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ABSTRACT
Despite increased image quality including medical imaging,
image segmentation continues to represent a major bottleneck in practical applications due to noise and lack of contrast. In this paper, we present a new methodology to segment low contrast medical images. There are two stages
to this approach, 1) a contrast enhancement stage, that
uses stochastic resonance theory applied in a wavelet domain, is performed by utilizing the noise present in medical
data, and 2) a new weighting function is proposed for traditional graph-based approaches. Both qualitative and quantitative evaluation performed on publicly available databases
of two imaging modalities reﬂect the potential of the proposed method.
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1. INTRODUCTION
The study of the shape and motion of heart or liver is important because many heart or liver diseases are thought to
be strongly correlated to the shape and motion of the heart
or liver and the segmentation provides adequate information about the shape and size of an object; some prominent
examples of such heart diseases include ischemia and right
ventricle (RV) hypertrophy. If we consider manual segmentation, it is not only a tedious and time consuming process
but also an inaccurate one, it is therefore desirable to use
algorithms that are accurate and require little user interaction. Cardiac magnetic resonance (CMR) imaging is a
leading modality for imaging the heart and clinical diagnosis, due to some of its remarkable advantages [1]. Segmentation of left ventricle (LV) in CMR images, obtained
from a patient having serious ischemia, is diﬃcult. In this
type of images, LV is nearly indistinguishable from the sur∗Corresponding author
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rounding muscles to the naked eye. Such ischemic CMR
(obscure) images are the input in this experiment. In order
to get signiﬁcant information regarding LV, contour of blood
pool and left ventricular myocardial wall need to be drawn,
1) inner contour (endocardial wall or blood pool boundary)
and 2) outer contour (epicardial wall). The outer contour is
comparatively diﬃcult to extract due to small variation in
intensity in this region. A rich tradition of work in image
segmentation has focused on the establishment of appropriate image (object) models. A state of the art on recent
segmentation algorithms has been presented in [2]. Because
of the space constraint, we restrict ourselves to only a few
of them. Although level set methods gained tremendous
popularity, still some problems like computational complexity, re-initialization [3, 4] of the zero level set exist. In the
early level set methods, the computation is carried out on
the entire domain making the computation slow. Narrow
band level set methods [5] restrict the computation to a
narrow band around the zero level set, but it does not reduce the computational cost to a reasonable limit [6]. Active
contours without edges [7] is useful in detecting the object
edge irrespective of the initial contour placement. At the
same time, mean intensities of all the regions must be diﬀerent for a successful segmentation. Atlas-guided approaches
have been applied mainly in MR brain imaging. An advantage of atlas-guided approaches is that labels are transferred
as well as the segmentation. They also provide a standard
system for studying morphometric properties [8]. Even with
non-linear registration methods, however, accurate segmentations of complex structures is diﬃcult due to anatomical
variability. Moreover, atlas-based segmentation has been
of limited use in presence of large space-occupying lesions
[9]. The watershed algorithm uses concepts from mathematical morphology to partition images into homogeneous
regions [10]. This method can suﬀer from over-segmentation,
which occurs when the image is segmented into an unnecessarily large number of regions. Thus, watershed algorithms
in medical imaging are usually followed by a postprocessing
step to merge separate regions that belong to the same structure [11]. There are also many model based segmentation
techniques [1]. One substantial limitation of such methods
is that their accuracy may be restricted either by the uncertainties in image content or by the intrinsic properties by the
model itself, such as prior shape constraints [12] and the list
of methods goes on. A fast and semi-automatic algorithm
proposed in [15] comes under this category and is based on
Random Walk. It does not suﬀer from the “small cut” problem and extends naturally to an arbitrary number of labels;

we incline more towards this method due to various other
advantages such as 1) noise robustness, 2) usage of only one
free parameter, and 3) fast computation and editing. The
concept of Random Walk originates from the physical and
mathematical model of Brownian motion. It is the formalization of the intuitive idea of taking successive steps in random directions, like a molecule traveling in a liquid or gas.
L. Grady successfully transferred this idea to the ﬁeld of image segmentation. For this purpose he transforms the image
into an undirected weighted graph G = (N odes, Edges). So
the Random Walk segmentation is based on graph theory.
Seed points are used to indicate diﬀerent objects and the
method returns a probability map for each seeded region.
Over the years, several methods have been proposed to
tackle the segmentation problem in noisy and cluttered medical images. Typical use of ﬁltering (as reported by these
methods) leads to degradation in the image quality, therefore in our approach, we utilize the noise in a constructive
manner. One of the eﬃcient approaches that utilizes noise
to enhance the contrast of a low contrast input image is
stochastic resonance (SR). Apart from a few attempts e.g.
[13], SR is yet to gain the full attention of the image processing community. In this paper, we have applied SR to
image enhancement, followed by a new weighting function
for graph-based approach for image segmentation.

1.1 Image Enhancement using SR
Image enhancement is the process of improving the quality
of the digital image without knowledge about the source of
degradation. In this work, our aim is to enhance low contrast
images, without introducing any blocking artifacts, by using
SR phenomenon. The eﬀect requires three basic ingredients:
(i) an energetic activation barrier or, more generally, a form
of threshold; (ii) a weak coherent input (such as a periodic
signal); (iii) a source of noise that is inherent in the system,
or that adds to the coherent input. Given these features,
the response of the system undergoes resonance-like behavior as a function of the noise level; hence the name stochastic
resonance. SR occurs if the signal-to-noise ratio (SNR) and
input/output correlation have a well-marked maximum at a
certain noise level [13]. Unlike very low or high noise intensities, moderate ones allow the signal to cross the threshold,
giving maximum SNR at some optimum noise level. In the
bistable SR model (Figure 1 (a) of [13] ), upon addition
of zero mean Gaussian noise, the pixel is transferred from
a weak signal state to a strong signal state, described by
Brownian motion of a particle placed in a double well potential system. In the context of this paper, the double well
represents the contrast of an image and the position of the
particle as the intensity values. The state, at which performance metrics [13] are found optimum, can be considered as
the stable state that provides maximum SNR. On increasing the number of iterations beyond this, the state becomes
oscillatory. Some researchers have attempted to use SR in
Fourier or spatial domains [13], however we have chosen the
wavelet transform domain as explained in the next section.

2. MATERIALS AND METHODS
Our proposed methodology is divided into two modules:
image enhancement with SR, and graph-based segmentation applied to the contrast enhanced image using the new
proposed weighting function. Due to page constraints, this
section explains each module brieﬂy. One of the commonly

used techniques for image resolution enhancement is Interpolation. Interpolation has been widely used in many image
processing applications such as facial reconstruction, multiple description coding, and super resolution. There are
three well known interpolation techniques, namely nearest
neighbor interpolation, bilinear interpolation, and bi-cubic
interpolation. The main disadvantage in using interpolation the loss of HF components (Edges), which is due to the
smoothing caused by interpolation. Preserving the edges is
essential; to avoid this problem we use the tool called wavelet
transform because the discrete wavelet transform (DWT)
domain provides the space-frequency localization and this
characteristic enables one to enhance features by treating
the sub-bands at diﬀerent scales, leading to a high quality
of enhancement.

2.1

Discrete Mathematics for Proposed DWTbased SR

The DWT is used to divide the image into sub-bands. We
know that the edges are concentrated on LH, HL, HH sunbands. Hence even if we separate the HF components and
apply some transformations on the LF will not cause any
damage to the edge components. Hence after reconstruction the image looks sharper too. In this methodology, 2-D
discrete wavelet transform is applied to the M ×N size image
I. Applying SR to the approximation and detail coeﬃcients,
the stochastically enhanced (tuned) coeﬃcient-sets in DWT
domain are obtained as Wψs (l, p, q)DSR and W (l0 , p, q)DSR .
The SR in discrete form is deﬁned as:
√
[
]
dx
= ax − bx3 + B sin ωt + Dξ (t)
(1)
dt
√
where Dξ (t) and B sin ωt represent noise and input, respectively; these are replaced by DWT sub-band coeﬃcients.
The noise term is the cause in producing SR; the maximization of SNR occurs at the double well parameter a. The
(1) is solved (as in [14]) before the actual SR implementation on digital images. The low contrast image may be
viewed as a noisy image containing internal noise due to
lack of illumination. This noise is inherent in its DWT coeﬃcients and therefore, the DWT coeﬃcients can be viewed
as containing signal (image information) as well as noise.
The ﬁnal stochastic simulation is obtained after some predeﬁned number of iterations. Given the tuned (enhanced
and stabilized) set of wavelet coeﬃcients (Xϕ (l0 , p, q) and
Xψs (l, p, q)), the enhanced image Ienhanced in spatial domain
is obtained by inverse discrete wavelet transform (IDWT)
given as:
∑∑
1
Ienhanced = √M
Xϕ (l0 , p, q) ϕl0 ,p,q (i, j) +
N
p∑
q∑
∑
∑
(2)
√1
Xψs (l, p, q) ψls0 ,p,q (i, j)
MN
s∈(H,V,D) l=l0 p

q

This is the enhanced image after n iterations. The determination of double well parameters a and b (from the SNR) is
omitted from the discussion due to page constraints.

2.2

Enhancement Algorithm

The method can be brieﬂy described as: 1) the input image is decomposed through DWT, 2) assuming an initial
value for the bistable parameters, the intensity values (gray
levels) are tuned using SR (following an iterative/sequential
procedure), and 3) the parameters are optimized with respect to the performance metrics [13] such as, Metric of Con-

trast Enhancement and Perceptual Quality Metric. After
image enhancement, a graph-based method, such as Random Walk, is adopted to segment the image.

2.3 Random Walk-based Segmentation
The Random Walk segmentation is based on graph theory (readers may refer [15] for extensive details). Random
walk (RW), or drunkards walk, was one of the ﬁrst chanceprocesses studied in the theory of probability and has gained
a lot of attention in several areas in visual computing. The
name random walk is used because one may think of it as being a model for an individual walking on a straight line who
at each point of time either takes one step to the right with
probability p or one step to the left with probability 1 − p,
for example. Given a graph and a starting node, one selects
one of its neighbor at random and moves to this neighbor
then selects a neighbor of this node at random and moves
to it and so on. This sequence of nodes selected randomly
this way is a random walk on the graph. The segmentation
method to be proposed applies random walks on a graph
whose nodes are the input points, and whose links represents the connectivity between them. When applied on an
image, initially, seeds are required to be placed on diﬀerent
labels (homogeneous regions to be segmented) so that at
least one seed must be deﬁned for each region. If there are
K number of seeds, there will a K-tuple probability vector
for each pixel, given a random walker starting at this location. A ﬁnal segmentation is derived from these K-tuples by
selecting for each pixel the most probable seed destination
for the random walker.
Inﬂuence of Weighting Function :
In the process of segmentation using Random Walk, the
weighting function is used to map a change in image intensities to edge weights. The performance of any graph-based
segmentation depends on the choice of this weighting function [16]. The performance of Gaussian weighting function
is perfect in clean images [15]. However on cardiac magnetic resonance (CMR) images, the level of performance decreases signiﬁcantly (as shown in Results and Conclusions
section). In this work, we suggest a new weighting function
that improves the performance of Laplacian operator at the
fundamental level.

2.4 Derivative of Laplacian of Gaussian Weighting Function
A blurred edge v(x) can be represented by a combination
of an exponential and a step function:
{ ( (x−t)2 )
v (x) =

e

−

1,

2
2σs

,

x≤t
x > t,

(3)

where t represents the width of the region of interest (ROI)
and σs {the extent of the blurring, (0 6 σs 6 S, S ∈ R),
S, blurred edge
σs =
. The quantity of blurring in0, sharp edge
creases with increase in S. If Ec is the characteristic function of matching of an input object with the output (i.e.,
matching of two ROIs; due to edge and weighting function),
then Ec w
v (characteristic function with respect to an edge, v,
and a weighting function, w) determines if a feature is worth
tracking for segmentation. In other words, the characteristic
function determines the suitability of a weighting function
to a particular edge for its detection.

Characteristic function : In the continuous setting, a
weight is a positive measure such as w (x) dx on some domain, which is typically a subset of a Euclidean space (presently,
rather we consider pixel intensity). In this context, the
weight function w (x) is sometimes referred to as a density.
Conceptually, the characteristic function Ec w
v is deﬁned as:
∫2t
Ec w
v =

v (x) w (x) dx.

(4)

0

If the right hand side of (4) is more, then the edge characteristic will be more dense in regard to blurring. Therefore, it must be desirable to have a lower magnitude of Ec w
v.
The derivative of Laplacian of Gaussian (DroLoG) weighting
function is deﬁned as
2

wDroLoG =

2

x
x
x2 − 2σ22 − 2σ
x2 − 2σ12 − 2σ
2
2
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2
e
e
4
4
σ1
σ2

(5)

where σ and wLoG are usual standard deviation and Laplacian of Gaussian weighting function, respectively. Let the
error function due to Gaussian weighting function be
∫2t
EvG

=

v (x) wGauss (x) dx.

(6)

0

and similarly for DroLoG.The diﬀerence between two characteristic functions is expressed as
~ = EvDroLoG − EvG

(7)
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~ =
√




1 1 
e
7
2π σ 


(



1+


3t(ln t−1)−
−
t3 e

1 + 1
σ2
σ2
(s

)(

1 + 1
2
σs
σ2

)

t3
6

)
2
+ t 2
4σs

t2
2






−

1
2

(

1
2σ 2

( (
)
(
))] √
[√
2t2
t2
1 1
π
Γ 2, 2 − Γ 2, 2
−
σ
2σ
2π σ
8
(( )
(
) ( 2 ))
2
1
1
t
1
t
+ 2
−
(
)3
2
2
2
σ
σ
σ
σ
2
s
s
s
1
1
2 + σ2
σs




√

(
)
2t



1
1
σ2
−
+ 2 t − √( s
erf 
)
2



2σs
2σ

1
1

+
2
σs
σ2




{
(√ )
2t
− σ2


√
2t
s
 + 2σ π erf
√
erf 
−
) 
 (
σ

1
1

2 + σ2
σs
(
)}]
t
erf √
2σ
where erf is the error function and Γ (a, x) =

∫∞

e−t ta−1 dt.
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A graphical analysis of EvDroLoG − EvG is possible by varying
values of t, σ individually. In order to show the eﬀect of
blurring on the above diﬀerence, only σs is varied. Though

)−2

(8)

1
DoG
Gaussian
DroLoG

0.9

0
Difference between magnitude of errors

0.8
0.7

w(x)

0.6
0.5
0.4
0.3
0.2
0.1
0

−0.5

−1

−1.5

sigma(s)=0.5
sigma(s)=1.5
sigma(s)=2.5
sigma(s)=4.5
sigma(s)=7.5

−2

−2.5

0

0.5

(a)

1
x

1.5

2

0

0.5

1

1.5

(b)

2

2.5
Width

3

3.5

4

4.5

(c)

Figure 1: (a) SR in biphasic form: The dashed arrow represents the transition under noise, crossing over the
shaded threshold C [13]. (b) Weighting functions. (c) Diﬀerence of characteristic functions.
for small values of edge variance σs (steeper edge), the plot
shows negative values of EvDroLoG − EvG for t > 1, simultaneously, it is also observed (Figure 1(c)) that with increase
in t, the curves corresponding to low values of σs are not
monotonically decreasing. As the edge variance increases
(i.e. the edge becomes blurred), for example when σs =2.5,
4.5, and 7.5, the plot shows increasingly negative values for
(EvDroLoG −EvG ), which reﬂects DroLoG as the better option
than Gaussian in case of blurry edge images.

in graph-based segmentation. DroLoG has been shown as a
desirable weighting function for the graph-based approach,
compared with Gaussian or DoG. Interestingly, the proposed
method performs quite well on all subjects of both imaging
modalities. In future, we plan to extend this method to
other imaging modalities.
Table 2: Segmentation evaluation.
Sub

3. RESULTS AND CONCLUSIONS
The test liver CT and CMR datasets were obtained from
MICCAI 2007 Grand Challenge and [18], respectively. Figure 2 shows the contrast enhancement and segmentation
results of the liver CT and CMR images. For CMR images, only the endocardium is obtained by the proposed
method. The epicardium is obtained by a modiﬁed active
contour model [17] that considers endocardium as its initial contour. In order to compare the degree of superiority,
the combined segmentation algorithm is implemented using
both the weighting functions. It may be observed that papillary muscles get well segmented in case of DroloG. This is
because DroLoG has moderate decreasing rate (Figure 1(b))
as compared to Gaussian and Diﬀerence of Gaussian (DoG),
DroLoG achieves necessary characteristics to produce a better segmentation. The computational cost per iteration is
linear in the number of pixels. The required number of iterations depends greatly on the time step dt and the initialization. The average number of iterations is 50. It takes nearly
4 to 6 sec to perform segmentation by a 2GB RAM and
core2duo processor on a single CMR image. The employed
metrics for quantitative evaluation are provided in Table 1
that includes Hausdorﬀ’s distance (Hd ), precision, accuracy,
and mean error rate (MER). On MICCAI dataset (45 subjects), as reference, one of the best methods of MICCAI 2007
challenge achieved a mean Hd , Precession, Accuracy and
MER of 5.48, 0.9698, 0.9812, and 0.7273, respectively. The
results shown in Table 2, additionally tested by intra-region
(Ih ) uniformity, well known Pratt’s Figure of Merit (FOM),
reﬂect the credibility of DroLoG. Although the method is
tested on all training datastes of MICCAI and [18], only the
average values of a few subjects are shown in the Table.
In this paper, we present a modiﬁed graph-based approach
that ﬁrst enhances the image, utilizing noise. The enhancement module has shown promising results for subsequent use

#1
#4
#7
# 11
# 14
# 17
# 22

Method
Gaussian
DroLoG
Gaussian
DroLoG
Gaussian
DroLoG
Gaussian
DroLoG
Gaussian
DroLoG
Gaussian
DroLoG
Gaussian
DroLoG

Ih
3.81
3.48
5.56
5.22
5.24
5.14
4.03
3.46
4.34
4.04
4.60
4.02
4.69
4.13

FOM
0.68
0.83
0.68
0.81
0.68
0.84
0.67
0.82
0.64
0.91
0.77
0.84
0.76
0.83
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