rteughbtﬂrﬁ@o@gr\ﬁi &bt (step
grids," Paéb?rn Recognition Letters, 15, pp.1003- 1011

4. Foreach point X in bk(t;), calculate the new value ¢(x,t,,,) (step 40)

a) Detect whether x is a simple point of the point set Q(z;)using the
method presented in (Bertrand, 1994), where, a simple point means
its addition or removal from- Q(z,) will not change the topology of
Q).

b) If x is a simple point, update ¢(x,z,,,)according to Eqn. (3), and then
update s(x,t.4) according to Eqn. (4).

c) Otherwise, i.e., X is not a simple point, set g(x, ti+1)=e*sign(¢(i,ri)),
where, ¢ is a small positive number, so that #(x,z,,)takes a small
value while keep the same sign with the old value 4(x,z,). In this
way, the topology of Q(t,)is preserved.

5. Caiculate the total energy e(ti,1) (step 50).
6. Determine whether e(t,{)>e(t) (step 60), and if so retum ¢(x,t,)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



16. Maurer C.R., Oi J.R. and Raghavan V. (2003) A linear time algorithm

for computing exact Euclidean distance transforms of binary images in
arbitrary dimensions. IEEE Trans. PAML1, vol. 25 no. 2, pp. 265 -270.
17MCbLt.p Claims 1.A method of image segmentation and modelling,
WitHiPB&@Bptce spanned by a set of medical data, the portsrsiGter/000273
space occupied by an object, the 5method comprising: (a) defining a level

set function, a level set of the level sgi function being the boundary of a
deformabitemnatisusl ofahbasbjedhridhtddatintigyeafornintphtdeasiyonesitite been
set of stepsscheq. (i) calculating, at each of a plurality of first locations

on the boundary, a 10corresponding force, said force being calculated

using the FREUiGHRaties: Defqminaditivngerat lexehsst ®blirality) oegsbesdo the

locations Wﬁ@aﬁe&oﬁ,@n é%ﬁ%ﬁuggﬁ%&%%rm%o?g@ﬁ fé)(??,e1 said forc

: . f7s0 Jem%aiize
being calculated using sai lated forces a first [ocations; an

(iii) modifyirig‘the fevel het signaibdistaesffisiclion sédsrmbltodatienset (step 90).
15according to the calculated corresponding forces; the iteration
terminating when a minimum of an energy function is reached; and (c)
modellinGieseitsoundary of said object as the level set of the modified level

set function, 20 2.A method according to claim 1 in which the force at first

locatioasisbodiment was used to segment orbital muscies from MR images. Fig.
2 shows the segmentation of five muscies with five modeis in one 2D siice.
Fig. 2(a) shows the intensity values of the data set. Figb. 2(b) shows the initial
contours. Fig. 2(c) shows the result of the embodiment. It can be seen that the

models are deformed to fit the original data quite accurately.
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5as 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. 5. A method according to claim 1 in which the force at said second
locations is calculated by defining, for each said second location, a
10corresponding neighbourhood, and cgiculatlng the force at the second MCSLLP
I&:atlon using the average of said calculated forces at each first location

he corresponding neighbourhood. 6. A method according to any
precedlng claim in which the energy function 15is the average over the

lpvel s Cé %Qﬂg@gﬁm@'&%ﬁgn@{ﬂﬁ 189%RG4A Qﬂiﬁ% i (ﬁ ¥"Q§Ece spanned

épendent Upon e energy value'is the gradient

dwrrispt Z6gnadipalctntior th eoiting ofithie spesececsmieddpypa cejest, the

medic data Hggn@ortlon of the space occupied by an object, the system
having a processor arranged to: (a) receive medical data;

(b)
defidefiniager Lrelipetion elirver 4oy raRkables devel AetiGhnsdipR laging the

AR & AASTRTEMS I Bl ShEspdiect:  (C) iteratively perform
at least once the set of steps: (i) calcu atlng at each of a plurality of

ARt itseatively BRWI‘PérBB\%%Itaﬁ/a%t %ﬁ@éﬁ%ﬁ(ﬁﬁ@ f8FeRSsaid force being
Ca|CU|a‘@ﬂdé$¢Ogathfngé§@W@% puurantvlbﬁﬂl@w@%@@oﬁgww@oundary, a

TR L A LR

(iiy calculating, at each of a plurality of second locations which are not on
the boundary, a corresponding force, said force being calculated using said
calculated forces at the first locations; and

(iii) modifying the level set function at the first and second locations
according to the calculated corresponding forces;

the iteration terminating when a minimum of an energy function is

reached; and

(c) modelling the boundary of said object as the level set of the modified level
set function.

2. A method according to claim 1 in which the force at first locations is
calculated selectively as either:

(i) a gradient flux-based force which is a function of the gradient of
intensity values of the medical data; or

(i) an intensity-based force which ensures that, following the modification

of the level set function, the model still obeys predetermined model constraints.

3. A mvethod according to claim 2 in which the gradient flux-based force at
each point on the level set of the level set function is obtained by searching
along a line segment passing through that point and normal to the level set at

that point, for a location which is a stationary point of a gradient flux density

IPEA/AU
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calculated forces at the first locations; and IPEA/AU MCSLLP 19 (i)
modifying the level set function at the first and second locations according
the iteration terminating when
a minimum of an energy function is reached; and 5(d) output a model of
the boundary of said object which is the'Rvel set of the modified level set

to the corresponding calculated forces;

am instructions,

ARG A R S R dr gy

G5 3RE Lo the

fysternsdryegerdierd fQnubetedjtyvidhitha spicmapapoid. by a set of
medical image data, of the portion of the space occupied by an object, by
defining a level set function, a level set of the level set function being an .

thitial mddee BaH e bevitiag o ttaeroBjcwitaiative lgrpditorniing detesist varies
2RCe the SeMIGRDS the gradient of the intensity values divided by a linear

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

5. A method according to claim 1 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 location

using the average of said calculated forces at each first location within the

corresponding neighbourhood.

MCSLLP

6. A method according to any preceding claim in which the energy function

is the average over the level set of an energy value.

7. A method according to claim 6 when dependent upon claim 3 in which

the energy value is the gradient fiux density.

8. A system for modelling, within a space spanned by a set of medical data,

the portion of the space occupied by an object, the system having a processor

arranged to:

(a) receive medical data:

(b) define a level set function, a level set of the level set function being the

boundary of a deformable model of the object:

(c) iteratively perform at least once the set of steps:

(i) calculating, at each of a plurality of first locations on the boundary, a

corresponding force, said force being calculated using the medical data;

(i) calculating, at each of a plurality of second locations which are not on

the boundary, a corresponding force, said force being calculated using said

calculated forces at the first locations: and

IPEA/AU
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15(i) calculating, at each of a plurality of first locations, a corresponding

force, said force being calculated using the medical image data and the

boundary of the model: (ii) calculating, at each of a plurality of second

locations which are not on the boundar)fga corresponding force, said force MCSLLP
being calculated using said 20calculated forces at the first locations; and

(i1 moc_t'i (e i@%é%\fl 5‘%@??\3 %fgfﬂl‘?@ﬂé?%?\'ﬁjslé’ggﬂmécations
accordihg to the cétresponding calculated forces; the itération
RIpsIFdnadhercamapRaneing edladatey farmaiin is reached; and

9;22;2&5&9iﬁé}%w?@#rﬁmQ@ﬁéewé%%mmwg%%'%@ra%mmis
[reached; and

(d) output a model of the boundary of said object which is the level set of the
modified level set function.

9. 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 function, a level set of the level set function being an
initial model of the boundary of the object;

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

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

(i) calculating, at each of a plurality of second locations which are not on
the boundary, a corresponding force, said force being calculated using said
calculated forces at the first locations; and

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

the iteration terminating when a minimum of an energy function is

reached; and

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