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A Method and System for Segmenting a Liver Object in an Image N

Field of the invention

The present invention relates to a method and system for segmenting objects in an
image. The objects may be anatomy structures. The particular application example is

the segmentation of liver objects in medical images, such as CT images.

Background of the Invention

To achieve better results in the diagnosis, treatment and monitoring of liyer diseases,
such as liver failure due to cirrhosis and liver cancer (both primary and secondary), an
accurate segmentation 6f liver structures (or liver objects) in medical images, such as
CT images, is required. The liver objects may be for example, the liver itself, a tumor in

the liver, vasculature structure in the liver (i.e. liver vessels) or functional segments of

the liver.

Manual segmentation of liver structures in CT images is not only time consuming, it
also involves large inter- and intra- expert variations. Although automatic segmentation
methods may be adopted instead, these autornatic segmentation methods are typically
based on various expecied properties of »images or structures and may thus fail o
produce sufﬂcienﬂy accurate results when the pfoperties of the test images or
structures deviate from the expected properties. Alternatively, interactive methods may
be employed. However, most interactive methods have their limitations in their
applicability to segmenting medical images in a clinical setting. For exampie, they may
be sensitive to how numerous parameters or initial positions of certain points are set.
Furthermore, when using interactive methods, a large amount of user interaétion may

be required to keep track of the topolbgy of a structure, or to handie structures

comprising small complex details.

At present, many fliver surgical planning vprototype systems [1, 2, 3] mainiy employ
user-visualization and user-interaction for a subjective or qualitative assessment of iivér
objects and there has been no extensive investigation on how to perform reliable and
efficient fiver object segmentation. For example, although MeVis [4] provides a service

for fiver object segmentation, it is almost impossible to use this service for emergency
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cases. This is because to use this service provided by MeVis, the hospitals are
required to send the CT scans to MeVis, and for each case, several days are required

before the liver object segmentation results can be obtained.

Summary of the invention

The present invention aims to provide a new and useful method and system for

segmenting objects in an image.

In general terms, the present invention proposés in a first aspect a segmentation
technicjue having a quality which is improved by identifying small connected
componehts after segmenting points in the image using predetermined intensity
threshold values. The identification of these small connected components is

-advantageous as it can be used o remove false positive points or recover false

negative points to improve the segmentation results.

Specifically, a first aspect of the present invention is a method for segmenting an object
of interest in an input image comprising a plurality of points having respective intensity
values representing medical data, the method comprising the stéps of: (a) segmenting
the poir{ts in a region of interest in the input image into a first and second group of
points using predetermined intensity threshold values; (b) identifying a first set of sméll .
connected components formed by points in the first group of points and«trans{fefririg the 5
points in the first set of small connected components fo the secdhd group of points; (c) '
identifying a second set of small connected components formed by points in the
second group of points and fransferring the points in the second set of small connected
components to the first group of points; and (d) forming the segmented object of

interest using the first group of points.

The particular application example is the segmentation of liver objects in medical

images, such as CT images.

A second aspect of the invention proposes that a user manually moves (e.g. using a
data input device such as a mouse) a plurality of control points, to successively
improve a numerical model which is defined by the control points, and which itself

generates at least one surface. The method may be used to obtain a region of interest
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for use in a segmentation technique. Alternatively, it may be used to partition a liver
mode! into a plurality of segments, by forming a numerical model for each of the

segments,; and then partitioning the liver model using the surfaces.

A third aspect of the invention proposes calculating the vessel structure of a liver by

. generating seed points which are in vessels of the liver, obtaining a vessel direction for

each of the seed points, and then growing vessel regions around each seed point in

the vessel direction.

A fourth aspect of the present invention is a hethod for segrﬁenting liver objects
comprising a.livef, at least one liver tumor and liver vessels in a three-diménsional
input image comprising a plurality of pdints having respective intensity values
representing medical data, the method comprising the steps of: (a) defining a region of
interest which takes the expected shape of the liver in the image; (b) segmenting the
liver in the region of interest; (c) segmenting the at least one liver tumor in the region of
interest; (d) segmenting the liver vessels in the region i'of interest; (e) smoothing the
| segmented liver objects; and (f) partitioning the segmenied liver into functional liver
segments. A region of interest which takes the expected shape of the liver in the image
roughiy‘ﬁts the liver in the image and contains only a small percentage of non-liver

regions. This facilitates the subsequent processing steps for segmenting the liver

objects.

The invention may alternatively be expressed as a éomputer system for performing the
above methods. This computer system may be integrated with a device for capturing
images. The invention may also be expressed as a computer program product, such as
one recorded on a tangible computer medium, containing prog’ram instructions

operabie by a computer system o perform the steps of the above methods.

Brief Description of the Figures

An embodiment of the invention will now be iliustrated for the sake of example only with

reference to the following .drawings, in which:
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. Fig. 1(a) illustrates a flow diagram of a method for segmenting liver objects in

an image according to an embodiment of the present invention, and Fig. 1(b) iliustrates

the first step in the method of Fig. 1(a);

Fig. 2 illustrates a flow diagram of sub-steps for defining a région of interest in

the method of Fig. 1(b);
Figs. 3(a) - 3(c) illustrate the sub-steps for constructing a liver surface model in

the method of Fig. 2;
Figs. 4(a) - 4(d) illustrate the results obtained from the method of Fig. 2;
-Figs. 5(a) - 5(e) illustrate the results obtainéd from segmenting non-liver regions

in the method of Fig. 1(a); ‘
Fig. 6 illustrates a flow diagram of sub-steps for 'segmenting the liver in the

method of Fig. 1(a);
Figs. 7(a) — 7(d) illustrate the steps of a 3D trimming operation performed in the

method of Fig. 6; 4
Fig. 8(a) illustrates the results obtained from segmenting non-liver regions in the
method of Fig. 1(a) whereas Figs. 8(b) - 8(e) illusirate the results obtained from
segmenting the liver in the method of Fig. 1(a);
| Fig. 9 illustrates a flow diagram of sub-steps for segmenting the liver tumor in

the method of Fig. 1(a); ,
Fig. 10 illustrates a flow diagram of sub-steps for segmenting the liver vessels

in the method of Fig. 1(a);. _

Fig. 11 illustrates .the Couinaud classiﬁcatidnfof liver anatomy;

Fig. 12 illustrates the steps of an extensible minimal surface method for
partitioning the segmented liver into functional liver segments in the method éf Fig. 1(a);

Fig. 13 illustrates the results of the method of Fig. 1(a).

Detailed Description of the Embodiments

Referring to Fig. 1(a), the steps are illustrated of a method 100 which is an embodiment

of the présent invention, and which segments liver.objects in an image.

The input to method 100 is a three-dimensional ima'ge I(x} which may be a Computed
Tomography (CT) image or any other type of image. The input image is defined in a
domain DcR® and comprises a piurality of points (voxels) having respective intensity
values representing medical data. In step 102, the non-liver regions in the image I(x)



10

15

20

25

30

35

PCT/SG2010/000385

WO 2011/046511

5

‘are segmented. The sub-steps of step 102 are illustrated in Fig. 1(b). In step 104, the

liver in the input image I(x) is segmented whereas in step 106, the liver tumor in the
image I(x) is segmented (this may include segmenting multiple tumors if such tumors
are present in the image). in step 108, liver vessels;in the image I(x) are segmented. In
step 110, the segmented liver from step 104 is partitioned into functional liver segments -
and in step 112, the segmented liver bbjects (i.e. the segmented liver from step 104,
the segmented liver tumor from step 106 and the segmented liver vessels from step

108) are smoothed. Steps 102 to 112 will now be described in more detail.

Step 102: Segment the n(;n-liver regions in the image I(x)

in step 102, a first region of interest Q is first defined (step 114 of Fig. 1(b)). Note that
the first region of interest {2 may comprise all the points in the image I(x) (i.e. the first

region of interest Q) is the entire image I(x)}). In one example, the first region of interest

Qs defined by the following example method.

Reqion of interest delineation by friangular mesh interpolation

Fig. 2 illustrates a fiow diagram ‘showing the sub-steps 202 — 208 for defining the first

fegion of interest Q in step 102,

in sub-step 202, a liver surface model M (typically, a simplified }ivebr surface model) ié
first constructed by interpolating a plurality of céntrol points. This interpolation is

performed such that the '-resulﬁng first region of interest Q2 takes the expected shape of

the liver in the input image.

In one example as shown in Figs. 3(a) — 3(c), the liver surface model M is constructed
from 14 control points. The locations of the control points are determined using a liver

model derived from a previously segmented liver or from for example a liver atlas.

Fig. 3(a) shows the 14 control points used to construct the liver surface model M. Six of
the control points vy, V12, ..., Vg lie on a first Bézier contour C;, six of the control points
Vo, Va3, ..., Vg lie On & second Bezier contour C, and two of the control points are
extreme landmark points A and P, respectively indicating the most anterior point and

the most posterior point of a liver. The contours C, and C, as shown in Fig. 3(a) lie
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parallel to the coronal plane. Points vy, and vy, are on the left lateral side of the model:
points vy, and vy, are on the most superior end of the model; points vy; and vszare on
the right lateral side of the model; points vy, and v, are on the most inferior end of the
model; points vy5 and vq, and points vas and vy are uniformly distributed between
points v and vy, and points vy, and vy, respectively. Furthermore, thé anterior- -
posterior distances (i.e. the differences in y coordinates defined based on a traditional
radiologist coordinate system) among the point A, the mass center of contour C,, the

point B and the mass center of contour C, are the same.

Fig. 3(b) shows a frame mesh (or triangular mesh) S constructed using the 14 control
points shown in Fig. 3(a). This frame mesh is constructed by linking point A to each
point vy; in contour C4, point P to each point vy in contour C, and each point vy in

contour C, to a point vy in contour C;nearest to the point vy, (i, j =1, 2, ..., 8).

Fig. 3(c) shows the liver surface mode! M generated from the frame mesh S. The liver
surface model M is a smooth mesh or in other words, a smoothed triangutar surface
and may be generated using state-of-the-art triangular mesh interpolation techniques
[5,6]. The shape of the liver surface model M can be adjusted either globally or locally

by changing the positions of one or more of the control points.

The liver surface model! is then fitted to a liver in the input image. In sub-step 204, the -

liver surface model M is first loaded into the input image l(x) and in sub-step 206, this

liver surface model M is then deformed using the plurality of control boints to fit the iivef
in the image I(x). In one example, the liver surface model M is first giobany deformed
by manually dragging the boards of the bounding box of the liver surface model M.
Local refinement of the liver surface model M is then performed by manually adjusting
the positions of the control points. Note that the liver surface model M may also be
adjusted automatically (i.e. without user intervention) based on some pre-ioaded

parameters. In sub-step 208, the sub-volume of the input image enclosed by the fitted

liver surface model M is output as the first region of interest Q.

Figs. 4(a) — 4(d) illustrate the results obtained from sub-steps 204 — 208. In particular, -

Figs. 4(a) — 4(d) each include four images which respectively illustrate selected axial,

coronal and sagittal slices of the input image comprising the liver surface mode! after
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the corresponding sub-step and a 3D perspective of the liver surface model in the input

image after the correspdnding sub-step.

Fig. 4(a) shows the results obtained after loading the liver surface mode!l M in sub-step
204. Fig. 4(b) illustrates the results after giobally deforming the loaded liver surface
model M in sub-step 206 whereas Figs. 4(c) and 4(d) respectively illustrate the results
after performing a first and second local refinement in sub-step 206. The voiume within
the boundary 402 as shown in Fig. 4(d) is output as the ﬁfst region of interest Q in

sub-step 208.

Next in step 102, the non-liver regions (i.e. regions ‘not comprising. liver objecté) in the

first region of interest Q are segmented. There is usually a high intensity contrast
. between the non-liver regions and the regions comprising liver objects. The non-liver

régions may comprise a portion of the bone and a portion of the kidney (which may be

the right kidney). In one example, the non-liver regions in the first region of interest Q

are segmented using the HTANR method described below.

Segmentation by hysteretic threshoiding with adaptive noise removal (HTANR method)

The following describes the steps of an example method for segmenting a target object
(or in other words, an object of interest) in an image lurang(X) to obtain a binary image
Brranr(X). This method is referred to as the Hysteresis Thresholding with Adaptive
Noise Removal (HTANR) method and may be used independently of method 100 on’
any type of object in any type of image. It correéponds to steps 115-122 of Fig. 1(b).
The image lranr(X) may be a two-dimensional image or a three—dimensiohal image.
Furthermore, the image luranr(X) may be a region of interest in a larger image. For .

example, in step 102, the image Ihranr(X) is the first region of interest O and the target

object comprises the non-liver regions.

Step 1: A wide pair of intensity threshoid values [L,, H,] for 'segmenting the target
object is defined (step 115 of Fig. 1(b)). This may be done using state-of-the—ad

methods, for example, the methods in references [8, 9, 10].
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Step 2: A narrow pair of intensity threshold values [L,, H;] for segmenting the target
object is defined such that L, <L, <H;<H, (step 116 of Fig. 1(b)). in other words, the
wide pair of intensity threshold values is further apért than the narrow pair of intensity

threshold values.

Step 3: A binary image Buranr(X) is generated (step 117 of Fig. 1(b)). This is performed
by segmenting the points in the image lranr(X) into different groups of points using the
narrow pair of intensity threshoid values [L,, Ho]. In one exampie, for each point x in the
image lirane(x), if the intensity value of the point x lies behmeen. L, and H, (i.e. if
L, <Intensity value of x< H.), the label of point x is set as 1. Otherwise, the !abve! of
point x is set as 0. This forms a binary image Burang(X) comprisivng a first and second

group of points with labels 1 and O respectively.

Step 4. The false positive points in the binary vimage Buranr(x) are removed (step 118
of Fig. 1(b)). This is performed by identifying a first set of small connected components
formed by points with the label 1 in the binary image Buranr(X). An example method for
identifying small connecfed components is described below. The labeis of the points

within these small connected components are then changed from 1 to 0 i.e. these

-points are transferred from the first group of points to the second group of points.

Step 5: The false negative points in the binary image Buranr(X) are recovered (step 119
of Fig. 1(b)). This is performed by identifying a second set of small connected
components formed by points with the label 0 in the binary image BHTANR(x). Ani
example method for identifying small connected éofnponents is described below. The
labels of the points within these small connected components are then changed from O
to 1 i.e. these points are transferred from the second group of points to the first group

of points. This fills the small holes in the regions formed by points with the fabel 1.

Step 6: Small artifacts fb:'rmed by points with the label 1 in the binary image Buyranr{(X)
are removed (step 120 of Fig. 1(b)). in one example, they are removed by applying

morphological opening operations on the régions formed by points with the label 1 in

the binary image Buranr(X).



10

15

20

25

30

W

0 2011/046511 PCT/SG2016/000385

9

Step 7: Each connected region formed by points with the label 1 in the binary image
Buranr(X) is then expanded to include neighboring points with intensity values between
the wide pair of intensity threshold values [L;, Hi] (step 121 of Fig. 1(b)). in one
example, this is performed using the boundary patch region growing method [11]. A
step of segmenting the points in the image lranr(X) into different groups of points using -
the wide pair of threshoids [L, Hi] may be perfof-med prior to the expansion of the

connected regions in step 7 to facilitate this expansion.

Step 8: The false negative points in the binary image Byurang(X) are recovered (step 122
of Fig. 1(b)). This is performed by identifying a third set of small connected components
formed by points with the label 0 in the binary image Buranr(X). The labels of the points
within these small connected components are then changed from 0 to 1 i.e. these
points are transferred from the second group of points to the first group of points. This
fills the small holes in the regions formed by points with the label 1 to form a final binary
image Burang(X). The segmented target object formed by points with the label 1 in the

final binary image Buranr(X) is thus obtained.

Small connected component identification

The foliowing describes the sieps of an example method for identifying small

connected components in an image lscc(X) comprising a plurality of points x with

respective labels /label(x). Different groups of poinvts may be present in image lscc(x)

with each group comprising points x having the same label (x|fabel(x) = [). 'This
method may be used independently of the HTANR method described above oh any

type of image.

Step 1: All connected components in the image lsce(X) are iocated. Each connected
component is formed by points x having the same label (i.e. in the same group). In one
example, this step is performed using a neighborhood connectivity algorithm whereby
the points x in each connected component are related to each other by a neighborhood

re!ationship i.e. they are k-neighbor connected where k may be any suitable value, for

example, 6 or 26.
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Step 2: From the located connected components, the largest connected component
comprising the highest. number of points and the smallest connected component
comprising the lowest number of points are determined. In one example, the located

connected components are arranged in .a descending order of the number of points (i)

in the located connected components. In other words, the located ‘connected -

components are arranged in the order ¢4, C3, ... ¢, such that f(1)=f(2)... 2f(n) (n
indicates the number of connected components located. (1), f(2), ...f(n) indicate the

number of points in connected components ¢4, ¢, ... ¢, respectively).

Step 3: A cutoff value representing the maxi‘mum number o.f’ points in a small
connected component is then calculated based on the number of points in the’located
connected components. In one example, the cutoff value is calculated by comparing a
rate of decrease in the number of points from the largest connected component to the
smallest connected component against the number of points in the remaining

connecied components. This is elaborated below.

The number of points (i) in each located connected component ¢4, ¢, ... ¢,is plotted
against the order i of the located connected component in the arrangement formed in
step 2. A plot comprising a two-dimensional data point set {(1,f(1)), (2,/2)), ..., (n, f(n))}
ié thus formed. A cutoff data point (k" data point (k, f(k)) in the two-dimensional data
point set at a maximum distance (for example, maximum Euclidean distance) to a line
L passing through the first and last data points ((1,f(1)) and (n,f(n))) of the two-
dimensional pbint set is then located. These first and last data points respectively
correspond to the largest and smallest connected Components. If two or rﬁore' points
(e.g. (k, f(k)) and (j, f(j))) are at the same distance to the line L, then the leftfmost;po'int’
(k, f(k)) with the smallest index k (k< j) is selected. The cutoff value is then set as the

number of points in the k™ connected component corresponding to the cutoff data point

(k. f(k)).

Step 4. For each located component, if the number of points in the iocated connected
component is less than the cutoff value, it is identified as a small connected compohent.
In other words, all connected components bi arranged after the k™ connected
component in the arrangement formed in step 2 (i.e. all connected components Gi with

the index izk) are lden’uﬂed as the small connected components
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Figs. 5(a) — 5(d) illustrate the results obtained from segmenting non-liver regions in

step 102.

Fig. 5(a) illustrates selected axial, corona‘l and sagittal slices of the image l(x)
comprising the first region of interest Q) within thé boundary 502. In step 3 of the
HTANR method, this ﬁrét region of interest Q) is thresholded using a narrow bair of
intensity threshold values [L,, H,]. Fig. 5(a) further illustrateé a‘histogram showing the

positions of the narrow pair of intensity threshold values [Lo, Hy] relative to the intensity

distribution of the points in the region of interest Q.

Fig. 5(b) illustrates the selected axial, coronal and sagittal slices of Fig. 5(a) after
performing steps 1 — 6 of the HTANR method. As shown in Fig. 5(b), a binary region

B(x) of the first region of interest Q2 is formed within the boundary 504. In this binary

region B(x), small connected components are 1removed whereas small holes are filied.
The shaded regions (for example, region 506) in the binary region B(x) within the
boundary 504 represent regions formed by points with the label 1. A 3D perspective of
the regions formed by ppints with label 1 (fbr example, region 5086) is also shown in Fig.

5(b).

Fig. 5(c) illustrates the selected axial, coronal andAsagittaI slices of Fig. 5(a) after
performing binarization using the wide pair of intensity threshold values [L;, H4]. Fig.
5(c) further illustrates a histogram showing the poéitions of the wide pair of jintehsityi‘ ‘
threshold values [L;, H4] with respect to the intensity Zdistribution of the points-ih ihé first

region of interest Q.

Fig. 5(d) illustrates the selected axial, coronal and sagittal slices of Fig. :5(b) after
expanding the connected regions formed by points with label 1 in step 7 of the HTANR
method. This expansion is performed using the boundary patch region growing
method. The shaded regions (for example, region 506°) represent the expanded'

connected regions. A 3D perspective of the expanded connected regions (for example,

region 506") is also shown in Fig. 5(d).
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Fig. 5(e) illustrates the selected axial, coronal and sagittal slices of Fig. 5(d) after
performing step 8 of the HTANR method to fill the small holes in the regions formed by
points with the label 1. The shaded regions (for example, region 506") formed by the
points with the label 1 represent the segmented no_n-liver regions. A4‘3D perspecﬁve of .

the segmented non-liver regions (for eXampie, region 506”) is also shown in Fig. 5(e).

Step 104: Segment the liver in the image I(x)

in step 104, the liver in the image I(x) is segmented. Fig. 6 illustrates a flow diagram

showing the sub-steps of step 104.

in sub-step 602, a second region of interest 2, is generated from the first region of

interest Q by removing the segmented non-liver regions from the first region of interest
Q. Sub-step 602 helps to reduce user interaction. However, note that sub-step 602 is
optional and the following sub-steps 604 — 606 may be performed directly on the first
region of interest Q, in other words, the HTANR method may be performed directly on

“the entire first region of interest Q).

in sub-step 604, the HTANR method described above is performed on the second
region of interest (2, to segment the liver. In sub-step 606, the segmentation results are

refined by locating and trimming points not belonging to the liver from the segmented
liver. Sub-step 606 may involve an iterative procedure performed until an accurate liver
segmentation is achieved. Whether the liver segmentation is accurate or nbt may be
decided manually by a user viewing the segmentéd liver. Note that such a.trim'ming
step (as performed in sub-step 606) may also be performed in later steps bf méthod.'

100 to refine the segmented liver tumors and/or liver vessels.

in one example, the trimming in sub-step 606 is performed by repeatedly using a 3D
trimming operation in a 3D viewer. Figs. 7(a) = 7(d) illustrate steps of the 3D trimming
operation performed on an exampie segmented liver. In the 3D trimming operation, the
input 3-D image comprising the example segmented liver is first displayed in a 3D
viewer at a proper view angle as shown in Fig. 7(a). The 3-D image is then projected

onto a fwo—dimensionai (2-D) image (not shown in Fig. 7) and a 2-D region in the 2-D '
image is then delineated.' Points in the example segmented liver which have been
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projected onto the delineated 2-D region are then identified and removed. Fig. 7(a)
shows the identiﬁcéiion of these points within the boundary 704 whereas Fig. 7(b)
shows the removal of these points (with the removed points within the boundary 704
shown in a lighter shade). Fig. 7(c) illustrates the trimmed ségmenied liver 706 at a
different view angle whereas Fig. 7(d) illustrates .the trimmed segmented liver 706

along with its neighboring bone 708 and kidney 710.

Fig. 8(a) illustrates the results from segmenting the non-liver regions in step 102
whereas Figs. 8(b) — 8(e) illustrate the resulis- obtained from the sub-steps of

segmenting the liver in step 104.

In Fig. 8(a), selected axial, coronal and sagittal slices comprising the segmented non-
liver regions are shown. These segmented non-liver regions comprising the segmented
kidney 804 and the segmented bone 806 lie within the first region of interest Q shown
within the bouhdary 802 in Fig. 8(a). A 3D perspective of the segmented kidney 804

and the segmented bone 806 is also shown in Fig. 8(a).

Fig. 8(b) show the axial, coronal and sagit’cal slices of Fig. 8(a) after performihg sub-
step 602 of step 104 to generate the second region of interest (2, and steps 1 -5 of the

HTANR method. Shaded regions for example, region 808 represent regions formed by
points with label 1. Fig. 8(b) further iliustrates a 3D perspective of the regions (for
example, region 808) formed by ppints with label 1 together with the segmented kidney

804 and the segmented bone 806.

Fig. 8(c) show the axial, coronal and sagittal slices of Fig. 8(b) after performing step 6
of the HTANR method to remove small artifacts from the regions formed by points' with‘
label 1. Similarly, shaded regions for example, region 808 represent the resuliing
regions formed by points with label 1 after performing step 6 of the HTANR method.
Fig. 8(c) further illustrates a 3D perspective of the resulting regions (for example,

region 808’) formed by points with label 1.

Fig. 8(d) show the axial, coronal and sagittal slices of Fig. 8(c) after performing step 7
of the HTANR method: fo expand the connected regions formed by points with label 1.

As mentioned above, a step of segmenting the points in the image I(x) using a wide
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pair of intensity threshold values [L,, H;] may be performed to facilitate this expansion.
Shaded regions (for example, region 808”) in Fig. 8(d) represent the resulting regions

formed by pbints with label 1 after performing step 7 of the HTANR method. Fig. 8(d)

further illustrates a 3D perspective of the resulting regions (for exampie, region 808")

formed by points with label 1.

Fig. 8(e) show the axial, coronal and sagittal s’!icesfof Fig. 8(d) after performing step 8
of the HTANR method to fill the small holes in the régions formed by points with label 1.
Similarly, the shaded regions (for example, region 808™) in Fig. 8(e) represent the
resulting regions formed by points with label 1 after performing sfep 8 of the HTANR
method. Fig. 8(e) further iliustrates a 3D perspective of the resulting regidns (for
example, region 808™) formed by points with label 1. Points in these resulting regions

form the segmented liver.

Step 106: Segment the liver tumor(s) in the image I(x)

In step 106, one or more liver tumors in the image I(x) are segmented. Fig. 9 illustrates

a flow diagram showing the sub-steps of step 106.

in sub-step 902, a third region of interest 2, is generated in the image I(x) by removing
the segmented liver obtéined in step 104 from the second region of interest Q2,. Note

that sub-step 902 is optional and the following sub-steps 804 — 914 may be performed
directly on the first region of interest Q, in other words, the HTANR method may be

performed directly on the first region of interest Q.

In sub-step 804, a new image D(x) in the image donﬁain D is defined such that the new
image D(x) has the same dimensions as the image I(x) and each point in the new
image D(x) has a corresponding point in the same position in the image I(x). However, -

the labels of all points x& D in the image D(x) are initialized fo 0.

in sub-step 9086, the liver tumor(s) in the third region of interest Q. are segmented from

imagé I(x) using the HTANR method. The segmented fliver tumor(s) comprise a
plurality of tumor points in the image I(x). The segmentation result is then saved using
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the new image D(x) by changing the labels of points in the image D(x) corresponding

to the tumor points from 0 to 1.

in sub-step 908, the segmented liver from the image I(x) obtained in Step 104 is added
to the image D(x) by changing the labels of points in the image D(x) corresponding to

points in the segmented liver from 0 to 1. In other words, the segmented liver is merged o

with the segmented tumor(s) in the image D(x) o form a combined liver object.

In sub-step 910, a morphological opening operation is applied to the points with label 1
(i.e. points in the combined liver object) in the image D(x). Connected compohents
formed by points with the label 1 are then located and from these located connected
components, a maximum connected component comprising the highest number of
points is then located. Only points in the maximum connected component are retained

and the points in the remaining connected components are removed by changing the

labels of these points from 1 to 0.

in sub-step 912, the maximum connected component retained in sub-step 910 is

trimmed. in one examplé, this is performed using the 3D frimming operation shown in

Figs. 7{a) - 7(d).

in sub-step 914, points beionging to the segmented liver are then removed from the
maximum connected component in the image D(x) by changing the labels of the points
corresponding to points in the segmented liver from 1 to 0. This leaves updated

segmented tumor(s) in the image D(x).

Note that it is preferable to include sub-steps 908 914 because if the morphologlcal, o
opening operation in sub-step 910 is perfom":ed dlrectly on the segmented tumor(s) in

the image I(x), the small segmented tumors may be removed from the segmentation

results.

Step 108: Segment the liver vessels in the image I(x)

in step 108, liver vessels in the image l(x) are segmented. Fig. 10 illustrates a flow

diagram showing the sub-steps of step 108.
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In sub-step 1002, a smoothed image '(x) is generated by for example, applying state-
of-the-art vesselness filtering techniques to the image‘ I(x). In sub-step 1004, the
HTANR method is used to segment liver vessels from the smoothed image I'(x) in the
corresponding first region of interest Q' (which is a sub-voiume of the image I'(x)).
Piease note that the smoothing sub-step 1002 is an optional step for the removal of ~
noise in the image [(x).If the sub-step 1002 is not performed, in the sub-step 1004, the
HTANR method is used'direcﬂy in the original image I(x) to obtain the iiver‘v"ess‘.eis ih
the first region of interest Q. In sub-step 1008, a veésel tree is then generated from the
segmented liver vessels obtained in sub-step 1004. In one example, points of the

. segmented vessels are set as vessel points and the following directional region

growing approach is repeatedly used to trace a vessel segment from a seed point
which may be specified manually. A vessel tree is then formed from all the traced

vessel segmenis.

Vessel tree fracking by directional region growing

The following describes the steps of an example method for tracing a vessel segment
using a directional region growing approach in an image Iprs(X). Note that this example
method may be performéd independently of the method 100 on any type of image. The
image Ipra(X) may also be part of a region of interest in a larger image. For example, in
sub-step 1006 of step 108, the image lprs(X) is the corresponding first region of interest

Q' in the smoothed image I'(x).

Given that the image Ipra(X) comprises points with labels /abel(x) and a region V»
formed by vessel points q with labels indicating that they are part of the vessels} ina
structure of interest, the foliowing steps are performed to trace a vesse! segment Zfrom: s

a seed point p (peV i.e. p is a vessel point in the region V). .

Step 1: Without loss of generality, it is assumed that for the vessel direction v(p) = (ny, -
ny, Nz), Nzl = max {n4, |ny}, In|}. This indicates that the vessel direction v(p) is oriented
along the axial direction of the image lprs(X). In one example, the vessel direction v(p)
= (ny, Ny, Nz) is calculated to confirm this assumption. If this assumption is found to be

not true, the coordinate system is rotated until-this assumption becomes true,
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Step 2: A two-dimensional connected vessel region S, formed by vessel points and
comprising the seed paint peV is located. This two-dimensional connected vessel

region S, lies on an axial slice comprising the seed point p.

Siep 3: The connected vessel region S, is then expanded along the {0,0,1} direction (i.e.
the positive z direction perpendicular to the region Sp) of the image Ipre(x). Note that
the axes of the image Ipra(x) are defined such that the x axis lies parallel to the line of
intersection between the axial and coronal planes of the imége, the y axis lies paraliel
to the line of intersection between the axial and sagittal planes of the image and the z
axis lies paraliel to the fine of intersection between the coronal and sagittal pbanés of

the image.

In one example, the expansion of the vessel! region S; is performed by generating a
first further vessel region S, from the vessel region Sy and successively generating a
further vessel region S, from the most recently generated further vessel region S; (i =1,
2, ....). A further vessel region is only generated if a stop condition is not met. This
applies even for the first further vessel region-S,. This stop condition is met when the
further vessel region to be generated is empty (i.e. comprises no points), or when the
number of points in the further vessel region to be generated is more than twice the

number of points in thevvessel region from which the further vessel region is to be

generated.

The following describes how each further vessel region S, is generated from the

vessel region S;.

A region of interest in the image Iprs(X) is first formed based on the fegion-jS;; _Ih one
example, the region of interest comprises all points in the image Ibra(X) ‘which are
immediately after the vessel points in the region S; along the positive z direction. In

other words, points in the region of interest may be expressed as {(px, Py, p:+1)| p< Si}.

For each vessel point in the region of inferest, it is determined if the vessel p'oint

belongs to the vessel segment to be formed. This is elaborated below.



10

15

20

25

30

WO 2011/046511 PCT/S8G2010/600385

18
For each vessel point q in the region of interest on the axial slice indexed by z=p,+1
(i.e. the axial slice immediately after the axial slice comprising the region S; along the
positive z direction), parameters such as the vessel direction and the vesseiness of the

vessel point q are calculated and based on these parameters, it ivs'determined if the

vessel point g belongs to the vessel segment. An example method for calculating the

‘vesselness A(q) and the vessel direction v(q) of the vessel point q is elaborated below. -

These parameters are dependent on the intensity values of the vessel poinfs in a

plurality of neighborhoods around the vessel point q.

in one example, the vessel point is determined as belonging to the vessel segment if

the following conditions are satisfied: |

a) the vesselness of the vessel point q (i.e. 4(q)) is greater than a given threshold, in
one example, 0.8; and

b) the angle between the vessel direction of the vessel point v(q) and the vessel

direction of the seed point v(p) is less than a given threshold, in one example, 45°

The further region Si., is then generated as a connected component formed by these
vesse! points determined as belonging fo the vessel segment. in one example, each
vessel point in the region of interest satisfying the above conditions (a) and (b) is

merged into the further region Sy and the merging procedure is performed until no

more vessel points can be merged into Si.4.

Step 4: The connected vessel region S, is then expanded along the {0, 0, -1} direétion
(i.e. the negative z direction perpendicular to the region Sy) of the image lpre (X). In one
example, this is performed by generating a piurality of further regions S+ in the same

manner as the expansion along the {0,0, 1} direction described above.

Step 5: The union of the vessel regions (i.e. the vessel region Sy and all the further
vessel regions) generated in steps 2 to 4 is obtained to form the vessel segment

passing through the seed point p.

Note that in the above example method, the initial two-dimensional connected vessel
region Spmay lie on a coronal or sagittal slice in the image Ipra(x) or on a slice paraliel
fo any other plane. In these cases, the vessel direction of the seed point p is adjusted
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accordingly. The two-dimensional region‘ S, is then expanded in directions

perpendicular to it to form the vessel segment.

Adaptive vessel direction and vesselness calculation

The foliowing describes the steps of an example method for calculating the vessel
direction v(w) and the vesselness A (w) of a point w in an image hp(x). Note that this
example method may be performed ihdependentiy of the above'éxample method for
generatmg a vessel segment and may be performed on any type of image. When used

with the above example method for generating a vessel segment, the image lvg(x) is

the image Ipra(X).

Given that the image lyp(x) comprises points with labels /abel(x) and a region V formed
by vessel points g with labels indicating that they are part of the vessels in a structure
of interest (qjlabel(q)=/), a plurality of neighborhoods Ni(w) around the point we V are
defined such that N«{(w)cNxy(w)....cN(w) i.e. each neighborhood comprises a different
number of points around the point w whereby Ni(w) is the smallest neighborhood
comprising the least number of points and Ng(w) is. the largest neighborhood
comprising the most number of points. In one example, the neighborhoods around the

point w (i.e. Ni(w))‘are in the form of spheres centered at point w having increasing

~ radi.

Each neighborhood N{w) also comprises a piurality of vessel points. Denoting O(w) as
the vessel point set comprising the vessel points in each neighborhood Nfw), i.e.
Oiw)=V m N{w) (i=1,2,...k), the following steps are used to calculate the vessel

direction v(w) and the vesselness A (w) of the pointwe V.

Step 1: For each vessel point set O(w), a plurality o_f eigenvectoré and eigenvél'ues ai’é
calculated based on the positions of the vessel points in the vessel point set Ofw). In
one example, the first three eigenvectors vq(w), vy(w), va(w) (i =1,2,....k) and their
corresponding eigenvalues A, (w) , 4, (w) and A4, (w) where 4, (w) > A, (w) = A, (w)

are calculated by performing principal analysis on the vessel point set O(w).
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Step 2: For each vessel point set O(w), the first eigenvalue A, (w) is normalized using

the expression Ay (w) [ [ A, (w) + 4, (w) + 4, (w)]. The vessel point set O(w) with the

index j and having the highést normalized first eigenvalue is then located.

Step 3: The first eigenvector vq(w) for the vessel point set Oy(p) is output as the vessel

direction v(w) of the point w whereas the normalized first eigenvalue Ay (W)l 4, (w)

+ 4, (w) + 4, ( w) for the point set O(w) is output as the vesselness A(w) of the point

W.

Step 110: Partition the liver into funcfional liver segments

In step 110, the liver is partitioned into functional liver segments.

Fig. 11 shows the Couinaud classification of liver anatomy (which partitions the liver

into Segments | — VII). In Fig. 11, 6 surfaces 5S4, S,, ... S are shown.

Sy is defined by four control points pi, P2, Ps-and ps, where points ps, p; and p4 are
landmarks lying on the centerline of the IVC (inferior vena cava). Points p; and ps
respectively lie on the superior and inferior of the IVC whereas points p, and p, are the
intersection points between the boundary contours of S4 and S;. The boundary contour

of S; runs along the middle hepatic vein and subdivides the liver into the right lobe

(Segments | to IV) and left lobe (Segments V-VIll).

S, is defined by four control points ps, ps, Ps, P4, With the point ps being the intersection
point between the boundary contours of S, and Ss. The boundary contour bf S, runs
along the right hepatic vein and subdivides the nght lobe of the liver into the antenor

part (Segments V and VIil) and the posterior part (Segments VI and VII).

S; is defined by three points p4, ps and p,. The boundary contour of S; runs along the
portal vein plane and subdivides the right lobe of the liver into the superior part

(Segments VIl and VIII) and the inferior part (Segments V and VI).

S, is defined by four points p1o, P11, P12 and pis, where points pio and pq, are on the
anterior and posterior of the umbilical fissure and points p4y and p+; are the intersection
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points between the boundary contours of S; and Sg. The boundary contour of S, runs
along the umbilical fissure and divides the left lobe of the liver into the medial part

(Segments | and V) and the lateral part (Segments Il and 1i1).

S5 is defined by four points ps, P7, Ps and ps which lie along the boundary of the
caudate lobe. The boundary contour of Ss divides the middle of the left iobe into the

caudate lobe (Segment I) and Segment IV.

Ss is defined by three points pq1, P14 and piz where the point p3 is a landmark: on the
left lateral ridge of the liver. The boundary contour of S¢ divides the lateral of the left

lobe into Segments 1l and 111

In one example, an extensible minimal surface method elaborated below is-used to
generate the partition surfaces S1, S, ...Se from their control points respectively (i.e.
from the points respectively defining the surfaces as mentioned above). For each
partition surface, the respective control points are used as the first plurality of vertices

| for forming the first contour of the extensible minimal surface in the method described

below. The positions of the control points can be adjusted, and new control points can

also be inserted to generate exact liver segment partitions.

Extensible minimal surfaée method

The following describes the sieps of an example extensible minimal surface method.
Given an image leus(Xx), a first plurality of vertices {v;, v,, ..., v, } in three-dimensional
space in the image lzus(X) are set. With a predetermined exiension width d (> 0), .an
extensible minimal surface is then generated according o the folioWing steps. This
example extensible minimal surface method may be used on any type of :image and .
may be used independently of method 100. Thef steps of this example -':extensible

minimal surface method are iliustrated in Fig. 12.

Step 1: A first contour B passing through the first plurality of vertices v;, Vo, ..., Vpis

generated. The first contour B may be a Bezier contour.
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Step 2: A first minimal surface S enclosed by the first contour B is then generated using

for example, state-of-the-art technology [7].

Step 3: A second plurality of vertices {v', V', ..., Vi }) is then formed using the first

plurality of vertices {vy, vz, ..., v, } as follows.

At each vertex v;(i = 1, 2, ..., n} in the first plurality of vertices, the normal n; to the first
minimal surface S and the tangent t; to the first contour B at the vertex v, are calculated
where t; is in the anti-clockwise direction of n,. The pfoss product between the normal -
and the tangent ¢ i.e. m; ® ¢ is then calcu!ated‘and based on this cross product, a
veftex v, in the second plurality of vertices is obtained. in >one. ‘exampie, Vv'=
v+d*(m,®1). In other words, the vertex v, lies on a vector forrﬁed by the calculated

cross product and lies at a predetermined distance (equal to the predetermined

extension width d) away from the vertex v,.

Step 4: A second contour B’ passing through the second plurality of vertices {v'y, v'2, ...,

v’y } is then generated. The second contour B may be a Bezier contour.

Step 5: A second minimal surface S’ enclosed between the first and second contours B

and B’ is generated using for example, state-of-the-art technology [7].

Step 6: The first and secaond minimal surfaces S and S’ are then combined to form the
extensible minimal surface, which is adjustabie by adjusting the first plurality of vertices
on the first contour B. Note that the first contour B and the first plurality of vertices

remain visible after the combination of surfaces S and S’ to facilitate the adjustment of

the first plurality of vertices.

Step 112: Smooth the liver objects

In step 112, the volumes of the segmented liver objects comprising the segmentied liver
from step 104, the segmented liver tumor from step 106 and the segmented liver
vessels from step 108 are smoothed. In one example, step 112 is performed using the

following example distance map-based binary volume smoothing aigorithm on each of

the segmented liver object..
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Distance'map-based binary volume smoothiriq

Given an image lays(x) defined in the domain D R® and.comprising an object formed
by points with the same label /abel(x) = /, the following describes the steps of an
example distance map-based binary volume smoothing algorithm for smoothing the
object {xllabel(x) = [}. Thié algorithm can be used independently of method 100 on any

type of image comprising any type of object.

Step 1: The boundary & of the object is located as follows. For each point x €D, if the
label of the point x is / and there exists at least one poinit X’ within the neighbourhood of
x such that the label of the point x’ is not /, then the point x is considered as a point on

the boundary & of the object (i.e. xed).

Step 2: A truncated distance map is then calculated as foliows. For each point xeD, a
distance map value f(x) is calculated based on a distance between the point x and the

boundary ¢ of the object. This is performed as follows.

The distance map value f(x) is a signed .function. If the label of the point x is /, the
distance map value f(x) of the point x is set as'max {-d,, -d( 8 ,x)}, otherwise, if the label
of the point x is not /, the distance map value f(x) of the point x is set as min {d,,
d(0,x))}. dois a predetermined positive threshold (i».e. a constant) and d(J0,x) is the
minimal distance (for example, minimal Euclidean distance) of the point x to the

| boundary ¢ of the object and may be calculated as the distance between the point x

and the object boundary point nearest to the point x wherein an object boundary point

is a point lying on the boundary & .Note that d(& ,x) is always greater than or equal fo

zero.

Step 3: Updated distance map values f’(x') are theh obtained by smoothing a jfunctiorj o
formed by the distance map values f(x). In one exémpie, Gaussian smoothihg is used.

This smoothing step may change the signs of the distance mép values of some pointé

X.

Step 4: The smoothed object volume is then formed using the updated distance map
values f(x). In one example, the volume formed by the points x with a corresponding
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updated distance map value f(x) less than or equal to zero i.e. {x|f'(x)<0) is output as

the smoothed object volume.

Fig. 13 iliustrates the results obtained from method 100. In particular, Fig. 13 illustrates
selected axial, coronal and sagittal slices comprising the segmented liver objects such
as the liver enclosed by the boundary 1302, the liver tumor 1304 and the liver vessels
(for example, vessels 1306). A 3D perspective of the segmented liver objects is also

shown in Fig. 13.

The embodiments of the present invention as deéoribed above may be performed by a
computer systerh having a processor. There may also be a computer program product
such as a tangible data siorage device, readable by a combuter and containing
instructions operable by a processor of a computer system to cause the processor to

perform the above embodiments of the present invention.
The advantages of the embodiments of the present invention are as foliows.

in the example embodiments, a triangular mesh interpolation 'technique is used to
generate a first region of interest (ROI} from a simpiified liver surface model. The
simpilified liver surface model may be constructed using several control points and in
one exampie, is cons’m)cted using two contours and a total of 14 control points
comprising two terminal landmark .points. Hence, the position, size and shape of the
ROI can be easily adjusted in three-dimensional space by simply changing the
positions of the control points. Also, because of the nature of triangular interpolation,
the resulting ROI! roughly fits the liver in the image and contains only a small
percentage of non-liver regions. In other words, the ROI takes the expected shape of

the liver in the image. This facilitates the subsequent processing steps for segmenting . -

the fiver objects. -

In the example embodiments, an extensible minimal surface method is used to partition
the liver into functional iver segments. Since the partition surfaces (i.e. the extensible
minimal surfaces) are freeform surfaces having shapes which can be varied by
changing the positions of a few vertices (or control points), an accurate liver partitioning

may be achieved with minimal interaction.
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In the example embodiments, a HTANR method is used for segmenting liver objects. In
the HTANR method, an automatic method for identifying small connected components
is used to improve the morphological analysis. Firstly, this method is used for removing
noise (false positive points) that are misclassified as object points by identifying and
removing small connected components that are disconnected with the main object of
interest. Secondly, this method is used to recover false ne'gative points that are

classified as non-object points by filling up small holes (small connected components)

within the object of interest.

in the example embodiments, a distance—m'ap based approach is used to smooth the
binary volumes resulting from the segmentation of the liver objécts. This helps fo

remove small artifacts and further helps in the generation of more realistic models to

enhance user visualization of the segmented liver objects.

Using the example embodiments, mulliple tumors (if any) can be segmented
automatically and the segmentation results can be simultaneously displayed for expert
validation. This helps in achieving an accurate diagnosis when there are multiple small
tumors. inside a liver of a patient. This is advantageous over existing software uséd in
hospitais which often require clinicians to perform a time-consuming process of locating

each tumor by scrolling through each image slice in the image volume.

in the. example embodiments, an adaptive vessel tree tracking method (i.e. the
directional region growing approach) is used to group all the vessels into a vesse! free
structure. Using both the vesselness and vessel direction of each vessel point to guide

the tracing procedure, inter- and intra-crossing or adhesion of vessel segments can be

reduced.

Hence, a fast and accurate segmentatioh of liver objects from images such as CT

images can be achieved using the embodiments of the present invention. Thes_e

embodiments can be used for the fo!!dwing commercial applications: - '

(1) A service for liver object segmentation (similar to that of MeVis) based on the
embodiments of the present invention may be deployed.

{(2) A dedicated software tool for liver object segmentation may be developed based on

the embodiments of the present invention. This may be a standalone application or
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méy be used to supplement the service in (1 ),,differentiating this service from the

service in MeVis. » ‘
(3) The liver segmentatio’n"moduies in the embodiments of the present invention may

be integrated into a general tool MIUE (Model—based lmage Understanding
Environment) previously developed by the inventors for the segmentation, modeling

and visualization of anatomic structures and lesions from medical images.
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Claims

1. A method for segmenting an object of interest in an input image comprising a
plurality of points having respective intensity values representing medical data, the
method comprising the steps of:

(1a) segmenting the points in a region of interest in the input image into a first
and second group of points using predetermined intensity threshold values;

(1b) identifying a first set of small connected components formed by points in
the first group of points and transferring the points in the first set of small connected
components to the second group of points;

(1c) identifying a second set of small connected components formed by points
in the second group of points and transferring the points in the second set of small
connected components to the first group of points; and

(1d) forming the segmented object of interest using the first group of points;

wherein each set of small connected components formed by points in the
respective group of points is identified by a method comprising the steps of:

(1i) locating connected components formed by points in the respective
group of points;

(1ii) calculating a cutoff value representing the maximum number of
points in a small connected component, the cutoff value being calculated based on the
number of points in the located connected components; and

(1iii) for each located connected component, if the number of points in
the located connected component is less than the cutoff value, identifying the located

connected component as a small connected component.

2. A method according to claim 1, wherein sub-step (1ii) further comprises the sub-

steps of:
(4iy from the located connected components, determining the largest and
smallest connected components respectively comprising the highest and lowest

number of points; and
(4ii) calculating the cutoff value by comparing a rate of decrease in the number
of points from the largest located connected component to the smallest located

connected component against the number of points in the remaining located connected

components.
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3. A method according to claim 2, wherein sub-step (4i) further comprises the sub-step
of arranging the located connected components in a descending order of the number of
points in the located connected components and sub-step (4ii) further comprises the
sub-steps of:

(5i) plotting the number of points in each located connected component against
the order of the located connected component in the arrangement to form a plot
comprising a set of data points;

(5ii) selecting a cutoff data point in the set of data points wherein the distance
between the cutoff data point and a line passing through the data points corresponding
to the largest and smallest located connected components is maximum; and

(5iii) calculating the cutoff value as the number of points in the located

connected component corresponding to the cutoff data point.

4. A method for segmenting liver objects comprising a liver, at least one liver tumor and
liver vessels in a three-dimensional input image comprising a plurality of points having
respective intensity values representing medical data, the method comprising the steps
of:

(6a) defining a region of interest which takes the expected shape of the liver in
the input image;

(Bb) segmenting the liver in the region of interest;

(6c) segmenting the at least one liver tumor in the region of interest;

(6d) segmenting the liver vessels in the region of interest;

(6e) smoothing the segmented liver objects; and

(6f) partitioning the segmented liver into functional liver segments.

5. A method according to claim 4, wherein step (6a) further comprises the sub-steps of:

(7i) constructing a liver surface model by generating a smooth mesh from a first

setting of a plurality of control points;
(7ii) fitting the liver surface model to a liver in the input image by deforming the

liver surface model by moving the plurality of control points; and
(7iii) defining the region of interest as the sub-volume of the input image

enclosed by the fitted liver surface model.
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6. A method according to claim 4 or 5, wherein step (6b) further comprises the sub-
steps of:

(8i) segmenting the points in the region of interest into a first and second group
of points using predetermined intensity threshold values;

(8ii) identifying a first set of small connected components formed by points in
the first group of points and transferring the points in the first set of small connected
components to the second group of points;

(8iiiy identifying a second set of small connected components formed by points
in the second group of points and transferring the points in the second set of small
connected components to the first group of points;

(8iv) forming the segmented liver using the first group of points; and

(8v) refining the segmented liver by trimming points which do not belong to the

liver.

7. A method according to claim 6, wherein step (8v) further comprises repeating the
following sub-steps:

(9i) projecting the segmented liver onto a two-dimensional image;

(9ii) delineating a region in the two-dimensional image; and

(9iii) trimming the segmented liver by identifying and removing points in the

segmented liver projected onto the delineated region.

8. A method according to claim 4 or 5, further comprising a step of trimming at least
one of the segmented liver objects by repeating the following sub-steps:

(10i) projecting the at least one segmented liver object onto a two-dimensional
image;

(10ii) delineating a region in the two-dimensional image; and

(10Qiii) trimming the at least one segmented liver object by identifying and
removing points in the at least one segmented liver object projected onto the

delineated region.

9. A method according to claim 4 or 5, wherein step (6¢) further comprises the sub-
steps of:
(11i) segmenting the points in the region of interest into a first and second

group of points using predetermined intensity threshold values;
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(11ii) identifying a first set of small connected components formed by points in
the first group of points and transferring the points in the first set of small connected
components to the second group of points;

(11iii) identifying a second set of small connected components formed by points
in the second group of points and transferring the points in the second set of small
connected components to the first group of points;

(11iv) forming the at least one segmented liver tumor using the first group of
points;

(11v) merging the at least one segmented liver tumor with the segmented liver
to form a combined liver object comprising a plurality of points;

(11vi) performing a morphological operation to the points in the combined liver
object;

(11vii) locating connected components formed by points in the combined liver
object and from the located connected components, locating a maximum connected
component comprising the highest number of points; and

(11viii) forming at least one updated segmented liver tumor by removing points

belonging to the segmented liver from the maximum connected component.

10. A method according to claim 4 or 5, wherein the step (6d) further comprises the
sub-steps of;

(12i) segmenting the points in the region of interest into a first and second
group of points using predetermined intensity threshold values;

(12ii) identifying a first set of small connected components formed by points in
the first group of points and transferring the points in the first set of small connected
components to the second group of points;

(12iii) identifying a second set of small connected components formed by points
in the second group of points and transferring the points in the second set of small
connected components to the first group of points;

(12iv) forming the segmented liver vessels using the first group of points, the
segmented liver vessels comprising vessel points; and

(12v) tracing vessel segments repeatedly from the vessel points to form a
vessel tree, each vessel segment being traced according to the following sub-steps

(12v-i to 12v-iii):
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(12v-i) selecting a seed point from the vessel points in the segmented liver

vessels;
(12v-ii) locating a two-dimensional connected vessel region formed by vessel

points and comprising the seed point; and
(12v-iii) expanding the two-dimensional connected vessel region in directions
perpendicular to the two-dimensional connected vessel region to form the vessel

segment.

11. A method according to claim 10, wherein the sub-step (12v-iii) further comprises
the sub-steps of:

(13i) checking if a stop condition is met and if not, generating a first further
vessel region from the two-dimensional connected vessel region;

(13ii) successively checking if the stop condition is met, and if not, generating a
further vessel region from the most recently generated further vessel region; and

(13iiiy forming the vessel segment as a union of the two-dimensional connected

vessel region and the generated further vessel regions.

12. A method according to claim 11, wherein the stop condition is met when the further
vessel region to be generated is found to comprise no points or when the number of
points in the further vessel region to be generated is found to be more than twice the
number of points in the vessel region from which the further vessel region is to be

generated.

13. A method according to claim 11 or 12, wherein each further vessel region is
generated according to the following sub-steps:

(15i) forming a region of interest based on the vessel region from which the
further vessel region is to be generated;

(15ii) for each vessel point in the region of interest, determining if the vessel
point belongs to the vessel segment; and

(15iii) generating the further vessel region as a connected component formed
by vessel points in the region of interest determined as belonging to the vessel

segment.
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14. A method according to claim 13, wherein sub-step (15ii) further comprises the
following sub-steps for each vessel point in the region of interest:

(16i) calculating parameters of the vessel point in the region of interest, the
parameters being dependent on the intensity values of vessel points in a plurality of
neighborhoods around the vessel point in the region of interest; and

(16ii) determining if the vessel point in the region of interest belongs to the

vessel segment based on the calculated parameters.

15. A method according to claim 14, wherein the parameters comprise a vessel
direction and a vesselness of the vessel point in the region of interest and sub-step (16i)
further comprises the sub-steps of:

(17i) defining a plurality of neighborhoods around the vessel point in the region
of interest, each neighborhood comprising a plurality of vessel points and a different
number of points;

(17ii) for each neighborhood, forming a vessel point set comprising the vessel
points in the neighborhood;

(17iii} calculating a plurality of eigenvectors and eigenvalues for each vessel
point set based on the positions of the vessel points in the vessel point set;

(17iv) normalizing the first eigenvalue for each vessel point set; and

(17v) respectively calculating the vessel direction and the vesselness of the
vessel point as the first eigenvector and first normalized eigenvalue of the vessel point

set having the highest normalized first eigenvalue.

16. A method according to claim 15, wherein the vessel point in the region of interest is
determined as belonging to the vessel segment if the vesselness of the vessel point is
greater than a predetermined threshold and the angle between the vessel direction of
the vessel point and the vessel direction of the seed point is less than a predetermined

threshold.

17. A method according to any of claims 10 to 16, wherein prior to sub-step 12(v-ii), the
method further comprises the sub-steps of calculating a vessel direction for the seed
point and if the vessel direction for the seed point is not oriented along an expected
direction in the input image, rotating a coordinate system of the input image until the

vessel direction of the seed point is oriented along the expected direction.
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18. A method according to any of claims 4 — 17, wherein each segmented liver object
comprises a subset of the points in the input image and step (6e) comprises the
following sub-steps for each segmented liver object:

(20i) calculating a distance map value for each point in the input image based
on a distance between the point and a boundary of the segmented liver object;

(20ii) obtaining updated distance map values by smoothing a function formed
by the distance map values; and

(20iii) forming a smoothed volume of the segmented liver object using the

updated distance map values.

19. A method according to any of claims 4 — 18, wherein step (6f) further comprises the
sub-steps of:

(21i) setting a first plurality of vertices on a surface of the segmented liver and
generating a first minimal surface using the first plurality of vertices;

(21ii) forming a second plurality of vertices using the first plurality of vertices
and generating a second minimal surface using the first and second plurality of vertices;

(21iii) forming an extensible minimal surface by combining the first and second
minimal surfaces wherein the extensible minimal surface is adjustable by adjusting the
first plurality of vertices; and

(21iv) partitioning the segmented liver into functional liver segments using the

extensible minimal surface.

20. A method according to claim 19, wherein the first minimal surface is enclosed by a
first contour passing through the first plurality of vertices and sub-step (21ii)y further
comprises the following sub-steps for each vertex in the first plurality of vertices:

(22i) calculating a normal to the first minimal surface and a tangent to the first

contour at the vertex;
(22ii) calculating a cross product between the calculated normal and the

calculated tangent; and
(22iii) forming a vertex in the second plurality of vertices using the calculated

cross product.

21. A method according to claim 20, wherein the vertex in the second plurality of
vertices lies on a vector formed by the calculated cross product and lies at a
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predetermined distance away from the corresponding vertex in the first plurality of
vertices.



