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Abstract Hepatic-vessel trees are the key structures in

the liver. Knowledge of the hepatic-vessel tree is required

because it provides information for liver lesion detection in

the computer-aided diagnosis (CAD) system. However,

hepatic vessels cannot easily be distinguished from other

liver tissues in plain CT images. Automated segmentation

of hepatic vessels in plain (non-contrast) CT images is a

challenging issue. In this paper, an approach to automatic

segmentation of hepatic vessels is proposed. The approach

consists of two processing steps: enhancement of hepatic

vessels and hepatic-vessel extractions. Enhancement of the

vessels was performed with two techniques: (1) histogram

transformation based on a Gaussian function; (2) multi-

scale line filtering based on eigenvalues of a Hessian

matrix. After the enhancement of the vessels, candidates of

hepatic vessels were extracted by a thresholding method.

Small connected regions in the final results were consid-

ered as false positives and were removed. This approach

was applied to 2 normal-liver cases for whom plain CT

images were obtained. Hepatic vessels segmented from the

contrast-enhanced CT images of the same patient were

used as the ground truth in evaluation of the performance

of the proposed approach. The index of separation ratio

between the CT number distributions in hepatic vessels

and other liver tissue regions was also used in the evalu-

ation. A subjective evaluation of the hepatic-vessel

extraction results based on the additional 16 plain CT cases

was carried out for a further validation by a radiologist.

The preliminary experimental results showed that the

proposed method could enhance and segment the hepatic-

vessel regions even in plain CT images.
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1 Introduction

The modern multi-slice CT scanners generate a large

number (500–1,000) of slices for construction of a volu-

metric CT image covering a large portion of the human

body in 10–20 s. Although such a volumetric CT image

can provide detailed information on human internal organs,

the interpretations (viewing of many slices of CT images

manually by use of films or a monitor for each patient case)

require a great deal of time and energy. Therefore, a

computer-aided diagnosis or detection (CAD) system that

can support multi-lesion interpretation for multiple organs

in a volumetric CT image is desirable [1]. Such a CAD
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system is expected to increase the lesion(s)-detection

accuracy of radiologists, and to decrease the interpretation

burden and the inter- and intra-variations of diagnostic

accuracy as well.

Many studies have been reported in recent research on

CAD [2], for example, on the breast [3, 4], chest [5, 6], and

colon [7, 8]. The liver is also one of the most diagnostically

important target organs of CAD systems. Especially for the

diagnosis of hepatocellular carcinoma (HCC, a primary

malignancy of the liver), the liver region and the hepatic

vessels in CT images provide important information for

lesion detection. Therefore, automated segmentation of the

liver region and recognition of hepatic vessels are required

as an initial task for a liver CAD system.

Some research has been reported on the detection of

liver lesion [9–12], on liver segmentation [1, 13, 14], and

on hepatic-vessel visualization [15, 16], all of which was

based on contrast-enhanced or multi-phase abdominal CT

images. However, none of the studies focused on liver

segmentation and vessel recognition in plain CT images

that are used as the standard for comparison with contrast-

enhanced CT images during the diagnosis of HCC. On the

other hand, our research group proposed an automated

approach for liver region segmentation in plain CT images

by use of a probabilistic atlas, and we confirmed the effi-

ciency and accuracy of the method as established in a large

database [17]. However, hepatic-vessel segmentation and

analysis based on plain CT images are still challenging and

unsolved problems in the development of a liver CAD

system.

In this paper, we propose a fully automated approach

that is improved from our initial approach [18] to extract-

ing the hepatic vessels including the portal vein and hepatic

vein in plain CT images in preparation for hepatic-vessel-

tree analysis. Density (CT number) enhancement and

Hessian-based line filtering are two principal processes in

the present study. In the following sections, we first

describe the outline of hepatic-vessel extraction and show

the details of the proposed approach in Sect. 2. Experi-

mental results and a discussion are presented in Sects. 3

and 4, respectively. Finally, a conclusion is given in Sect.

5.

2 Methods

Although the density of hepatic-vessel regions is similar to

that of the other liver tissues in plain CT images, there is a

very small difference between the mean CT number of

hepatic-vessel regions and the other liver tissue regions in

the normal liver. Amplifying the difference in CT number

between the hepatic-vessel regions and the other liver tis-

sue regions is the main part of this approach. We propose,

first, an approach to estimating the density distribution of

vessel regions, and then use a Gaussian function for rough

enhancement of the density distribution of the vessel

regions. Finally, multi-scale line filtering based on a Hes-

sian matrix [14, 15] is applied for precisely distinguishing

the vessel regions from the other liver tissues. After the

enhancement of the vessel density, a gray-level thres-

holding process is used for segmenting hepatic-vessel

regions, and connected-component labeling is used for

refining the extracted result. Figure 1 illustrates the pro-

cessing flow of the proposed method, which is described in

detail below.

2.1 Preprocessing

The liver tissue region is extracted automatically from the

CT images by a method proposed by our research group

[17]. The segmented liver region is used for limiting the

spatial range for searching the hepatic-vessel locations.

Smoothing is commonly used for noise reduction before

the other image-processing steps. In this study, Gaussian

filter and a median filter were chosen and tested

respectively in the preprocessing step to make the vessel

segmentation easier.

2.2 Estimating the density distribution

of hepatic-vessel regions

Liver tissues were segmented as described in Sect. 2.1.

Some thick parts of the hepatic vessels appeared as ‘‘holes’’

surrounded by the segmented liver tissues. We extract these

Fig. 1 Processing flow of hepatic-vessel segmentation from plain CT

images
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holes existing inside the segmented liver tissues by using a

binary morphologic filter and regard the extracted regions

as initial vessel regions. The histogram of the CT number

in the initial vessel regions is regarded as the approximate

density distribution of the hepatic vessels. The liver tissues

and initial vessel regions are combined as a mask region

that acts as a range to indicate the existence of hepatic

vessels in CT images. The region outside the mask image is

disregarded during the hepatic-vessel segmentation process

that is described in the following sections.

2.3 Enhancing hepatic-vessel regions

The enhancement of the hepatic-vessel regions consists of

two processing steps.

The first step is a histogram transformation process that

generates a likelihood image of the hepatic vessels based

on the estimated density distribution in the previous step.

Although the hepatic-vessel regions in CT images could

be enhanced in this step, some liver tissues that have a CT

number similar to that of the vessel region are also

enhanced and regarded as the vessel regions in the likeli-

hood images (result of the first step).

Due to the fact that the vessel regions always appear as

having a cylinder shape compared to the other false posi-

tives (FPs) that appear as having an irregular shape in the

likelihood image, we use a Hessian-matrix-based line filter

as the second step to reduce the FP parts of the hepatic

vessels in the likelihood images. The detail of each pro-

cessing step is described in the following sections.

2.3.1 Enhancement using histogram transformation

The mean value l and standard deviation r of the hepatic-

vessel regions in CT images are estimated from the density

histogram of the initial vessel regions extracted as descri-

bed in Sect. 2.2. The maximum value of the histogram is

used as the mean value l, and the standard deviation r is

calculated based on the half width at half maximum of the

histogram.

We define I(x) as an original gray image; I represents

the gray level, and x is a vector that shows the spatial

position in CT images. The likelihood image of the hepatic

vessels L(x) is calculated from the following equation:

L xð Þ ¼ C exp � I xð Þ � lð Þ2

2r2

( )
; ð1Þ

where C is a non-zero constant that is used for normalizing

the value L(x) within the range from 0 to C (=l).

Equation (1) could be considered as representing a soft

thresholding process. Comparing the traditional threshold-

ing process that transfers all of the CT numbers to 0 or 1, the

soft thresholding process transfers the CT number in each

voxel of the CT image into a likelihood value from 0 to 1

under the condition that the density distribution of the target

region can be represented by a Gaussian distribution and the

parameters of the Gaussian function are known [17].

In the likelihood image, the hepatic-vessel regions

appear as cylinder-shaped regions with higher density and

connected together; the major part of the other regions in

CT images appears as a lower-density region that is close

to background and has a density of 0. Due to the overlap

between the density distributions of the hepatic-vessel

regions and other liver tissue regions, a part of the liver

tissue regions that had a CT number similar to that of the

vessels also has a high output value as calculated from Eq.

(1). In order to distinguish such liver tissue regions from

the hepatic-vessel regions in likelihood images, we intro-

duced shape features for a further classification that is

described in the next section.

2.3.2 Enhancement using multi-scale line filtering based

on a Hessian matrix

The hepatic-vessel regions appear in the likelihood images as

a set of cylinder patterns with different radii and connected

together. A line filter is used for selecting the cylinder pattern

in the likelihood images based on the eigenvalues of the

Hessian matrix by the following equation [16]:

Slineðx; rÞ ¼ k3j jw k2; k3ð Þx k1; k2ð Þ; k3� k2\0;
0; otherwise;

�
ð2Þ

where k1, k2, and k3 (k1 C k2 C k3) are eigenvalues of

r2(G(x, r)*L(x)) and

w ks; ktð Þ ¼
ks

kt

� �cw

; kt� ks\0;

0; otherwise;

(
ð3Þ

x ks; ktð Þ ¼
1þ ks

ktj j

� �cx

; kt� ks� 0;

1� a ks

ktj j

� �cx

; ktj j
a [ ks [ 0;

0; otherwise;

8>><
>>: ð4Þ

where cw C 0, cx C 0 and 0 \ a B 1.0.

The response of the line filter Sline(x; r) shows similarity

to a cylinder component that has a Gaussian shape profile

in the density distribution with a standard deviation r.

In order to adapt to the enhancement of the hepatic

vessels that have different diameters, the line filter Sline(x;

r) is expanded to a multi-scale format by the following

equation:

MðxÞ ¼ max
ri

r2
i Slineðx; riÞ; ð5Þ

where ri corresponds to the diameter of the target vessels

and is calculated with the following equation:
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ri ¼ si�1r0; ð6Þ

where s and i are constant values determined experimentally.

2.4 Hepatic-vessel segmentation

A combination of gray-level thresholding, connected-com-

ponent labeling, and isolated small 3-D region deleting is

used for hepatic-vessel segmentation. These processes are

utilized for identifying the hepatic-vessel regions in the

likelihood images generated as described in Sect. 2.3. Gray-

level thresholding is used for making alternate selections of

hepatic-vessel regions from the other regions. Connected-

component labeling and deleting procedures are used for

refining the vessel extraction result. Isolated 3-D regions

with a small volume are deleted as the FPs that may be other

components in a liver or may be image noise in the likelihood

image. The threshold value thg of the gray-level threshold-

ing was determined by a p-tile method (p = 50[%])

automatically, and thv of the connected-component pro-

cessing (labeling and deleting) was set to 100 based on our

experience. In our initial approach [18], thg and thv were

constant.

3 Experiments

The proposed approach was applied to two patient cases of

X-ray CT images of the torso. Each CT case was scanned

by a multislice CT scanner (UltraSpeed of Yokogawa GE

Healthcare, Tokyo, Japan) with a common protocol

(120 kV/Auto mA) and covered the whole human torso

with about 1,000 slices, an isotopic spatial resolution of

about 0.6 mm, and a density (CT number) resolution of

12 bits. Contrast-enhanced CT images for each patient

were also scanned and used as gold standard for evaluation

of hepatic-vessel extraction results. The gold standard in

each CT case was decided by tracing of hepatic vessels in

Fig. 2 Results of the hepatic-vessel segmentation approach. a CT

image (1 axial slice). b Result of the density-enhancing process by use

of a Gaussian function. c Likelihood image: result of use of median

filter (mask size: 7 9 7 9 7). d Result of use of the multi-scale line

filter based on eigenvalues of Hessian matrix
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plain CT images manually by comparing the contrast-

enhanced CT image of the same patient. The decision on

the gold standard was inspected by a radiologist specialized

in liver diagnosis. The parameters in Eqs. (2)–(6) were

set as s = 1.5, r0 = 1.5, i = 1, 2, 3, a = 0.25, and

cw = cx = 0.5, which were designed to enhance hepatic

vessels with diameters of more than 3 mm in the CT

images.

4 Results and discussion

Figure 2 shows the effects of each processing step of our

approach (Fig. 1). The hepatic vessels in the original CT

images (Fig. 2a) appear as dark line patterns surrounded by

image noise. After preprocessing, the image noise was

suppressed, and the main parts of the hepatic vessels could

be observed in the CT images. However, the difference

between the CT number of vessels and that of liver tissues

was very small, and the hepatic-vessel regions were not

very clear for observation (Fig. 2b). Figure 2c shows the

effect of enhancement by use of the Gaussian distribution.

The result (likelihood image) shows that the regions that

have CT numbers similar to that of the hepatic vessels were

selected and appeared as the high-density regions in the

resulting images. However, many FP regions appeared with

the hepatic-vessel regions, and the distinction of the

hepatic vessels from the other tissues by use of contrast

was still difficult. After the processing of multi-scale line

filtering by use of the eigenvalues of the Hessian matrix,

the hepatic-vessel regions were selected and separated

correctly from the other tissue regions in the CT images

(Fig. 2d). Therefore, the observation of the hepatic vessels

became clearer and easier.

Compared with the contrast-enhanced X-ray CT images

of the same patient, we confirmed that the main parts of the

hepatic vessels (lHV: left hepatic vein, mHV: middle hepatic

vein, rHV: right hepatic vein, and PV: portal vein) in the

plain CT images were correctly enhanced and selected, as

shown in Fig. 3. This result shows the potential for the

visualization of the main parts of the hepatic vessels in plain

CT images and the usefulness of our proposed method.

Fig. 3 Comparing the result of

hepatic vessel enhancement

with contrast-enhanced CT

images of the same patient.

a Two slices of contrast-

enhanced CT images. b Two

slices of plain CT images.

c Results after enhancement

processing in non-contrast CT

images. rHV right hepatic vein,

mHV middle hepatic vein, lHV
left hepatic vein, PV portal vein
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Volume rendering and surface rendering are two con-

ventional methods for the visualization of CT images in

clinical medicine. However, observing the hepatic-vessel

structures in 3-D by use of plain CT images is impossible.

After the enhancement by use of the proposed method, we

confirmed that the hepatic-vessel trees can be visualized in

3-D by volume rendering or surface rendering, as shown in

Fig. 4. The proposed approach provides the possibility to

view the 3-D hepatic-tree structures in the plain CT images

that are widely used for screening purposes.

Two kinds of algorithms are used for noise smoothing.

The experimental results showed that a median filter (mask

size: 7 9 7 9 7 voxels) was the most effective for noise

reduction in this study. However, the computation cost for

median filter is very high (applying a median filter by using

a mask size of 7 9 7 9 7 voxels to a CT image (size:

512 9 512 9 512) requires about 3 hours with use of a

CPU AMD Opteron 2.4 GHz). On the other hand, the

Fig. 4 3-D view of the liver and hepatic-vessel tree. a Volume

rendering of contrast-enhanced CT images. b Volume rendering of

the hepatic vessels after the enhancement process. c Surface rendering

of the segmentation result for hepatic vessels

Fig. 5 Histograms of liver vessel and non-vessel regions in each

processing step from a original CT images, b result of use of Gaussian

filter, c result of contrast enhancement by use of a Gaussian function,

and d result of use of the multi-scale line filter

Fig. 6 Histograms of liver vessel and non-vessel regions in each

processing step from a original CT images, b result of use of median

filter, c result of contrast enhancement by use of a Gaussian function,

and d result of use of the multi-scale line filter
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Gaussian filter (r = 1.5) is a practical solution that needs

only 90 s to complete the smoothing process. The Gaussian

filter was selected and used for smoothing in this study.

The histograms of the hepatic-vessel region and of the

other liver-tissue regions are investigated after each pro-

cessing step of our approach. Two values in the histogram

(mean value and standard deviation of the contrast) are

used for evaluating the separation ratio between the hepa-

tic-vessel regions and the other liver regions in the images.

The separation ratio Sab between two distributions, a and b,

is defined by the following equation:

Sab ¼
la � lbj jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

raNa þ rbNbð Þ= Na þ Nbð Þ
p ; ð7Þ

where Na and Nb are the numbers of all samples of a and b,

la and lb are the mean values of a and b, and ra and rb are

the standard deviations of a and b, respectively. If Sab is

close to 0, it means that a and b overlap and cannot be

separated. Otherwise, a high value of Sab indicates that

overlap between a and b is small and a thresholding pro-

cess can separate a and b easily. Figures 5 and 6 show the

histograms obtained from the result of each processing step

in our approach (the true vessel regions extracted by a

radiologist were used for evaluations of the separation

ratio). The results show that the separation ratio was

increased from 5.8 to about 31 after smoothing and contrast

enhancement. Although the multi-scale line filter caused a

small decrease by a factor of about three in the separation

ratio, it can reduce the FP regions (Fig. 2) of the hepatic

vessels, which is very important for the segmentation

process. Such results show that the basic consideration of

this study (amplifying the difference in CT number

between the hepatic-vessel regions and the other liver-tis-

sue regions) is realized successfully.

The accuracy of the segmentation of the hepatic-vessel

regions is very sensitive to the threshold value thg given in

Sect. 2.4. We varied the value of thg and observed the true

positive (TP) and FP ratios of the hepatic vessels during the

segmentation process. First of all, the true vessel regions

(gold standard) are determined by a radiologist. If the true

vessel region and the hepatic-vessel-candidate region are

overlapped, these overlapped regions are regarded as TPs.

The other regions of the hepatic-vessel-candidate are

regarded as FPs. Figure 7 shows the change in the accuracy

of the segmentation represented by the relationship

between the TP and FP ratios of the hepatic-vessel regions

according to the different values of thg. The results indicate

that the total performance of the hepatic-vessel segmenta-

tion is not very high (TP ratio: 50% at FP ratio: 5% at

thg = l). We found TP ratio (the ratio of the hepatic-vessel

Fig. 7 Two curves between TP ratio (extraction ratio) or FP ratio (over-extraction ratio) and threshold values of hepatic-vessel region(s) for two

cases, a and b

Fig. 8 Histograms of a hepatic-vessel extraction scores and b FP

scores of our proposed hepatic-vessel extraction method evaluated by

a radiologist. Hepatic-vessel extraction was scored within the range

from 0 to 5 by a radiologist. If the vessel extraction score was close to

5 points, the result of vessel extraction meant that it was good. The

number of FPs was also evaluated with scoring within the range from

0 to 5 by a radiologist. If the score of FP was close to 0, this meant

that there were few FPs in the extraction results
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regions correctly extracted by the computer) was not suit-

able for evaluation of the accuracy of the line pattern

extraction, some other evaluation methods should be

introduced in the next stage. However, the fact that a

simple thresholding process can extract the hepatic vessels

from plain CT images represents progress, and such tech-

niques can be expected to expand the use of plain CT

images in the diagnosis of liver diseases.

The results of hepatic-vessel (hepatic veins and portal

veins) extraction from plain CT images of 16 patients were

evaluated by a radiologist. In the evaluation of hepatic-vein

and portal-vein extraction, we use a protocol for visual

evaluation with advices from a radiologist. The protocol of

evaluation is as follows: First, the accuracy of hepatic-

vessel extraction (the number of TPs) is judged and is

scored within the range from 0 to 5 by a radiologist. If

the judgment of vessel extraction scores close to 5 points,

the result of vessel extraction is considered good. In the

judgment of hepatic-vessel extraction, the extraction of

anatomic vessel branches and the accuracy of the hepatic-

vessel shape with consideration of anatomic structures are

used. Second, the over extraction (the number of FPs) is

evaluated with scoring within the range from 0 to 5 by a

radiologist. If the score of FPs is close to 0, this means that

there are few FPs in the extraction results.

Histograms of the mean and standard deviation of the

TP and FP scores are shown in Fig. 8. The mean and

standard deviation of the TP scores were about 4.19 and

0.50, respectively, and the mean and standard deviation of

the FP scores were about 2.00 and 1.44, respectively. This

result shows that the TP scores of hepatic-vessel extraction

are high in all cases, but the FP scores of hepatic-vessel

extraction are varied largely in different CT cases. We

found that failures of hepatic-vessel extraction utilized by

our method are caused by incomplete approximation of

gray-scale-level distribution of hepatic vessels. A radiolo-

gist pointed out that extracted hepatic vessels are narrow in

comparison with the original vessels in CT images. The

same radiologist also pointed out that FPs of hepatic-vessel

extraction are occurred in liver verge and S1 area of

Couinard liver segments. Solutions of these problems will

be sought in our future work.

5 Conclusion

We propose a fully automated approach to extraction of

hepatic vessels including the portal vein and hepatic vein in

plain X-ray CT images. The hepatic vessels in the liver

region were enhanced by use of a Gaussian-based density

transformation and selected by use of Hessian-based line

filtering. The accuracy of the vessel extraction was evalu-

ated based on a quatitative comparision between the plain

CT images and contrast-enhanced CT images from the

same patient and a visual observation by a radiologist who

specialized in liver diagnosis. The preliminary results

showed that even the density difference between hepatic

vessels and other liver regions was very small in plain CT

cases, and that the proposed method can enhance and

identify most of the vessel regions as well as the human

observer can. However, many FP regions occurred in the

vessel identification process due to the noise in CT images;

this has to be improved in future work with the use of

additional data.

We confirmed that the performance of our automated

hepatic-vessel identification algorithm is almost compa-

rable to that of human observers. This result shows the

potential for extraction of liver lobes and liver structures

(useful for the diagnosis of cirrhosis) in plain CT

images.
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