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Abstract: Ultrasound imaging is a widely used
diagnostic tool for medical imaging analysis. It is the
preferred imaging modality for the diagnosis and
monitoring of pregnant women because it is a noninvasive technique and uses no ionizing radiation.
Moreover it is portable, provides real time images,
gives a clear picture of soft tissues that do not show up
well on x-ray images, and most of all, is relatively
economic in comparison with others methodologies
such as Magnetic Resonance Imaging and Computer
Tomography. The main limitation of ultrasound
imaging is the poor image quality due to the presence
of speckle noise. Speckle reduces both the spatial and
contrast resolutions in ultrasound images, and
contributes to lower the signal-to noise ratio (SNR),
degrading the ability to resolve details and to detect
objects of size comparable to the speckle size.
Therefore, filtering techniques for speckle noise are of
special interest for medical ultrasound imaging. The
purpose of de-speckling is to remove the noise while
retaining the edges and other detailed features as
much as possible. The objective of this paper is to
provide an overview of speckle reduction techniques
in ultrasound images.
Keywords: Ultrasound, Speckle noise, filtering,
performance
I. INTRODUCTION
Ultrasound imaging system is widely used diagnostic
tool for modern medicine. It is used for the
visualization of muscles, internal organs of the human
body, size and structure and injuries. Obstetric
sonography is used during pregnancy. It is harmless,
non-invasive, portable, adaptable, transferable and
cost-effective technique.
Despite all these advantages, it has one major
disadvantage that ultrasound images are corrupted
with a noise called speckle. Speckle is a complex
phenomenon having granular pattern. It is the inherent
property of ultrasound image and SAR (Synthetic
Aperture Radar) image. It arises from random
variations in the strength of the backscattered waves
from objects. Speckle is an undesirable interference
effect, occurring when two or more ultrasound waves
interfere with each other, constructively or
destructively, producing bright and dark spots [1].
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This artefact introduces fine-false structures
whose apparent resolution is beyond the capabilities of
imaging system, reducing image contrast and masking
the real boundaries of the tissues leading to the
decrease in the efficiency of further image processing
such as edge detection, automatic segmentation, and
registration techniques. It also affects diagnostic
effectiveness.
Therefore, it is very important to de-speckle
the ultrasound images prior to analysis and processing
them to avoid misdiagnosis of a patient. Extensive
research has been done over the years on speckle
reduction resulting in large number of de-noising
techniques. Filtering techniques can be classified as
 Compounding techniques
 Image post processing
Compounding techniques are based on the averaging
of multiple images of the same scan plane, where the
images are obtained by varying transducer frequency
and/or view angle to achieve independent or partially
uncorrelated speckle patterns [3]. But this approach
results in loss of detail in the final image as well as
increased system complexity.
Speckle suppression schemes based on image
post processing do not require any hardware
modification in the image reconstruction system, and
hence have found a growing interest. In this the
images are obtained as usual and the processing
techniques are applied on the image obtained. It
includes local adaptive filters, anisotropic filters, nonlocal means filters and wavelet based approaches.

Fig. Image degradation and restoration process due to
noise only

II. MATHEMATICAL DESCRIPTION OF SPECKLE
NOISE
Speckle is a form of locally correlated multiplicative
signal dependent noise corrupting medical ultrasound
images making the visual analysis difficult. It can be
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modelled by random values multiplied by pixel values
of an image. It is random and deterministic in an
image. Deterministic means that, two images acquired
under exactly same conditions, will experience exactly
the same corruption. In case of medical literatures,
speckle noise is also known as texture.
Generalized model of the speckle [27] is represented
as,
(1)
where
represents the noisy pixel of degraded
ultrasound image with speckle,
represents the
noise-free pixel of original image and
and
represents the multiplicative and additive noise
respectively. Here and denotes the indices of the
spatial locations in the image.
Since the effect of the additive noise is considerably
smaller as compared with that of multiplicative noise,
eq. (1) can be written as
(2)
The logarithmic transformation of eq. (2) converts the
model into additive noise form as
(3)
De-speckling is based on estimating the true intensity
from the intensity of the pixel
III. DE-SPECKLING FILTERS
The main aim of image de-speckling is to reduce
speckle noise level, while preserving the image
features. There are two categories for image despeckling [7]:
a) Spatial filtering methods
b) Transform domain filtering methods.
A. Spatial Filtering - In spatial filter based method a
neighbourhood (called window) is used and a
predefined operation that is performed on image
encompassed by the neighbourhood. Filtering
creates a new pixel with coordinates equal to the
coordinates of the centre of the neighbourhood,
and whose values are the result of the filtering
operation. A processed image is generated as a
centre of the filter visits each pixel in the input
image [7].
B. Transform based Filtering – It involves first
transforming an image into the transform domain,
doing the processing there, and obtaining the
inverse transform to bring the results back into the
spatial domain.eg Fourier transform, Wavelet
transform, Curvelet transform, Ridgelet transform.
IV. SPATIAL DOMAIN DE-SPECKLING FILTERS
A. Median filter - Median filter [7] is a simple nonlinear filter or order-statistic filter where response
is based on ordering the pixels contained in
neighbourhood and replacing the centre pixel in
the window with the median value of its
neighbours.
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B. Wiener filter - Wiener filter [7] is a pixel-wise
adaptive method. It estimates the local mean and
variance around each pixel as
(4)
and
(5)
where is the
local neighborhood of each
pixel in the image A. Wiener filter then uses these
local statistics to create de-noised image as
(6)
where
is the noise variance. If the noise
variance is not given, it uses the average of all the
local estimated variances. It is based on minimum
mean square error principle.
C. Mean filter - Mean filter [7] is a linear spatial
filter using a simple sliding window that replaces
the centre value in the window with the average of
all the neighbouring pixel values including it. It is
the method of choice in situations when only
additive noise is present. It does not give
satisfactory results for speckle noise. It results in
loss of detail and resolution.
D. Lee filter - Lee [4] proposed an adaptive filter
which utilizes the local statistics of pixels in the
neighbourhood window or kernel of the current
pixel. It is derived for both the additive and
multiplicative noise models. Each pixel in the
image is processed independently. The pixels
within the moving window are used for computing
local statistics. It smoothens the homogeneous area
where variance is low but preserving the area of
high variance that is near edges. It effectively
preserves the edges and features of the image. It
tends to minimize the mean square error as
(7)
where
(8)
Here represents noisy image, is the original
image and is the speckle noise.
and
are a priori mean and variance of the original
image. But the main limitation of Lee filter is that
it ignores speckle noise in high contrast areas like
edges. An improved version of Lee filter was also
proposed known as Enhanced Lee filter.
E. Kuan filter - Kuan [6] proposed an extension of
Lee filter. Lee and Kuan have the same structure
with only subtle difference of denominator term. It
is also a local linear minimum mean square error
filter. It can remove both additive and
multiplicative noises. It is an adaptive smoothing
filter. The central pixel value is dependent on the
local statistical properties of an image. It considers
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moving kernel window to estimate local statistics
like local mean and variance. It can deal with both
the signal dependent or independent types of
noises. But the drawback of Kuan is that it also
overly smoothens the edges and blurs the image
details. Kuan performance is almost similar to Lee
filter.

and
is the scale factor of speckle. It
effectively controls the amount of smoothing
applied to the image by SRAD. It is estimated
using

F. Frost filter - Frost et al [5] developed an adaptive
filter for de-speckling the image. It is a linear
minimum mean square error filter. It replaces the
central pixel with the weighted sum of the pixels
with in the window where the exponential
weighting function depends on the coefficient of
variation and the distance between the pixels in the
sliding window to its centre pixel. The weights
within the window decreases with the distance
from the centre of the window.
(9)
Where
(10)
Here is a noisy image, is the filter parameter,
represents the location of the processed pixel
and
is the distance measured from pixel . It is
based on the coefficient of variation which is
defined as the ratio of local standard deviation to
the local mean of the neighbourhood. It has good
speckle suppression ability.

H. OBNLM filter – Coupe et al [10] proposed a very
popular filter for speckle reduction called
Optimized Bayesian NL-means with block
selection (OBNLM) which is based on Non-Local
Means filtering technique. It consists of defining a
search area centred at reference pixel which is then
divided into overlapping blocks. The block centred
at the reference pixel is restored using the
weighted sum of the blocks in the search area. The
weight function is exponential function of the
distance between reference block and the other
block in the search area. A parameter is defined to
control the decay of exponential function. Because
several blocks include the reference pixel so the
reference pixel will have one or more values stored
in a vector. The restored reference pixel will have
the final intensity value equal to the mean of the
values stored in the vector of reference pixel. It has
edge preservation ability. It defined weights as the
function of similarity.

G. Speckle reducing anisotropic diffusion filter –
SRAD is being widely used for reducing speckle
noise in ultrasound images. It is a diffusion based
technique introduced by Yu and Acton [9].
Anisotropic Diffusion filter works well for images
corrupted with additive noise but SRAD is
approved for images containing speckle noise. The
proposed iteration formula of diffusion is defined
with:
(11)
is image pixel intensity at position
at time
iteration and
is defined with:

I.

(12)
is the diffusion coefficient determined by
(13)
where
is the instantaneous coefficient of
variation (ICOV). It is a function of local gradient
magnitude and laplacian operators, determined by
(14)
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(15)

Geometric filter – Busse et al [2] considers image
as a surface in which features appear as wide high
regions, and speckle noise as narrow valleys and
walls. It uses a non-linear noise reduction method.
This filter compares the intensity of central pixel
in a 3*3 neighbourhood with its eight neighbours
and depending on intensities of neighbourhood
pixels; the intensity of central pixel is incremented
or decremented. Increasing neighbourhood size
results in higher noise attenuation as well as loss of
detail.

J. Bilateral filter - Bilateral filter [8] is a non-linear
filtering process that performs edge preserved denoising within the spatial domain. It replaces the
pixel values by a weighted sum of the pixels in a
local neighbourhood. The weight function depends
on spatial distance as well as intensity distance of
the pixel around the neighbourhood. It is achieved
by using two Gaussian filters- domain filter and
range filter.
(16)
Here window size is
.
component measures the Euclidean
distance between
and to estimate geometric
similarity, whereas
component uses the
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absolute difference between intensity values
and
to estimate photometric similarity.
K. Total Variation Filter – TV filter [21] is a
constrained optimization type of numerical
algorithm for removing noise from images. The
total variation of the image is minimized subject to
constraints involving the statistics of the image.
The denoised image is obtained by solving a time
dependent partial differential equation subject to
constraints using gradient-projection method. The
gradients of the noisy image are calculated in four
directions. Several iterations of noisy image are
performed to obtain resultant de-noised image.
V. WAVELET BASED DE-SPECKLING METHODS
Wavelet transform are small waves called wavelets of
varying frequency and limited duration. Working in
wavelet domain is preferred because the Discrete
Wavelet Transform (DWT) make the signal energy
concentrate in a small number of coefficients [18],
hence, the DWT of the noisy image consists of a small
number of coefficients having high Signal to Noise
Ratio (SNR) while relatively large number of
coefficients is having low SNR. After removing the
coefficients with low SNR (i.e., noisy coefficients) the
image is reconstructed by using inverse DWT. As a
result, noise is removed or filtered from the
observations. A major advantage of wavelet methods
is that it provides time and frequency localization
simultaneously.

Fig. DWT decomposition

One wide spread method for image denoising using
discrete wavelet transform is wavelet thresholding that
is find appropriate value(threshold) which is used to
remove noise from an original image without affecting
the significant features of an image.

Fig. Wavelet de-noising model
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The two general categories of thresholding are hardthresholding and soft-thresholding.
Hard Thresholding Method - All coefficients whose
magnitude is greater than the selected threshold value
remain as unchanged while the others with
magnitude smaller than T are set to zero. The hardthresholding is described as
(17)
where is a wavelet coefficient, is the threshold.
Soft Thresholding Method – Hard thresholding is
discontinuous and causes ringing effect in the denoised image. To overcome this, Donoho [19]
introduced the soft thresholding method where the
coefficients with magnitude greater than the threshold
are shrunk towards zero after comparing them to a
threshold. The Soft-thresholding function is described
as

(18)
where

is the sign function of x.

The various threshold selections strategies are A. Visu Shrink - The universal threshold [11] can be
defined as,
(19)
Here
being number of samples,
being the
noise variance. It uses a threshold value which is
proportional to the standard deviation of the noise.
Noisy coefficients are modified according to the
shrinkage rule i.e. either hard or soft thresholding
technique can be applied, then the filtered image is
obtained from inverse wavelet transform. The
noise variance needed for calculating the threshold
by the median absolute deviation of the wavelet
coefficients at the finest level of decomposition.
B. Sure Shrink - A threshold chooser based on
Stein’s Unbiased Risk Estimator (SURE) is called
as Sure Shrink [12]. It is a combination of the
universal threshold and the SURE threshold. This
method specifies a threshold value for each
resolution level in the wavelet transform which is
referred to as level dependent threshold. The goal
of Sure Shrink is to minimize the mean squared
error. The Sure Shrink threshold t* is defined as
(20)
where denotes the value that minimizes Stein’s
Unbiased Risk Estimator,
is the noise variance
and
is the size of the signal. Sure Shrink is
smoothness adaptive.
C. Bayes Shrink - Bayes Shrink was proposed by
Chang, Yu and Vetterli [13]. The goal of this
method is to minimize the Bayesian risk, and
hence its name, Bayes Shrink. It uses soft
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thresholding and is sub band-dependent. The
Bayes threshold, is defined as

each layer. The guided filter is used to filter the
speckle noise in the low frequency sub-band.

(21)
where
is the noise variance and
is the
signal variance without noise. The noise variance
is estimated from the sub band HH1 by the median
estimator.

VI. PERFORMANCE EVALUATION OF DE-SPECKLING
METHODS
In order to quantitatively evaluate the performance of
de-noising methods, several performance metrics are
used. Few of them are discussed below.

D. Neigh Shrink - This wavelet-domain image
thresholding scheme incorporates neighbouring
coefficients, namely Neigh Shrink [14]. The
method Neigh Shrink thresholds the wavelet
coefficients according to the magnitude of the
squared sum of all the wavelet coefficients, i.e.,
the local energy, within the neighbourhood
window. The neighbourhood window size may
be
,
,
etc. The shrinkage
function for Neigh Shrink of any arbitrary
window centered at
is expressed as:

A. Mean Square Error - Given a noise-free
image , and its noisy approximation , MSE is
defined as:
(24)
where and represents the length and width of
the two-dimensional signal , respectively.

(22)
where,
is the universal threshold and
is the
squared sum of all wavelet coefficients in the
respective
window given by:
(23)
Here,
sign at the end of the formula means to
keep the positive values while setting it to zero
when it is negative. The estimated centre wavelet
coefficient ij is then calculated from its noisy
counterpart
as ij
.
E. Neigh Shrink SURE - Neigh Shrink Sure [15] is
an extension of Neigh Shrink. Neigh Shrink Sure
can determine an optimal threshold and
neighbouring window size for every sub band by
the Stein’s unbiased risk estimate (SURE).
F. Smooth Shrink – Mastriani et al. proposed this
wavelet domain image de-noising method for
speckle corrupted images [17]. It uses a
convolution kernel based on a directional
smoothing function applied on the wavelet
coefficients of the noisy decomposed image. The
size of the window gives better results for
this filter.

B. Root Mean Square Error
(25)
C. Signal to Noise Ratio - SNR compares the level of
desired signal to the level of background noise.
Higher the SNR ratio, the lesser obtrusive the
background noise is. SNR in decibels is defined as
(26)
σg2,
2

where,
is the variance of the noise free image
and σe is the variance of error (between the
original and denoised image). Brighter regions
have a stronger signal due to more light, resulting
in higher overall SNR.
D. Peak Signal to Noise Ratio - PSNR [16] index is
defined as the ratio between the maximum possible
power of signal and the power of corrupting noise
that affects the fidelity of its representation. It is
most easily defined via the mean squared error
(MSE). The PSNR is defined as:
(27) where

is the estimation of signal

E. Mean Structural Similarity - SSIM [16] index is a
novel method for measuring the structural
similarity between two images. MSSIM index is a
mean SSIM index. MSSIM is given by:
(28)

G. Wavelet and guided filter - A new de-noising
method based on an improved wavelet filter and
guided filter is developed to achieve speckle
suppression and feature preservation [16]. It uses
an improved threshold function related to the layer
number of wavelet decomposition based on the
universal wavelet threshold function. The
Bayesian maximum a posteriori estimation is
applied to obtain a new wavelet shrinkage
algorithm which is used to process the wavelet
coefficients of the high frequency sub bands in
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(29)
where
,
,
,
represents the mean and
variance of the reference image
and its
estimation
respectively.
represents the
covariance of
and .
and
are selected as
positive. The resultant MSSIM index is a decimal
value between 0 and 1, and value 1 is only
reachable in case the two pictures have the same
structure.
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F. Figure of Merit - FOM [20] can be used to
objectively evaluate the performance of edge
detectors, and its definition is:
(30) where
and
represent the ideal and
the actual detected edge pixel number,
respectively. is a constant (usually
, and
represents the distance of the
edge pixel to
the nearest ideal edge pixel. The value range of
FOM is
with 1 being the best result.
G. Bhattacharyya Coefficient - It is a correlation
measure for finding the statistical similarity
between two data samples. The coefficient
measures the closeness between two discrete
probability distribution. The mathematical formula
of BC for probability two discrete probability
distribution p and q over the same domain X , is
given as below:
(31)
The range of BC coefficient is 0 to 1.The value of
BC closer to 1 indicate that the data samples
corresponding to distribution p and q are similar.
H. Correlation Coefficient - Correlation gives the
linear relationship between two signals with
respect to strength and direction, and its value lies
between -1 to +1. The correlation is 1 for
increasing linear relationship, -1 for decreasing
linear relationship, for all the other cases the value
lies between -1 to +1. The closer the coefficient is
to either -1 or +1, the stronger the correlation
between the signals.
(32)
where, g and ĝ are original and images denoised
with some filter respectively, and and are the
means of the original image and denoised image
respectively.
I. Edge Preservation Index – EPI is used to compare
the edge preservation ability of the filters and is
computed by
(33)
Where
and
represents the high pass filtered
versions of images
and , obtained with
pixel approximation of the laplacian operator.
High value of EPF indicates more edge
preservation.
J. Average Difference - AD is the mean difference
between original and filtered image divided by the
size of the image. Its maximal value corresponds
to dissimilar image and its minimal value
corresponds to similar images. It is calculated as
follows:
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(34)
K. Speckle Index - SI is a measure of speckle
reduction in terms of average contrast of the
image. Lower value of SI corresponds to improved
image quality. The SI is defined as follows:
(35)
where σ (i, j) and µ (i, j) are the standard deviation
and mean corresponding to a neighbour domain,
respectively.
VII.

CONCLUSION

Ultrasound imaging is an extensively used medical
modality, but this coherent imaging technique suffers
from speckle noise which limits the visual perception
of the image and masks the boundaries of the tissues.
It affects the accuracy of automated computer-assisted
image processing techniques such feature extraction,
analysis and recognition etc. The widespread use of
ultrasound imaging as a diagnostic tool necessitates
the need of suppressing speckle noise to provide the
good quality images to the medical practitioner.
Various techniques have been developed for speckle
reduction in spatial and transform domain. This paper
provides a brief collective review of some of speckle
reduction techniques for ultrasound images and
various performance assessment metrics these
techniques in a single paper for the ease of researchers
in the field of image processing.
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