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Abstract– PET-guided radiation therapy treatment planning,
clinical diagnosis, assessment of tumor growth and therapy
response are dependent on the accurate delineation of the tumor
volume. Several PET segmentation techniques have been
proposed in the recent years. Most these techniques fail in the
presence of heterogeneity in the lesion. In this work, an active
contour model based on the work presented by Chan and Vese
(2001) is proposed to handle the heterogeneity of the lesion
uptake. In the proposed method, the fitting terms in the ChanVese formulation are modified by introducing extra input
images, including the smoothed version of the original image,
using anisotropic diffusion filtering (ADF) and à trous wavelet
transform of the image to handle the heterogeneity of the lesion
uptake and avoid getting stuck in local minima. The advantage of
utilizing ADF for image smoothing is that it avoids blurring the
object’s edges and preserves the average activity within a region,
which is an important property for accurate PET quantification.
The à trous wavelet transform is utilized due to its easy
implementation and better performance at high noise levels. The
algorithm was evaluated using seven clinical datasets with T3-T4
laryngeal squamous cell carcinoma from Louvain database
where the 3D histology served as reference for comparison.
Further evaluation was performed using phantom studies. The
proposed method is also compared with a number of commonly
used segmentation techniques, including fixed thresholding by
40% of the maximum SUV, the thresholding technique proposed
by Nestle et al., and a fuzzy clustering-based approach (FCM).
The quantitative data analysis shows that the segmented volumes
using the proposed method have the highest overlap with the
histology volumes. Moreover, the relative errors of calculated
volumes and classification errors are lowest when using the
proposed approach. Therefore, the proposed PET segmentation
technique seems suitable for accurate tumor volume delineation.

therapy applications. However, the delineation of target
volumes on PET images is known to be a challenging and
complicated task due to the inherent noisy and low-resolution
characteristic of PET images [1]. Manual delineation is
vulnerable to intra- and inter-observer variability and is hardly
reproducible. Therefore, automated segmentation techniques
are the most appealing solutions to this problem, provided that
they can achieve accurate and reliable results.
Several automatic and semi-automatic segmentation
techniques have been proposed in the recent years with
varying degrees of success. However, most of them fail in the
presence of heterogeneity inside the lesion. In this work, an
active contour model, based on the work presented by Chan
and Vese [2] is proposed to handle the heterogeneity of the
lesion uptake.
II. MATERIALS AND METHODS
Active contour models attempt to deform and move an
initial contour in a way that it matches the edges of the object.
The classical active contour techniques construct a stopping
edge-function based on the gradient of the image, in which the
curve may get stuck in local minima states or pass through the
object boundary since the discrete gradient is delimited and, as
such, the stopping function might be never zero. In contrast,
the Chan-Vese method [2] does not apply a stopping function
and the stopping process is based on Mumford-Shah approach
[3]. The energy functional used in Chan-Vese approach is as
follows:
E (cin , cout , C ) = μ . Length(C ) + ν . Area (inside(C )) +
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I (x , y ) − cout dx dy ,

where C, the evolving curve in Ω, is defined as the boundary
of an open subset ω of Ω, I(x, y) is the gray scale image, Cin
and Cout are the averages of I(x, y) inside and outside C,
respectively, and µ, ν, λin and λout are positive constants. The
first two terms of the functional are regularizing terms and the
last two terms are fitting terms.
A. Description of the proposed algorithm
In our proposed formulation, the fitting terms are modified
by introducing extra input images to handle the heterogeneity
of the lesion uptake and avoid getting stuck in local minima
even further. The extra input images include the smoothed
version of the original image, I(x, y), using anisotropic
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diffusion filtering (ADF), and à trous wavelet transform of the
image (Fig. 1). The advantage of utilizing ADF for image
smoothing is that, in contrast to other smoothing filters, it
avoids blurring of the object’s edges. Moreover, using ADF
preserves the average activity within a region, which is an
important property for accurate quantification of PET data [4].
The ADF model is defined as follows:

((

) )

∂I ts = div g ∇I s ∇I s ,

I s (0) = I ,

(2)

where I is the original gray scale image, I s is the smoothed
image, ∂I ts is the partial derivative of I with respect to
diffusion time t, and g is the diffusivity function defined as

in different circumstances. The second scale is used when the
tumor-to-background ratio (TBR) and the lesion heterogeneity
are low, and the third scale is used otherwise.
The energy functional used in this work can be written as
follows:
E (cin , cout , C ) =

λin
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where I is the smoothed image,

cins
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are the averages

s
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1 − exp − 3.15 / (x / η )

4

)

x≤0

(3)

x > 0,

where η is the noise threshold estimated according to [5]. This
function decreases rapidly for values higher than η which
results in edge-preserving characteristic of ADF.

Original image

Scale 2

Scale 1

Fig. 1. Illustration of the proposed energy functional’s input data.

The wavelet transform decomposes the original image into
various wavelet scales, each of which represents specific
features of the image. In our approach, the à trous wavelet
transform [6] is applied due to its easy implementation and
better performance at high noise levels. In the discrete wavelet
transform, an analyzing wavelet is defined as
Φ (s ,l ) (x ) = 2 − s / 2 Φ 2 − s x − l , where s is the scale index and l is the

(

)

location index. The scaling function Ψ of the analyzing
wavelet Φ can be written as Ψ (x ) =

N −2

∑ (− 1) c
k

k +1Φ

(2 x + k ) ,

k = −1

where ck represents the wavelet coefficients. In à trous
wavelet transform, the analyzing wavelet is defined as the
difference between the scaling functions of two consecutive
scales:

1 ⎛1⎞
1 ⎛ x⎞
Φ ⎜ ⎟ = Ψ ( x ) − Ψ ⎜ ⎟.
2 ⎝2⎠
2 ⎝2⎠

The correct scale has to be selected as the input to the
energy functional to handle the heterogeneity of the lesion
uptake. The first scale is not an appropriate choice since it
mostly contains noise. The second and third scales are utilized

of I inside and outside the evolving contour C, respectively,
I w is the à trous wavelet transform of the original image I, cinw
w
and cout
are the averages of I w inside and outside the evolving
contour, respectively. The regularizing terms used in ChanVese formulation are neglected since the second term has been
set to zero by Chan and Vese and the first term does not
effectively influence the curve evolution process in our
experiments. The parameters λin and λout are determined by
the user and depend on the lesion size, TBR and the lesion
heterogeneity. In this work λout is set to 1 and only λin plays a
role in the performance of the algorithm. Cases with large
tumor size, high lesion heterogeneity and/or low TBR require
higher value of λin .
Minimization of this energy functional is carried out using
the level set formulation [7]. The level set method represents
the evolving curve by the zero level set of a Lipschitz
function φ : Ω → ℝ, such that the value of the function φ is
positive inside C and negative outside. In the energy
formulation the variable C is replaced by φ and the energy
functional is minimized with respect to φ using the EulerLagrange equation.

B. Phantom and clinical studies
The algorithm was evaluated using two separate phantom
studies. The 4D extended cardio-torso (XCAT) phantom [9] is
the first phantom used for evaluation. To simulate an irregular
shaped tumor with heterogeneous uptake, we followed the
procedure proposed by Le Maitre et al [10], except for the
data simulation step where we applied an analytical simulator
incorporated in the Software for Tomographic Image
Reconstruction (STIR) package [11].
The second data sets are taken from the Zeolite phantom,
in which samples of clinoptilolite (a family of natural
zeolites), with ability of absorbing aqueous solutions of 18FFDG, are used to simulate irregularly shaped lesions [12].
Further evaluation of the technique was performed using
seven clinical datasets with T3-T4 laryngeal squamous cell
carcinoma from Louvain database [8]. The 3D volume of the
lesions obtained from the surgical specimen is used as
reference for evaluation.
The proposed method is also compared with a number of
commonly used segmentation techniques, including
thresholding by 40% of the maximum SUV (SUVmax40), a
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thresholding technique proposed by Nestle et al. where the
threshold is calculated based on the mean intensity within the
tumor and the background [13], and a fuzzy clustering-based
approach (FCM) [14].

TABLE I. QUANTITATIVE ANALYSIS OF SEGMENTATION RESULTS OF THE
REALISTIC TUMOR SIMULATED ON THE XCAT PHANTOM OBTAINED BY THE
PROPOSED AND OTHER SEGMENTATION TECHNIQUES.

C. Evaluation metrics
The evaluation metrics used for evaluation of the
segmentation accuracy are as follows: (i) Mean relative error,
which compares the volumes, (ii) spatial overlap index (SOI),
which is defined in terms of pixel ratio of the overlapping
regions A and B:
2(A ∩ B)
SOI =
(A + B)
And (iii) classification error (CE) calculated voxel-by-voxel
based on the following formula:
( PCE + NCE ) × 100%
CE =
VoIL
where PCE is the positive classification error and NCE is the
negative classification error, and VoIL is the actual number of
voxels reflecting the ground truth.

Segmentation
method

Mean
volume (cc)

SOI

Relative error
(%)

Classification
error (%)

SUVmax40

22.52

0.75

24.44

24.81

Nestle

35.51

0.80

19.11

24.63

FCM

23.45

0.76

21.33

23.70

Active contour

30.87

0.88

3.56

12.49

True volume

29.81

-

-

-

The proposed technique was also validated using a second
phantom study in which an experimental Zeolite phantom is
used. In this phantom, 11 lesions are considered and the
known true volumes of the lesions serve as ground truth for
assessment. Fig. 3 illustrates a representative image of the
phantom and the results obtained by different segmentation
techniques. The quantitative analysis of the data is presented
in table II.

III. RESULTS
The proposed segmentation technique was applied to the
XCAT phantom and the obtained contour was compared to the
ones obtained by the other segmentation techniques introduced
in section II.B (Fig. 2). The simulated irregular shaped tumor
with heterogeneous uptake is presented separately in Fig. 2a in
three different views. Fig. 2b represents the segmentation
results obtained by the proposed technique as well as three
other common methods.
Transverse

Coronal

Sagittal

─ Active Contour

Ground truth (white)

Fig. 3. Representative Zeolite phantom image and comparison of the results
obtained by the proposed method and three other segmentation techniques.
TABLE II. QUANTITATIVE ANALYSIS OF THE ZEOLITE PHANTOM RESULTS
OBTAINED USING THE PROPOSED AND OTHER SEGMENTATION TECHNIQUES.

(a)

Mean
volume (cc)

SOI

Relative error
(%)

Classification
error (%)

SUVmax40

1.39±0.61

0.50±0.08

49.15±9.23

50.18±7.94

Nestle

3.41±1.47

0.64±0.06

26.96±18.10

46.21±6.04

FCM

2.14±1.22

0.55±0.15

23.31±19.95

49.31±12.90

Active Contour

2.24±1.39

0.65±0.16

20.71±24.45

37.94±14.45

True Volume

2.71±1.24

-

-

-

Method

(b)

─ Active Contour ─ SUVMax40 ─ Nestle ─ FCM─

─ SUVMax40 ─ Nestle ─ FCM

Ground truth (white)

Fig. 2. (a) The realistic irregularly shaped simulated lesion defined on XCAT
phantom with heterogeneous uptake. (b) Segmentation of the simulated tumor
using the proposed method and three other segmentation techniques and
comparison by the true volume.

Fig. 4 presents a representative example showing a
comparison of the proposed segmentation technique with the
contour obtained from the surgical specimen (Fig. 4b). The
results of other segmentation approaches are also compared to
the histology contour in Fig. 4c.

Since the true volume of the simulated lesion is known, the
accurate quantitative analysis of the data is performed in the
same manner as the clinical studies. Table I summarizes the
quantitative analysis for this phantom study.
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(b)

(a)

and/or higher lesion heterogeneity require higher value of this
parameter. Nevertheless, a clear and precise consensus of the
choice of the parameter needs to be made to make the
segmentation technique more robust.

(c)

V. CONCLUSION
─ Active Contour

─ SUVMax40 ─ Nestle ─ FCM─

Histology (white)

Fig. 4. Representative clinical PET image (a). Comparison of the result
obtained by the proposed method and the histology (b). Comparison of three
other segmentation techniques and the histology (c).

It can be observed that the proposed active contour model
outperforms other segmentation techniques in terms of
handling the lesion heterogeneity. The quantitative analysis of
the data using the metrics introduced in section II.C is
summarized in table III.
TABLE III. QUANTITATIVE ANALYSIS OF THE CLINICAL RESULTS OBTAINED
USING THE PROPOSED AND OTHER SEGMENTATION TECHNIQUES.
Method

Mean
volume (cc)

SOI

Relative error
(%)

Classification
error (%)

SUVmax40

31.49±11.90

0.40±0.20

208.13±225.12

226.82±213.53

Nestle

31.87±13.68

0.39±0.17

177.81±142.01

191.34±139.48

FCM

15.85±7.11

0.50±0.08

35.58±65.33

83.10±42.05

Active
Contour

16.09±9.43

0.57±0.12

19.51±51.23

52.70±15.11

Histology

15.15±10.96

-

-

-

In this study, a deformable active contour model is
proposed to delineate heterogeneous tumors on PET images.
The quantitative analysis of the segmentation results using the
three evaluation metrics (mean relative error, SOI and
classification error) reveals that the segmented volumes using
the proposed method have the highest overlap with the
histology volumes and the true volume of the phantom tumors.
Moreover, the relative and classification errors are the lowest
when the proposed approach is utilized. Therefore, the use of
the proposed segmentation technique results in more accurate
tumor volume delineation.
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