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ABSTRACT

In order to support the diagnosis of hepatic diseases, understanding the anatomical structures of hepatic lobes and
hepatic vessels is necessary. Although viewing and understanding the hepatic vessels in contrast media-enhanced CT
images is easy, the observation of the hepatic vessels in non-contrast X-ray CT images that are widely used for the
screening purpose is difficult. We are developing a computer-aided diagnosis (CAD) system to support the liver
diagnosis based on non-contrast X-ray CT images. This paper proposes a new approach to segment the middle hepatic
vein (MHV), a key structure (landmark) for separating the liver region into left and right lobes. Extraction and
classification of hepatic vessels are difficult in non-contrast X-ray CT images because the contrast between hepatic
vessels and other liver tissues is low. Our approach uses an atlas-driven method by the following three stages. (1)
Construction of liver atlases of left and right hepatic lobes using a learning datasets. (2) Fully-automated enhancement
and extraction of hepatic vessels in liver regions. (3) Extraction of MHV based on the results of (1) and (2). The
proposed approach was applied to 22 normal liver cases of non-contrast X-ray CT images. The preliminary results show
that the proposed approach achieves the success in 14 cases for MHV extraction.

Keywords: non-contrast X-ray CT images, liver atlas, atlas-driven segmentation method, middle hepatic vessel,
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1. INTRODUCTION

The latest multi-slice X-ray CT scanners generate a large number of slices to construct a volumetric CT images
covering a wide volume of human body in a very short time. Although such a volumetric CT image can provide detailed
information of human internal organs, the interpretations need a lot of time and energy. Therefore, computer-aided
diagnosis (CAD) systems, which can support the multi-lesion interpretations for multi-organs in CT images, are
desirable. Such CAD system can increase the lesion detection accuracy of radiologist and decrease the interpretation
burden. It is necessary for CAD system to recognize and to segment the anatomical human body structures
automatically. Liver region is one of the most important diagnosis targets in abdominal organs for CAD system. Lesion
detection and surgery planning of the liver always require CAD system to extract the liver region first and recognize the
hepatic vessel trees in CT images.

The liver regions are further separated into Couinaud classification. This classification is important for radiologist
to identify the location of lesion inside liver region and decide a surgery planning. The Couinaud classification divides
the liver region into eight independent segments (s1-s8), and each segment has its own vessel tree structures (hepatic
vein and portal vein: PV) and surrounding organs (e.g., inferior vena cava: IVC, etc.).
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In Couinaud classification, the plane defined by the middle hepatic vein (MHV) and IVC subdivide the liver region
into the right (s1-s4) and left (s5-s8) lobes. So, the rule to identify the right and left lobectomy is to find the plane of the
MHYV and IVC.

Many research works were presented for liver segmentation and hepatic vessel recognition based on contrast-media
enhanced or multi-phase abdominal CT images that are routinely used for lesion screening in clinical medicine.'
However, non-contrast CT images are usually scanned before the generation of the contrast- media enhanced CT images
as the basic information. So that, automated segmentation and recognition of hepatic vessels in non-contrast CT images
are a basic requirement for liver CAD system. In the previous study, we developed a contrast enhancement method for
segmenting the hepatic vessels in non-contrast CT images.” However, the further improvement for fully-automated
recognition of hepatic vessels was required. The hepatic vessel regions have a lower CT number compared to other liver
tissues in non-contrast CT images, and the difference in CT number is very small. Therefore, it is difficult to segment
the hepatic vessels simply based on CT number.

In our previous work, we proposed an automated approach for liver region segmentation in non-contrast X-ray CT
images using probabilistic liver atlas and confirmed the efficiency and accuracy of the method based on a large
database.*'? In this paper, we propose an atlas-driven approach to extract IVC and MHV regions in non-contrast X-ray
CT images as the preparation of analysis of hepatic lobe recognition. In the following sections, we first describe the
outline of hepatic vessel extraction and show the details of our approach in Section 2. Experimental results and
discussions are presented in Section 3 and 4, respectively. A conclusion is given in Section 5.

2. METHODS
The proposed approach includes two parts, one is the atlas construction using a learning dataset, and the other is
MHYV segmentation process based on the constructed atlas. The flowcharts of our proposed method are shown in Fig.1
and Fig.2. Fig.1 shows a construction method of hepatic lobe and IVC atlas (2.1), and Fig.2 illustrates a segmentation
method of MHV (2.2-2.4). The details of each processing step are described as follows:
2.1. Construction of right and left hepatic lobe atlases and IVC atlas

2.1.1 Extraction of liver and IVC region and separating into right and left hepatic lobes
The learning set includes twenty-two liver regions and IVC regions that were extracted using an extraction method

2.1 Construction of right and left hepatic lobe atlases and IVC atlas.

( Twenty-two non-contrast X-ray torso CT cases )

2.1.1 Extraction of liver region 2.1.1 Extraction of IVC region
[
2.1.1 Separation of right and left hepatic lobes

[
2.1.2 Normalization of each hepatic lobe

2.1.2 Normalization of IVC region

' 2.1.3 Construction of IVC atlas
2.1.3 Construction of each hepatic lobe atlas

( Right and left hepatic lobe atlases ) ( IVC atlas )

Fig.1 Flowchart of construction method of right and left hepatic lobe atlases and IVC atlas.
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2.2 Estimation of candidate region of MHV and IVC 2.3 Enhancement of hepatic vessel regions

( Constructed atlas ) ( Input non-contrast CT images )

I
2.3.1 Noise reduction and extraction of liver region

2.2.1 Registration of each atlas to input
CT image I

| 2.3.2 Density transformation of original images

2.2.2 Estimation of candidate regions of I
MHV and IVC 2.3.3 Enhancement of hepatic vessel regions

( Candidate regions of MHV and IVC ) ( Extracted hepatic vessels >

2.4 Extraction of IVC and MHY regions
[

2.4.1 Extraction of IVC region

|
2.4.2 Extraction of MHV region

( MHYV region >

Fig.2 Flowchart of extraction method of MHV region using constructed atlas from input CT images.

based on density distribution, and the liver region was further separated into left and right hepatic lobes manually in
non-contrast X-ray CT images [Fig.3 (a)]. These hepatic lobes and IVC regions were defined as “left hepatic lobe gold
standard”, “right hepatic gold standard” and “IVC gold standard”, respectively, and determined based on the decision
and interpretations of a radiologist. These gold standards were used to evaluate the extraction result of MHV by the

proposed method. Figs.3 (b) and (c) show an example of gold standards of each hepatic lobe (blue: right lobe, red: left
lobe and green: IVC).

Left lobe

(b) (c)

Fig.3 A result of each region segmented manually. (a) An axial slice of non-contrast X-ray CT image
(a part of abdomen), (b) segmented each tissue (blue: right hepatic lobe, red: left hepatic lobe and
green: IVC: Inferior vena cava) region segmented manually from (a), and (¢) 3D image of (b).
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2.1.2 Normalization of locations of hepatic lobes and IVC

The location of each hepatic lobe and IVC gold standards were normalized using a method®'® proposed by our
research group. This method used information of human body structures (diaphragm,'' bone structures and skin'?) as the
reference and arrange the locations of the hepatic lobe and IVC in different CT images to a same coordinate space using
TPS deformation algorithm." Fig.4 and Fig.3 (c) show an example of the normalized hepatic lobes and IVC region in a
CT case.

Fig.4 A result of normalized liver region and IVC region using TPS deformation (3D image, blue:
right hepatic lobe, red: left hepatic lobe and green: IVC region).

2.1.3 Construction of the atlases hepatic lobes and IVC

Right and left hepatic lobe atlases P,,,; were constructed by a spatial voting process based on the normalized 22
right and left hepatic lobes respectively by the following equation.

& Ii(x:%z) ]
Patlas(x’y’z)zz N ’ ( )
i=l1

where N was number of cases used for construction of atlas, and Zi(x, y, z) was a function which return 1 when a hepatic
lobes and IVC region exists at (X, y, z) in case i. We defined as right hepatic lobe atlas: P, left hepatic lobe atlas: Py
and IVC atlas Py, corresponding to each target region respectively. And Fig.5 shows constructed each atlas [(a) Pyigns,
(b) P]gf[, and (C) PIVC]~

(a) (b) (c)

Fig.5 The constructed probabilistic atlases of (a) right hepatic lobe: Ppg;g, (b) left hepatic lobes: Py
and (c¢) IVC: Py using 22 normalized cases.
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2.2 Estimation of candidate regions of MHV and IVC

2.2.1 Registration of each hepatic lobe atlas

Constructed atlases for each hepatic lobe and IVC were registered with an input CT case by registering the related
anatomical structures of the atlas and input CT case and deforming such atlas to adapt the individual difference of the
liver locations based on a TPS deformation algorithm. Deformed atlases were defined as “likelihood image of right

EERNT3

hepatic lobe: L,g,”, “likelihood image of left hepatic lobe: L, and “likelihood image of IVC: Lj¢”, respectively.

2.2.2 Estimation of candidate region of MHV and IVC

Due to the anatomical knowledge, the MHYV is located in the plane which separates the left and right lobe. So that,
we estimate the range (a candidate region) which includes MHV region using L,;g;, and Ly, We defined “candidate
region of MHV: Ry;1(x,y,2z)” by following equation (2).

1 if(Lright (X’ y,z) >0M Lle/t (xv Vs Z)) >0 (2)

Ry (x,,2) —{
0 else

And “candidate region of IVC: Ryc(x,y,z)” by equation (3).

R (r) = {1 i (Lie(xy2)>0) 3)

0 else

2.3 Enhancement of hepatic vessel regions

2.3.1 Noise reduction and extraction of liver region

A Gaussian filter was performed to reduce the image noise in input CT images, and then the liver region was
extracted from the CT images using an atlas-driven approach that was developed in our previous study. *'°

2.3.2 Histogram transformation of input CT images

Because the hepatic vessel regions in non-contrast CT images have a lower CT number comparing with the other
liver tissues, a part of hepatic vessel regions can be extracted firstly using a p-tile method based on the CT number
distributions. We assumed that CT numbers of hepatic vessel regions can be approximated as a normal distribution, so

that the mean value 4 and standard deviation ¢ of CT number in hepatic vessels can be estimated from the CT

numbers in the part of hepatic vessel regions that were extracted in the previous step. An enhanced image L, Was
generated to show the appearance of hepatic vessel by a histogram transformation of input CT image /(x,y,z) using the
following equation.

20?2

2
Ldensiry (xa y, Z) = CCXp{— M} , (4)

Here, C is a non-zero constant value.

2.3.3 Enhancement of hepatic vessel regions

Hepatic vessel regions pre-enhanced in 2.3.2 may include many false positive regions caused by the image noise.
We have assumed that the shape of hepatic vessels was similar to a line or cylinder, so a method that can extract the
feature of line or cylinder components may be useful for hepatic vessel enhancement. We employed a line-enhancement
method'* based on Hessian matrix on Lgensiry> and generated a likelihood image Lvem,.7
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2.4 Extraction of IVC and MHYV regions

2.4.1 Extraction of IVC
The location of IVC was estimated using R and CT number distribution. Generally, CT number distribution
range of IVC was assumed from water (0 [H.U.]) to mean CT number of normal hepatic parenchyma fiver. Uiver was

estimated using histogram of extracted liver region in 2.3.1. We defined the regions that satisfy the following two
conditions as IVC.

(a) Ryyc (x,p,2) > 0.

(b) 0 < I(x,y,2) <Uiver.

2.4.2 Extraction of MHV

The location of MHV was estimated using Ry , Lesse; and feature of anatomical structure that part of hepatic vein
which originates from IVC. So, MHV region was extracted by selecting the regions that satisfy the following three
conditions.

(@) Rymy (x,3,2) > 0.

(b) (Maximal number of L se;) / 3 < Lyggser (X,,2).

(c) Contacting with the IVC.

3. EXPERIMENTS

The proposed method was applied to 22 patient cases of non-contrast X-ray CT images. All patient cases were
scanned with a common protocol (120kV/ auto mA) by a multi-slice CT scanner (LightSpeed Ultra of GE Healthcare).
These CT images covered the whole human torso area with about 1000 slices, isotopic spatial resolution of about 0.6
(mm) and density (CT number) resolution of 12 bits.

Fig.6 shows examples of likelihood images L, [(a)], Lis [(b)], and Ly [(c)] which registered each atlas, P,
Pies, and Pyyc to input CT images, respectively. It was found that high likelihood value exists each target structure.

Fig.7 indicates example of R,y (bright area inside liver region) estimated in 2.2 using Figs.6 (a) and (b). True
MHYV region exists inside white circle, so this estimation result was accurate.

Fig.8 (a) shows an example of noise reduced input CT image using Gaussian filter. Fig.8 (b) is an enhanced image
of Fig.8 (a) using Gaussian window function. In this image, prime vessel regions inside liver region were enhanced, but
thin hepatic vessel regions were not enhanced. A slice of enhanced image and MIP image (axial direction) using line
enhancement filter, applied to Fig.8 (b) image inside liver region, are shown in Figs.8(c) and (d), respectively. In this
image, it was confirmed not only prime hepatic vessel regions but also thin vessel regions which were not enhanced in
Fig.8 (b).

(b) (©)

Fig.6 The constructed likelihood images of (a) right hepatic lobe: L,g;, (b) left hepatic lobe: Lz,
and (¢) IVC: L;yc using probabilistic atlases.
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Fig.7 An example of estimated R,y using L, and L, (white circle inside : true MHV region).

(c) (d)

Fig.8 Enhancement of hepatic vessels. (a) A result of noise reduced input CT image using Gaussian filter,
(b) enhanced (a) image using Gaussian window function, (¢) enhanced (b) image using line
enhancement filter (inside liver region), and (d) MIP image of (c) (axial direction).

4. RESULTS AND DISCUSSIONS

We applied our method to 22 non-contrast X-ray CT images. All the cases were normal liver cases. The extraction
results (MHV) were evaluated by a coincidence ratio between the extracted result and corresponding gold standard of
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MHV. We regarded the case that has a coincidence ratio more than 0.30 as the successful case. The results showed that

hepatic vessels extracted using our proposed method had a mean coincidence ratio of 0.374 and the coincidence ratio in
63.6% (14/22) cases was larger than 0.30.

Some examples of the results are shown in Fig.9 (3D images, white: over extraction region, light gray: overlapping
region between MHV gold standard and extracted region in each CT case). Figs.9 (a) and (b) are examples of successful
cases to extract MHV region. On the other hand, Figs.9 (¢) and (d) are unsuccessful cases which have over extracted

(b)

Fig.9 Results of extracted MHV regions (two cases each. green: overlapping region, blue: over
extraction, red: under extraction.) Coincidence ratios are indicated in lower right hand corners. (a)
& (b) successful results, (c) & (d) unsuccessful results (over extraction of RHV: right hepatic vein,
PV: portal vein), and (e) & (f) unsuccessful results (RHV extraction).
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regions (PV, right liver vessel: RHV). Figs.9 (e) and (f) also indicate unsuccessful cases in non-MHYV regions (RHV)
are extracted.

The location of MHYV region could be identified successfully by our purposed method. However, the accuracy of
the shape of the MHYV in the extracted results was not good enough. This problem may be caused by the poor accuracy
of the atlases and should be resolved by adding more CT cases as learning samples during the atlas construction.

5.  CONCLUSION

We proposed an automated method to segment MHV in non-contrast X-ray CT images based on an atlas-driven
approach. The efficiency of the method was confirmed using 22 normal liver cases. It was found that the mean value of
coincidence ratios between the extracted MHV and corresponding gold standard in each CT case was 0.374, thus and
the effectiveness of our MHV extraction method was shown.
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