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Accurate liver segmentation on computed tomography �CT� images is a challenging task especially
at sites where surrounding tissues �e.g., stomach, kidney� have densities similar to that of the liver
and lesions reside at the liver edges. We have developed a method for semiautomatic delineation of
the liver contours on contrast-enhanced CT images. The method utilizes a snake algorithm with a
gradient vector flow �GVF� field as its external force. To improve the performance of the GVF
snake in the segmentation of the liver contour, an edge map was obtained with a Canny edge
detector, followed by modifications using a liver template and a concavity removal algorithm. With
the modified edge map, for which unwanted edges inside the liver were eliminated, the GVF field
was computed and an initial liver contour was formed. The snake algorithm was then applied to
obtain the actual liver contour. This algorithm was extended to segment the liver volume in a
slice-by-slice fashion, where the result of the preceding slice constrained the segmentation of the
adjacent slice. 551 two-dimensional liver images from 20 volumetric images with colorectal me-
tastases spreading throughout the livers were delineated using this method, and also manually by a
radiologist for evaluation. The difference ratio, which is defined as the percentage ratio of mis-
matching volume between the computer and the radiologist’s results, ranged from 2.9% to 7.6%
with a median value of 5.3%. © 2005 American Association of Physicists in Medicine.
�DOI: 10.1118/1.2132573�
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I. INTRODUCTION

Computed tomography �CT� of the liver is the most fre-
quently used diagnostic modality to screen the liver in pa-
tients with malignancy. Liver segmentation is helpful in the
automatic detection and definition of focal lesions. It is also
critical in planning presurgical operations for hepatic resec-
tion and assessing therapy response. Computer-aided liver
segmentation is a challenging task because of the complex
structure of the abdomen. Several organs adjacent to the
liver, for instance, stomach, kidney, and heart, may have den-
sities similar to that of the liver. The boundaries between
such organs and the liver can thus be weak, making separa-
tion of the liver using computer algorithms more difficult.
Moreover, lesions residing at the liver edges often lead to an
incomplete extraction of the liver parenchyma.

A number of automatic and semiautomatic methods for
segmentation of the liver have been developed.1–7 These
methods can be classified into region-based and boundary-
based approaches. The region-based approach applies thresh-
olds determined either by analyzing the image histogram or a
small portion of the liver to obtain an initial area approxi-
mating the liver, which is then refined into the actual liver.1–4

For the boundary-based methods, a fractional Brownian mo-
tion model and a visible human model have been proposed to
extract the initial liver contours or models. These initial con-

5,6
tours or models are then refined by deformable models. To
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our best knowledge, these methods fail to completely over-
come the difficulties in the liver segmentation mentioned.

Originally introduced by Kass, the snake algorithm seeks
a balance between the internal energy and external energy,
where the internal energy reflects the snake’s tension and
rigidity; and the external energy attracts the snake to deform
toward an edge. The snake has the properties of continuity
and smoothness in delineating boundaries, thus making it a
powerful tool for image segmentation.8 However, the tradi-
tional snake has two major difficulties. One is the narrow
capture range, which requires an initial curve close to the
real edge, and the other is the difficulty in delineating con-
cave boundaries.9 There have been different solutions pro-
posed to solve these problems, such as the gradient vector
flow �GVF� snake,9–12 multiresolution methods,13 pressure
forces,14 distance potentials,15 and control points.16 Among
these methods, the GVF snake is superior as its external
force, i.e., the GVF field, has large values at edges and varies
slowly in homogeneous regions. In this way it can enlarge
the capture range. It can also force the snake to deform into
concave edges.9–12

In our previous work, we applied a snake with a gradient
vector flow field �GVF snake� for the automatic delineation
of the normal liver on two-dimensional �2D� images.7 An
edge map was computed using the Canny edge detector, un-

wanted edges inside the liver were removed using a liver
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r� does not include lesions residing at the liver edge, as indicated by the arrows.
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template, and an initial contour was formed automatically
and subsequently refined by the GVF snake to obtain the
final liver contour. We found that the snake could keep the
liver contour continuous and smooth, and it delineated liver
boundaries even when they were weak. The GVF field could
not only help identifying an initial liver contour that was
within the capture range of the snake, but also prevented the
snake from leaking into the surrounding tissues with densi-
ties similar to liver. We obtained promising preliminary re-
sults with the automatic delineation of the normal liver.7

However, if the liver has lesions at the boundary, our previ-
ous method may fail to include them in the liver. Figure 1
shows such an example. The liver template �Fig. 1�c��, which
is the largest object in the image with an upper and lower
threshold applied, roughly represents the liver, but may ex-
clude the lesions whose densities do not fall into the density
range defined by the two thresholds. Those edges of such
lesions may prevent the GVF snake from approaching the
actual liver boundary �Fig. 1�e��.

In this study we have improved the liver delineation algo-
rithm by developing a concavity removal algorithm that aims
to deal with abnormal livers, particularly with those having
lesions at the liver edges. We have also extended the 2D
algorithm to a three-dimensional �3D� algorithm in a slice by
slice fashion.

II. METHODS

A flow chart of the method developed for the extraction of

FIG. 1. Difficulties in using our previous method. �a� Original image. �b� Ini
Edge map modified by the liver template. �e� The final result �white contou
tial edge map obtained using the Canny edge detector. �c� The liver template. �d�
2D liver contours is shown in Fig. 2. The algorithm consists
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FIG. 2. Flow chart illustrating the method developed to delineate the liver

contours.



3701 Liu et al.: Liver segmentation using GVF snake 3701
of the following steps: �1� Calculate an initial edge map us-
ing the Canny edge detector and estimate a liver template.
�2� Modify the initial edge map by suppressing the edges
inside the liver with the liver template. �3� Further modify
the edge map with a concavity removal algorithm based on
an assumption of the liver shape, and generate a candidate
initial liver contour. �4� Compute the GVF field based on the
modified edge map. �5� Determine the initial liver contour by
jointly considering the candidate initial contour and the com-
puted GVF field. �6� Deform the initial contour into the ac-
tual liver contour using the snake.

A. Edge map

1. Initial edge map

The Canny edge detector was chosen to estimate an initial
edge map because of its ability to define a ridge at the
boundary of the liver with a uniform height, even for cases
where density differences between the liver and adjacent
structures may vary substantially.17 The variations are typi-
cally caused by partial volume effects, image noise, or vary-
ing contrast of the liver relative to its adjacent structures.

Parameters used in the Canny edge detector are a lower
threshold, an upper threshold, and a standard deviation for a
Gaussian filter. The two thresholds are applied to determine
the edges and the Gaussian filter to reduce noises in the
image. To emphasize the main edges in an image, the two
thresholds should be large; and to find the details of an im-
age, their value should be small. A larger standard deviation
should be used for a noisy image. However, a standard de-
viation that is too large may blur the image as well as the
edges. In our study the parameters of the Canny edge detec-
tor were defined as 0.12, 0.05, and 2 for the high threshold,
low threshold, and standard deviation, respectively. Figure
1�b� shows an example of the edge map derived by the
Canny edge detector.

2. Liver template

As shown in Fig. 1�b�, there are other edges both within
and outside the liver. Edges inside the liver can prevent the
GVF snake from approaching the liver boundary and there-
fore need to be suppressed. This is done with a liver
template.7 The original images are preprocessed by a median
filter with a size of 21�21 pixels so that a clear and sharp
peak representing the liver can be formed in the histogram of
the filtered image. By analyzing the histogram, two thresh-
olds, one at each side of the liver peak, can be identified to
generate a binary volume image. The voxels are set to one in
the binary images if their densities in the original image are
between the two thresholds. All 3D objects in the binary
image are identified by a six-connection neighborhood and
the one with the largest volume is identified as the liver
template.

Holes in each slice of the template are filled, and the
template is smoothed morphologically by eroding with a disk
with a radius of three pixels. The advantage of using a vol-

ume to generate the liver template lies in its ability to local-
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ize the liver in each slice, even if the liver section is small in
the slices towards the superior or inferior parts of the liver.

3. Concavity removal algorithm

As shown in Fig. 1, a liver may have lesions at its bound-
ary. Often, such lesions cannot be included into the liver
template �Fig. 1�c��, and their edges will prevent the GVF
snake from approaching the liver boundary �arrows in Fig.
1�e��. To remove the concave segments in the liver contour
caused by the lesions �Fig. 1�e��, a concavity removal algo-
rithm was developed to further modify the edge map prior to
application of the GVF snake. The concavity removal algo-
rithm is based on the assumption that a liver contour is
mostly convex with some relatively shallow concave bound-
ary segments.

As shown in Fig. 1�d�, the liver edge may not be continu-
ous on the edge map. To correct this problem the following
two steps are performed. First, the edge segments are thick-
ened iteratively by morphological dilation until a closed
stripe surrounding the liver is formed �Fig. 3�a��. The struc-
ture element used in the dilation is a disk with radius of three
pixels. Second, the region surrounded by the stripe is dilated
n−1 times using the same structure element, where n is the
number of dilations in the first step. The boundary of the
region is extracted as a candidate initial liver contour �dotted
line in Fig. 3�b��.

The concavity removal algorithm is illustrated in Fig. 4. A
concavity segment is determined by identifying two turning
points, which are defined as the points that separate the con-
cave and convex segments �points A and B in Fig. 4�. The
depth of a concave segment is defined as the ratio of the
segment length �curveAB� to the distance between its two
ending points �lineAB�. If a concavity depth is greater than a
predefined threshold, the segment will be replaced by a
straight line �dotted line in Fig. 4�; otherwise, it will be re-
tained. The smaller the threshold, the stricter the criteria for
the concavity removal. In the extreme case of a threshold
equal to one, any concavity will be removed no matter how
shallow it is.

The posterior and left part of a liver contour has a more
complex shape than the anterior and right part; the former
has concavity segments, whereas the latter appears almost
convex. The two parts are adaptively identified by the top
and bottom points of the contour in the image, where the left
�anatomical� segment between the two extreme points is
classified as the posterior and left part, and the right segment
the anterior and right part. To improve the accuracy of iden-
tification of the concavity segments, a stricter criterion is
applied to the anterior and right part of the liver contour. A
lower value of the threshold �1.05� is defined for the anterior
and right part of the liver contour, while a higher value of the
threshold �1.2� of the depth parameter is defined for the pos-
terior and left part of liver contour

After applying the concavity removal algorithm, a new
contour is formed �solid line in Fig. 3�b��. The edge map is
then modified by removing all edges that are inside the new

contour �Fig. 3�c��. The process, from thickening the edges
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to removing edges inside the new contour, is repeated until
all edges inside the liver are removed. Figure 3�d� shows the
final edge map.

B. GVF field and initial contours

Based on the final edge map, the computation of the GVF
field can be carried out by solving the following
equations:9–12

FIG. 4. Concavity removal algorithm. The concavity depth is defined as the
ratio of the segment length to the length of the straight line, i.e.,
curveAB / lineAB. If it is larger than a predefined threshold, the concavity is

replaced by the straight dotted line AB.
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��2u − �u − fx��fx
2 + fy

2� = 0, �1�

��2v − �v − fy��fx
2 + fy

2� = 0, �2�

where �u�x ,y� ,v�x ,y�� are the two components of the GVF
field w�x ,y�, � is a constant weight, �2 is the Laplacian
operator, f is the edge map, and fx and fy are partial deriva-
tive of f with respect to x and y, respectively. The value of �
depends on the noise in the edge map �the more noise, the
larger ��.9 Since the edges inside the liver are removed in the
edge map, the value of � is not sensitive to different cases.
Given the digital matrices u, v, and f , the partial derivative
and Laplacian operator computations are implemented by
differences. Equations �1� and �2� can be solved iteratively.
The weight � is set as 0.2, and the iteration is performed 50
times. Since the magnitude of GVF field in each point is
usually small, it is enhanced by normalization as proposed
by Xu.18

Due to finite number of iteration steps, as well as the
removal of the edges inside the liver, there is no GVF field in
the center part of the liver �Fig. 5�a��. In our previous work,
the initial liver contour was the contour of the empty region
of the GVF field.7 We found that the candidate initial contour
generated by the previous concavity removal step may be
closer to the final liver edge than the �initial� contour of the
empty region in the GVF field. However, there is no guaran-
tee that the candidate initial contour is fully within the GVF

FIG. 3. Illustration of edge map modification by the
concavity removal algorithm. �a� Thickened edge map.
�b� Contour modification. The liver contour �dotted
line� is modified to form a new contour �solid line�. �c�
Edges inside the new contour in �b� are removed. �d�
After several iterations, the final edge map can be
formed.
field. In this study, the candidate initial contour obtained in
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the previous concavity removal step and the contour of the
empty region of the GVF field are jointly considered to iden-
tify the initial liver contour. This is done by merging the two
regions encircled by these two contours and extracting the
border of the combined regions as the new initial contour.
This will ensure that the initial contour is within the GVF
field and as close as possible to the liver edge.

C. Liver contour delineation

The initial contour is then deformed by the snake to refine
the liver boundary �Fig. 5�b��. The implementation of the
snake is done by solving the following equation:

�x��s� − �x���s� + w = 0, �3�

where x�s�= �x1�s� ,x2�s�� is the snake defined on interval �0,
1�; � and � are weights that control the snake’s tension and
rigidity, respectively; x��s� and x���s� denote the second and
fourth derivatives of x�s� with respect to s. Equation �3� can
be solved in an iterative way.8,9,12

Usually the values of � and � need adjustment if an edge
map is noisy, or an edge has a zigzag shape. In this study,
however, the edges inside the liver are removed, and the liver
edges are smooth. Therefore, the final result is not sensitive
to the choice of values for these parameters. The values of
these parameters are taken as 0.6 and 0.01, which were de-
termined experimentally.

Often, the initial contour is close to the final contour as it
is derived from the liver edge map. However, due to mor-
phological operations, some tips of the liver edges may not
be restored by the initial contour without the snake �Fig.
6�g��. Thus the GVF snake is applied to obtain a more accu-
rate liver contour.

D. Segmentation of the liver volume

The 2D algorithm can be extended to segment the liver
volume in a slice by slice manner. For convenience, the slice
to be segmented is called the current slice, and the adjacent
segmented slice is called previous slice.

A starting slice is manually selected on which the liver
has a large area profile and the segmentation result is accu-
rate. The reason is that the starting slice will be used as a

mask to eliminate edges far beyond the liver in its adjacent
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slices, so the large profile of the liver in the starting slice will
ensure that no liver edges will be eliminated.

Figure 6 demonstrates the slice by slice procedure. The
contour of the previous slice �dotted line in Fig. 6�c�� is used
to form an area mask. The mask will then be anisotropically
dilated using a structure element �inset of Fig. 6�c��. The
structure element is so chosen to allow a larger expansion
towards the faster changing direction of the liver between
slices.

The dilated mask is applied to suppress edges beyond the
liver in the initial edge map �Fig. 6�b�� of the current slice.
Then the liver template �Fig. 6�d�� is applied to suppress
edges inside the liver in the masked edge map �Fig. 6�e��.
After that, the edge map modification by the concavity re-
moval algorithm, GVF field computation, initial contour gen-
eration, and snake refinement follow the same way as de-
scribed previously �Figs. 6�f� and 6�g��.

The suppression of edges beyond the liver by the mask is
important in the segmentation of the current slice. For ex-
ample, if the stomach has similar densities to the liver �Fig.
6�a��, the edges between them are weak and could not be
detected by the Canny edge detector �Fig. 6�b��. Moreover,
the liver template may leak into the stomach due to their
similar densities �Fig. 6�d��. So there may be no edges be-
tween the liver and the stomach in the edge map �Fig. 6�e��,
and the snake will leak into the stomach if the edges of the
stomach are not eliminated by the mask �Fig. 6�h��.

The mask can also improve algorithm’s efficiency. Be-
cause no edge exists outside the mask, the GVF computation
can be limited within the smallest rectangle that contains the
mask.

E. Evaluation of the method

To evaluate the accuracy of the method, the computer
generated results were compared with an independent radi-
ologist’s manual result, although multiple observers’ results
are more helpful for the evaluation.19 To ignore minor dis-
crepancies between the manual results and the computer gen-
erated liver contour, only the mismatching regions beyond a

FIG. 5. Liver contour delineation by GVF snake �a�
GVF field estimation from the modified edge map after
50 iterations �subsampled by a factor of 4�. �b� The
original image overlapped with the initial contour
�black dots� and the final contour �white solid�.
±3 mm ring surrounding the manual results on each slice
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were considered to be an error. The difference ratio is defined
as the total number of mismatching voxels divided by the
total number of voxels for the manual result.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Twenty contrast enhanced volumetric liver images �551
2D liver slices� were selected from a previous study on liver
colorectal metastases. Cases were selected with multiple
large lesions spread throughout the livers �1–28 lesions per
case, median 9� and with lesions residing at the liver edge to
develop and evaluate our algorithm. The dimensions of all
slices are 512�512 pixels. The in-plane pixel size ranges
from 0.56 mm�0.56 mm to 0.87 mm�0.87 mm. The slice
thicknesses are 3.75, 5.0, 7.0, and 7.5 mm. These thicknesses
were chosen for our study because they were available, and
this range of slice thickness is widely used in oncology in
current clinical practice.

A radiologist manually delineated each of the 551 2D
liver images using our research PACS system.20 Computer
results were then compared with the radiologist’s manual
results.

Since the CT images are digital images with various reso-
lutions, we cannot draw a ring around the radiologist results
at a width of exactly ±3 mm. To overcome this difficulty, we
calculated the error ratios at different widths and then inter-
polated the error ratio at ±3 mm. The median value of the
difference ratios was 5.3% with the maximum and minimum

value of 7.6% and 2.9%, respectively.
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Errors in the computer results occurred mainly at heart,
liver porta, lesions not forming concavities, and gall bladder.

In the superior part of the liver the heart may appear next
to the liver. Due to the partial volume effect on some slices,
even the radiologist had difficulty separating the heart from
the liver. In such situation a large error could occur. There
are 90 slices with heart next to liver, among which 13 slices
contain such errors. Almost all such leakages occur for cases
with slice thickness of 7.5 mm, except one with a slice thick-
ness of 3.75 mm. Although only 20 cases were tested, this
kind of error may be expected to be reduced with a thinner
slice thickness.

If a lower density gall bladder is present on a slice, our
algorithm might falsely flatten the concavity segment caused
by the gall bladder and include it in the result. In the 56
slices where gall bladders are adjacent to the livers, 20 were
included in the computer results. For the same reason, most
liver portaes were easily identified by our algorithm as con-
cavities and were included as part of the liver. If a lesion
does not form a deep concavity on the liver boundary, say, at
a corner of the liver, its edges may not be flattened by the
concavity removal algorithm and the lesion therefore will be
excluded from the liver. There are 367 slices having lesions,
among which 65 have lesions that are excluded, although
most of the lesions are small. Although changing the thresh-
olds of the concavity removal algorithm will definitely in-

FIG. 6. Illustration of the segmentation of the liver vol-
ume. �a� Original image to be segmented. �b� Initial
edge map. �c� Mask obtained by dilating the result from
the segmented liver �black dotted contour� in the previ-
ous slice using the structure element shown at the right
lower corner. �d� The liver template. �e� Edge map after
modification by the mask and the liver template. Some
edges of the lesion and fissure remain inside the liver.
�f� Final edge map after modification by the concavity
removal algorithm. There is no edge within the liver. �g�
The original image overlapped with the final contour
�white solid�. It also shows the initial contour refined by
the snake algorithm �arrow�. �h� The GVF snake may
leak into stomach if no mask is applied �arrow�.
clude more lesions in the results, the 3D liver shape infor-
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mation may be more useful in further improving our
algorithm in reducing all the errors mentioned earlier.

The algorithm used several sets of parameters. The values
of the parameters were determined experimentally. However,
for extreme cases, for example, images with lower contrast
enhanced effects due to the fat in the liver, some manual
adjustments were necessary. The difficulty lies in the deter-
mination of the parameters for the liver template and Canny
edge detector when the liver densities were too close to those
of the adjacent organs or the lesions are too big �e.g., occu-
pying more than half of the liver in some slices�. Six cases
required parameter adjustments, among which three adjust-
ment were for the template computation, and the other three
for the Canny edge detector. Although all the images were
contrast enhanced, the three cases had very poor contrast or
had such big lesions that occupied more than half of liver
region in some slices, and thus made the parameter adjust-
ments necessary for template computation. The other three
cases that the parameters for the Canny edge detector were
adjusted shared a common feature that they had very large
lesions occupying one third to more than a half of liver re-
gions in some slices. Those lesions were also at liver corners
in those slices. To include such big lesions in the liver, we
had to adjust the parameters of the Canny edge detector. The
parameters used in concavity removal algorithm and the
GVF snake computations were fixed for all cases in this
study.

One radiologist manually drew the liver contour once, so
the inter- and intro-observer variations, as well as the effect
of the window/level applied to delineating the contours were
not considered in evaluating the method. We plan to study
such effects in the future study. As a compensation, the ring
surrounding the radiologist’s result is applied to neglect mi-
nor discrepancy between the manual results and the com-
puter generated results, thus emphasizing the major errors in
the computer results. The width of 3 mm is determined by
the observation that no big errors are excluded and minor
discrepancies between computer results and manual results
are ignored.

The experiments did not consider the effects of different
CT scanners and different CT imaging parameters. Further-
more, a limited number of 20 cases was used to develop and
test the algorithm. A thorough evaluation of the method in-
cluding optimizing the parameters using more cases is re-
quired. It is possible that some of the parameter values could
be different than they are now after further study.

The cases used for analysis in this article were particu-
larly difficult ones. All patients had hepatic metastases and
were deemed potential candidates for surgical resection. The
CT scans were obtained for preoperative evaluation and stag-
ing. All of the 20 cases had lesions in or near liver edges and
a high proportion of patients �85% of the 20 cases� had mul-
tiple heterogeneous liver masses. Therefore, this data repre-
sents a “worst case scenario.” In a general patient population,
even in a general oncology population, it is unlikely to en-
counter as many lesions, as large lesions or contour deform-
ing lesions. The goal in this evaluation was to test the algo-

rithm under these “adverse” conditions.
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The utility of this algorithm will greatly enhance radiolo-
gists and technologist productivity by providing a tool which
may semi-automatically segment the liver in a large portion
of cases and slices. It is not anticipated that the algorithm
will work in all cases and on all slices, however the alterna-
tive of manual liver delineation is for more time consuming.

IV. CONCLUSION

We have developed a GVF snake method to semiauto-
matically segment liver volumes on contrast enhanced CT
images. The method has been designed to improve the delin-
eation of low contrast anatomy between the liver and the
surrounding tissues �e.g., stomach, kidney� as well as identi-
fication and inclusion of lesions at the liver boundaries. Dif-
ferences by volume between the segmentation results ob-
tained by the computer method and a radiologist ranged from
2.9% to 7.6% with a median value of 5.3%.
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