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a  b  s  t  r  a  c  t

We  developed  a robust,  quasi  high-pass  filter  for  edge  detection  in medical  images.  The  kernel-based
algorithm  of  our  detector  was  similar  to that of  conventional  edge  detectors.  The  proposed  edge  detector
has a mathematical  form  of  local  variance  and  is adaptive  in  nature.  The  mathematical  formulation  of
the  detector  was  exploited  and  re-expressed  as  a quadratic  form  of the  Toeplitz  matrix.  The  detector
has  a highly  structured  internal  architecture  with  abundant  spatial  isotropic  symmetricity.  The  proposed
operator  can  greatly  reduce  problems  frequently  encountered  in  edge  detection  including  fragmentation,
position  dislocation,  and  thinness  loss.  The  detector  is  robust  to noise  and can  efficiently  extract  crucial
edical images
L  operator

edge  features.  We  named  this  new  operator  as  the WL operator  (Wang  and  Lin).  The  performance  of  the
WL operator  was  compared  to  that of other  edge  detectors  by using  Pratt’s  figure  of  merits.  In  addition,  the
performance  was  confirmed  with  experts  by using  visual  analog  scale  scores.  The  results  obtained  using
the  WL  operator  for different  medical  imaging  modalities  including  X-ray,  CT,  and  MRI  are  promising.

or  wa
Therefore,  the  WL  operat

. Introduction

Edge detection is a challenging task often encountered in image
rocessing. Edge detection plays a crucial role in image segmenta-
ion and other preprocessing fields [1]. The success of subsequent
igh-level processing highly depends on these preprocessing tasks
2]. However, edge detection is often difficult in medical images
uch as X-rays, CT, and MRI. Medical images are often blurred
ecause of intrinsic physical processes required for acquiring them.
he management of blurred images by using traditional edge detec-
ion operators is difficult because of the Mach effect. Human eyes
an identify most subtle parts of object boundaries even in the pres-
nce of blurring. In the case of a slowly changing blurred margin,
he human vision often outperforms the computer vision. How-
ver, extraction of the correct margin in a severely blurred image is
hallenging [3]. The separation of a scene into an object and a back-

round is an essential step in image interpretation. This process is
ffortlessly performed by the human visual system. However, when
omputer vision algorithms are designed to mimic this action, sev-
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istrict, Kaohsiung City 80778, Taiwan, ROC.

E-mail addresses: jwwang@kuas.edu.tw, jwwang 2005@yahoo.com.tw
J.-W. Wang).

ttp://dx.doi.org/10.1016/j.bspc.2017.08.011
746-8094/© 2017 Elsevier Ltd. All rights reserved.
rrants  further  investigation.
© 2017  Elsevier  Ltd.  All  rights  reserved.

eral problems can be encountered. Because of the presence of noise
in an image, location of edge maps in the absence of real edges is
possible. For similar reasons, it is also possible to completely miss
existing edges. The degree of success of an edge detector depends
on its ability to accurately locate true edges [4]. When interpret-
ing medical images, human eyes can discern the blurred margin
of most objects by adjusting detection scales effortlessly. By con-
trast, the scale adjustment always requires extra attention in the
machine vision [5]. Moreover, human visual systems are robust to
minor illumination and positional changes. However, combating
the positional and illumination variation on the machine vision is
of great concern [6].

Conventional edge detectors are usually sensitive to noise
because of their high-frequency amplification property [7]. How-
ever, real medical images have high readout and photon noises.
Traditional edge detectors are intrinsically high-pass filters; there-
fore, their noise power spectrum always tends to be exaggerated in
the detection process. Accurate extraction of high-frequency com-
ponents of image structures such as edges without amplification
of undesired noise is crucial for the design of an edge detector [8].
Directional propensity is another disadvantage of the conventional
kernel-based operator. Directional invariance should be the basic

requirement of a robust edge detector [9]. In practice, this always
requires manual adjustment by the performers themselves. Vari-
ous solutions such as combining the horizontal and vertical Sobel’s
operator can be applied. However, different combination weights
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emain to be justified in this circumstance. As a result, many param-
ters in conventional kernel methods are quite arbitrary and not
arsimonious in implementation. Thus, solving this issue of artifi-
ial parameter design is necessary [10]. In this paper, we proposed

 new edge detection model that is free of arbitrary parameters.
he proposed model can accurately locate the edge and is robust to
oise. The characteristics of our proposed detector are discussed in
he following sections.

The remaining paper is organized as follows. Some of the exist-
ng methods are described in Section 2, and the proposed method
s described in Section 3. Some experiments based on our method
re presented in Section 4, and the paper is concluded in Section 5.

. Edge detection operators

.1. Previous work

Over the years, many methods have been proposed for detect-
ng edges in images. Some of the earlier methods, such as Sobel’s
nd Prewitt’s detectors, used local gradient operators that detected
nly edges having specific orientations and performed poorly when
he edges were blurred and noisy [11,12]. Combining such direc-
ional operators to approximate the performance of a rotationally
nvariant operator is possible. Various algorithms that are immune
o noise, non-directional, and can detect a more accurate location
f the edge have been developed. A majority of these algorithms
re linear operators that are derivatives of some types of smooth-
ng filters. Torre and Poggio [13] suggested that edge detection
s a problem in numerical differentiation and demonstrated that

umerical differentiation of images is an ill-posed problem. Differ-
ntiation amplifies high-frequency components, thus exaggerating
oise in the image data. However, differentiation is a mildly ill-
osed problem that can be transformed into a well-posed problem

Fig. 1. Genetic algorithm evaluation for up
essing and Control 39 (2018) 294–302 295

by using several methods. Marr and Hildreth [14] proposed con-
volving the signal by using a rotationally symmetric Laplacian of
Gaussian (LoG) mask and by locating zero crossings of the result-
ing output where the amount of smoothing is controlled by the
variance of the Gaussian. The Gaussian filter is thus far the most
widely used smoothing filter in edge detection [15]. This method
is theoretically favorable because the localization properties of the
Gaussian filter in both spatial and frequency domains makes it an
optimal filter for edge detection [16]. Although the Gaussian filter
reduces noise, it affects genuine and essential high-frequency edge
features, and reduces edge localization accuracy in low-contrast
images. Other methods such as multi-scale techniques can be used
to address this problem [17]. However, selection of the appropriate
step between scales and combining corresponding edge contours
remains a major problem [18]. The edge location accuracy of the
Canny edge detector is higher than that of the LoG-based approach,
and the local extreme of the Canny edge detector’s output may  have
desirable behaviors in the scale space [19]. However, the Canny
detector is complex and time consuming, and there remains param-
eters to be determined in order to obtain optimal results [20].

2.2. The proposed edge detector

The WL  operator was defined within a 3 × 3 neighborhood
around a single center pixel l(x, y) in I, where I(x, y) is the input
image of the size W × H. The local intensity mean �l and local signal
energy variation ε of the 3 × 3 neighborhood pixels were defined
using the following expressions:
�l (x, y) = 1
N

1∑
i=−1

1∑
j=−1

I (x  + i, y + j) (1)

per bound value of the WL operator.
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ig. 2. (a) Lateral view of the human knee X-ray. (b) Response value histogram of
he WL  operator.

(x, y) = 1
N

1
�

i=−1

1
�

j=−1
(I(x + i, y + j) − �l(x, y))2 (2)

here N = 9 is a normalizing constant. For transforming the
ray-scale intensity images into logical maps, we proposed a
hresholding procedure as follows: the global mean depending on
(x, y) is defined as

g = 1
W × H

W−1∑
x=0

H−1∑
y=0

ε (x, y) (3)

A thresholded image is produced as

(x, y) = Thresholding of I (x,  y) =
{

1, if ε (x, y) ≥ �g

0, otherwise
(4)

In general, there are 2 choices for the application of the WL
perator in edge extraction. If a binary logical map  is intended,
hen the thresholding procedure with a global parameter would
e performed, as described. Otherwise, we suggest that the thresh-
lding procedure will not be performed. Because the response value
btained by the WL  operator is greater than or equal to zero, setting
he response value large than 255 to this ceiling will generate an
ntensity map. The motivation of this scheme is its inherent capacity
o present the degree between “strong” and “weak” edge structures
y using the 8-bit coding in a gray-scale image format. Once the
inary logical map  was obtained using the thresholding procedure,

ome information was deemed to be lost during the transforma-
ion. In practice, we observed that the non-thresholded version was

ore similar to the scene discerned by the human eyes because it
ontains more information than the thresholded version does.
Fig. 3. (a) Genetic algorithm for the upper bound search of the Laplacian operator.
(b)  Genetic algorithm for the upper bound search of Sobel’s operator.

3. Properties of the WL  operator

3.1. Quadratic form presentation of the WL  operator

The WL  operator is very similar to the mathematical form of
mean and variance in statistics. Some intriguing correspondence
is present between the variance form and kernel-based high-
pass filters. Considering the 3 × 3 neighborhood elements of the
kernel operator as a column vector, it can be described as x =
[x1, x2, x3, · · ·x9]t . The Eq. (2) can then be rewritten in a quadratic
form:

ε (x, y) = 1
N2

xtCx (5)

where C =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

8 −1 −1 −1 −1 −1 −1 −1 −1

−1 8 −1 −1 −1 −1 −1 −1 −1

−1 −1 8 −1 −1 −1 −1 −1 −1

−1 −1 −1 8 −1 −1 −1 −1 −1

−1 −1 −1 −1 8 −1 −1 −1 −1

−1 −1 −1 −1 −1 8 −1 −1 −1

−1 −1 −1 −1 −1 −1 8 −1 −1

−1 −1 −1 −1 −1 −1 −1 8 −1

−1 −1 −1 −1 −1 −1 −1 −1 8

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(6)
with the normalizing constant N = 9, and the matrix C in the center
of the quadratic form has some appealing properties. It is a Toeplitz
matrix with a main diagonal component of N − 1 with all other ele-
ments equaling to −1. This formulation can facilitate the calculation
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Fig. 4. (a) Edge detection performed on the human knee X-ray by using the WL operator. (b) Edge detection performed on the human knee X-ray by using Sobel’s operator.
( r. (d) 

o
s

o
f

D

c)  Edge detection performed on the human knee X-ray by using the Canny operato

f the desired response value without a rounding error during the
ubtraction operation by using Eq. (2).

By combining the first 2 terms in the right hand side of Eq. (5), we
btained a matrix operator D with its transpose Dt as the following
orm:

t =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢

+8x1 − x2 − x3 − x4 − x5 − x6 − x7 − x8 − x9

−x1 + 8x2 − x3 − x4 − x5 − x6 − x7 − x8 − x9

−x1 − x2 + 8x3 − x4 − x5 − x6 − x7 − x8 − x9

−x1 − x2 − x3 + 8x4 − x5 − x6 − x7 − x8 − x9

−x1 − x2 − x3 − x4 + 8x5 − x6 − x7 − x8 − x9

−x1 − x2 − x3 − x4 − x5 + 8x6 − x7 − x8 − x9

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥

(7)
⎢⎢⎢⎣
−x1 − x2 − x3 − x4 − x5 − x6 + 8x7 − x8 − x9

−x1 − x2 − x3 − x4 − x5 − x6 − x7 + 8x8 − x9

−x1 − x2 − x3 − x4 − x5 − x6 − x7 − x8 + 8x9

⎥⎥⎥⎦
Edge detection performed on the human knee X-ray by using the LoG method.

The operator D had circular symmetricity in its components. How-
ever, the matrix D differed from the matrix C in that it contained
parameters from neighborhood image pixels. This indicates that
the WL  operator is an adaptive filter. In contrast to conventional
filters with constant kernel elements, the WL  operator has differ-
ent kernel elements on different positions of the image. Moreover,
compared with other high-pass filters, the WL  operator achieves
quasi high-pass filter property as the coefficient sum of the matrix
D becomes zero. The high-pass property depicted in Eq. (7) renders
the WL operator the ability of edge enhancement.

3.2. Isotropic symmetricity of the WL  operator

The WL  operator has abundant directional symmetricities. With
some algebraic manipulation, the Eq. (2) can be expressed as:[ ]

ε (x, y) = 1

N2 (x1 − x2)2 + (x1 − x3)2 + (x1 − x4)2 + · · · + (x8 − x9)2

(8)
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ig. 5. (a) Anterior–posterior view of the human foot X-ray. (b) Edge detection perf
n  the human foot X-ray by using Sobel’s operator. (d) Edge detection performed o

With permutation of square terms in the 3 × 3 kernel pixel val-
es in Eq. (8), there exists C9

2 of total 36 directive components in the
esponse value, and this is higher than that in other constant value
perators. Isotropic symmetricity is the most appealing property
f our WL  operator. Thus, it has less directional propensity and can
utperform other edge detectors in this aspect.

.3. Dynamic range of the WL  operator

The response value overflow is common in the practice of edge
etection. In contrast to a smoothing low-pass filter, the response
alue of most high-pass filters often has a higher dynamic range
han the original intensity matrix. From Eq. (2), it is evident that the
ower bound of �(x, y) is zero. However, the upper bound remains
o be evaluated. The upper bound of the�(x, y) depends on 9 input
alues ranging from 0 to 255. Solving this extremity value problem
y using traditional techniques such as system of linear equations

s difficult. We used the genetic algorithm approach for evaluation
f the upper bound value. We  performed genetic algorithms by
sing following parameters: population size = 2000, bit number = 8,
ariable number = 9, range = 0–255, crossover rate = 0.7, mutation

ate = 0.1, and generation number = 10,000. The genetic algorithm
as performed using the implemented elitism strategy. The fitness

unction was chosen as the response value of the WL  operator. The
tness function with the generation number is presented in Fig. 1.
d on the human foot X-ray by using the WL  operator. (c) Edge detection performed
uman foot X-ray by using the Canny operator.

The dynamic range of the WL  operator is approximately from zero
to 1.6 × 104. The value can be close to the upper bound if the input
vector is similar to the solution vector found by the genetic algo-
rithm. Otherwise, the response value cannot be close to the upper
bound because the extremely large response value is seldom noted
owing to the nature of image pixel values.

3.4. Histogram of the WL  operator response in medical images

The dynamic range of the WL operator response value is higher
than that of the ordinary gray-scale image of 0–255. The lower
bound of the WL operator coincides with that of the gray-scale
intensity image; however, the upper bound encounters the prob-
lem of overflow. We can treat the overflow portion by mapping on
the ceiling value. By contrast, the response value of the WL  operator
is totally dependent on the input vector of 3 × 3 neighborhood. For
example, the X-ray film of the lateral view of the human knee is pre-
sented in Fig. 2(a). The response value histogram of the WL operator
in this sample image is illustrated in Fig. 2(b). The overflow portion
of the histogram in Fig. 2(b) was  0.029% with a maximum inten-

sity value of 756 in this case. The maximum value generated from
this image is much lower than the obtained upper bound value.
At the same time, the overflow portion is less, indicating that the
remapping procedure will not highly distort the image information.
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Fig. 7. (a) Human brain MRI, sagittal view. (b) Edge detection performed on the
ig. 6. (a) Human brain CT. (b) Edge detection performed on the human brain CT by
sing the WL  operator.

.5. Correspondence with other edge detectors

The proposed WL  operator is adaptive in nature. Its action
epends on the input vector on the 3 × 3 neighborhood of the

ocal intensity image. In some circumstances, the WL  operator cor-
esponds to the Laplacian or Sobel’s operator if the input vector
atches some specific configurations. The frequency responses of

aplacian and Sobel’s operators can be regarded as specific subsets
f the WL  operator. The Laplacian operator on 3 × 3 neighborhood
s expressed as:

aplacian =

⎡
⎣−1 −1 −1

−1 8 −1

−1 −1 −1

⎤
⎦ (8)

The Sobel’s operation is expressed as:
obel =

⎡
⎣−1 0 1

−2 0 2

−1 0 1

⎤
⎦ (9)
human brain MRI  by using the WL  operator.

Because the high-pass filter requires that the matrix coefficient
should equal to zero, the response value overflow may  be encoun-
tered in both negative and positive directions. We  could define the
response value of these 2 operators as absolute values after calcu-
lating the 3 × 3 neighborhood of image pixels such that the lower
bound value of both operators is zero. However, the upper bound
value of these 2 operators should be evaluated numerically. In addi-
tion, we formulated this upper bound problem as an optimization
process to be tackled through the genetic algorithm technique. The
convergence curves are presented in Fig. 3(a) and (b) for Laplacian
and Sobel’s operators, respectively. Conjecturing the upper bound
value of the response of Laplacian and Sobel’s operators directly and
the values corresponding to the searched results perfectly is feasi-
ble. The upper bounds are all within the dynamic range of the WL
operator. For every response value from the kernel operator, many
input vector configurations are present on 3 × 3 neighborhood of

local images. Therefore, the response value range of Laplacian and
Sobel’s operators can be regarded as a subset of the WL  operator.
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Fig. 8. (a) Edge logical map  from hand X-ray image using differe

. Experimental results and discussion

We  performed several experiments to demonstrate the per-
ormance of the WL  operator. Because of space limitation, we
ave included a subset of the results. We  selected approximately
12 × 512 as the tested picture size to reduce the variation in the

mage scale. In the first experiment, we used the lateral view of the
uman knee presented in Fig. 2(a) as the input image. In addition,
e compared 3 common edge detectors, namely Sobel’s, Canny,

nd LoG-based detectors, with the WL  operator. As presented in

ig. 4(a), the edge obtained using the WL  operator was thin, con-
inuous, and well-localized. Moreover, the WL  operator detected

ost of the vital object contours. As presented in Fig. 4(b), the
e detectors. (b) Pratt’s figure of merits plot of 5 different images.

edge obtained using Sobel’s operator was severely fragmented and
lost almost all the vertical components. This issue can be solved
by adding another vertical-oriented Sobel’s operator and by super-
imposing the 2 images to compensate the directional propensity.
The relative weight between vertical and horizontal components
should be adjusted to obtain optimal results. This problem is fre-
quently encountered when applying Sobel’s operator. Thus, Sobel’s
operator cannot perform uniformly, particularly in medical images.
By contrast, the WL  operator can provide a united frame without
artificial parameter adjustment. As presented in Fig. 4(c), the direc-

tional propensity of the edge obtained using the Canny detector
was lower than that of the edge obtained using Sobel’s operator. In
addition, line fragmentation of the edge obtained using the Canny
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Table  1
(a) Visual analog scale score statistics with ANOVA.

Descriptives

VAS score

N Mean Std. Deviation Std. Error 95% Confidence Interval for Mean Minimum Maximum

Lower Bound Upper Bound

WL operartor 10 8.3000 1.31656 0.41633 7.3582 9.2418 6.00 10.00
Sobel  10 2.5000 0.81650 0.25820 1.9159 3.0841 1.00 3.50
Canny 10 3.7000 1.03494 0.32728 2.9596 4.4404 2.40 5.60
LoG  10 4.0700 1.55781 0.49262 2.9556 5.1844 2.10 6.70
Total  40 4.6425 2.50598 0.39623 3.8410 5.4440 1.00 10.00

(b)  Significance report of the visual analog score statistics with ANOVA.

ANOVA

VAS score

Sum of Squares df Mean Square F Sig.

Between Groups 191.837 3 63.946 43.368 0.000
Within Groups 53.081 36 1.474
Total 244.918 39

(c)  Post Hoc comparison of visual analog score statistics.

Multiple Comparisons

VAS score

Scheffe

(I) Treatment Methods (J) Treatment Methods Mean Difference (I-J) Std. Error Sig. 95% Confidence Interval

Lower Bound Upper Bound

WL opeartor Sobel 5.80000* 0.54304 0.000 4.2076 7.3924
Canny  4.60000* 0.54304 0.000 3.0076 6.1924
LoG  4.23000* 0.54304 0.000 2.6376 5.8224

Sobel WL  opeartor −5.80000* 0.54304 0.000 −7.3924 −4.2076
Canny  −1.20000 0.54304 0.200 −2.7924 0.3924
LoG  −1.57000 0.54304 0.055 −3.1624 0.0224

Canny WL  opeartor −4.60000* 0.54304 0.000 −6.1924 −3.0076
Sobel  1.20000 0.54304 0.200 −0.3924 2.7924
LoG  −0.37000 0.54304 0.926 −1.9624 1.2224

LoG WL  opeartor −4.23000* 0.54304 0.000 −5.8224 −2.6376
Sobel  1.57000 0.54304 0.055 −0.0224 3.1624

d
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o
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a
W
a

Canny  0.37000 

* The mean difference was significant at the 0.05 level.

etector was lower than that of the edge obtained using Sobel’s
perator. However, the Canny detector was vulnerable to noise
mplification and spurious edges. We  observed that almost all the
triation in bone and muscle tissues were detected and amplified as
istinct edges. Because readout and photon noises are very com-
on  in medical images, the Canny detector should be applied in
edical images with caution. Compared with Fig. 4(c), Fig. 4(a)

s more efficient in noise suppression and still can exhibit stria-
ion details within the bone and muscle tissues with evident gross
bject boundaries. The results obtained using the LoG method are
resented in Fig. 4(d). The LoG operator is conceptually similar to
he Canny detector; however, the LoG operator has a low-pass filter
omponent. The application of the LoG operator in human X-rays
emains unsatisfactory.

An X-ray of the human foot is presented in Fig. 5(a). The WL
perator was applied and the results are illustrated in Fig. 5(b). The
esults of Sobel’s and Canny detectors are presented in Fig. 5(c)
nd (d). The bony contour is correctly depicted in Fig. 5(b) without
oss of small bones, and the bone marrow texture is presented in
 satisfactory way without many spurious edges. We  also used the
L operator in human brain CT images, as illustrated in Fig. 6(a)

nd (b). The WL  operator efficiently detected edges even in the
0.54304 0.926 −1.2224 1.9624

brain parenchyma area. As presented in Fig. 6(b), brain parenchyma
architectures such as the sulcus and ventricles were well demar-
cated with accurate localization. A human brain MRI in the sagittal
view is presented in Fig. 7(a). The WL  operator was applied and its
results are presented in Fig. 7(b). The central nervous system was
demarcated with accurate extraction of the precise boundaries and
contours of the thalamus, pons, and cerebellum.

To objectively validate the performance of the WL  operator, we
used the criteria proposed by Pratt [21]. Pratt’s Figure of Merit
(FOM) is given as follows:

Figure of Merit = 1

max
{

II |IA
} IA∑

i=1

1

1 + adi
2

(10)

Where II and IA are the number of ideal and actual edge map points,
respectively; d is the distance of an actual edge point to the ideal
point; and a is the scaling constant. The separation distance d plays a
vital role in the evaluation of the Pratt’s FOM. From Eq. (10), it could

be observed that the FOM is inversely proportional to the distance
d. Obtaining an ideal edge map  as a gold standard is a key issue. In
this study, we  asked 3 physicians to manually characterize the ideal
edge map. This ideal edge map  was  then used for comparing maps
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Fig. 9. Visual Analog Scale for image assessment.
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Fig. 10. Mean plot between different methods.

enerated using other edge detectors. The proposed WL  operator
as compared with Sobel’s, Canny, and LoG operators by using 5
edical images including hand X-ray, knee X-ray, foot X-ray, brain

T, and brain MRI. In Fig. 8(a), a hand X-ray image which has back-
round noise caused by light contamination is shown. The logical
ap  obtained by WL  operator is more robust to noise compared to

oG method. For other images, as presented in Fig. 8(b), the FOM of
he WL  operator was higher than that of the other operators.

To further validate the WL  detector, we used an alternative
valuation method. We  designed a semi-quantitative visual score
or comparing different images to assess the quality of obtained
mages. This method was developed from the clinical situation of
ain assessment [22]. A visual analog scale (VAS) is a measurement

nstrument used to assess patient’s pain on a semi-quantitative
asis [23]. A VAS is presented as a horizontal line, 100 mm  in length,
nchored with word descriptors at each end. We  designed our
wn VAS for image quality assessment, as illustrated in Fig. 9.
he application of edge detection in medical images has major
mplications in subsequent high-level processing such as diagno-
is, fracture identification, and lesion localization. All these tasks
emand sophisticated skills of highly trained personnel such as
adiologists or clinical physicians. The experts often cannot express
ell-documented rules when working with relevant features of
edical images. Therefore, the quality of image processing should

e assessed by experts directly. For this reason, we designed the
AS measurement tool. The scores of the VAS were provided by 10

ndependent physicians. We  used the images treated using the WL
perator as the contrast group and asked the physicians to evalu-
te the VAS scores of Sobel’s, Canny, and LoG operators. The VAS
cores were provided on an ordinal scale. We calculated the score
ifference by using analysis of variance (ANOVA), and the statis-
ical results of SPSS are listed in Table 1a–c and Fig. 10. The null
ypothesis was set as no difference between 2 treatments, and

ype I error (� error) was set to 0.05. As demonstrated by post hoc
omparison between treatments in Table 1c, all p values were sig-
ificant (<0.05). Therefore, the benefit of our proposed method was
onfirmed using the ANOVA test with VAS scores.

[

[

essing and Control 39 (2018) 294–302

5. Conclusion

We  investigated the application of the WL  operator in edge
detection of medical images. The proposed WL  operator is similar
to the mathematical form of variance and is adaptive in nature. The
proposed method is efficient for edge detection in medical images.
It has abundant isotropic symmetricity and quasi high-pass filter-
ing property. The WL  operator can be applied to different imaging
modalities including X-ray, CT, and MRI. The WL  operator is robust
to noise and can efficiently extract crucial edge features contained
in object boundaries. The performance of the WL operator was com-
pared to that of other methods and evaluated using Pratt’s FOM and
VAS. The WL  operator outperformed other methods in this study
and thus warrants further evaluation.
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