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Abstract

Speckle noise in ultrasound imaging poses significant challenges by degrading image quality and affecting
diagnostic precision. This study evaluates and compares the performance of established despeckling algorithms,
including Lee, Kuan, Frost, Non-Local Means, and PMAD filters, as well as advanced techniques such as Fourth-Order
Partial Differential Equations (PDEs) and a novel hybrid method combining Sticks filters with Fourth-Order PDE.
Quantitative assessment was performed using metrics such as Peak Signal-to-Noise Ratio (PSNR), Mean Squared
Error (MSE), Equivalent Number of Looks (ENL), Structural Similarity Index (SSI), Signal-to-Mean Power Index
(SMPI), and computational efficiency. Among the evaluated methods, the Lee filter achieved the highest PSNR of
25.05 dB, demonstrating effective noise suppression while preserving the details of the image. The combination of
Sticks and Fourth-Order PDE achieved the highest ENL of 0.0331, indicating superior smoothing in homogeneous
regions and enhanced contrast. While PMAD exhibited superior speckle suppression with a minimal MSE of 886.49,
it introduced slight blurring, compromising structural details. Visual inspections revealed that the hybrid Sticks
and Fourth-Order PDE approach delivered exceptional edge preservation and contrast enhancement, outperforming
other filters in clinical scenarios such as thyroid nodule analysis. The results demonstrate that the proposed hybrid
method addresses critical trade-offs between noise suppression and detail preservation, offering a robust framework
to improve the diagnostic utility of ultrasound images. Future research could explore optimizing these algorithms
for real-time applications, enabling broader clinical adoption.
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1. Introduction

Ultrasound imaging is widely recognized as a non-invasive, cost-effective, and radiation-free diagnostic tool, particularly
valuable for the detection and evaluation of thyroid disorders [1, 2]. However, the intrinsic presence of speckle noise,
which originates from backscattered ultrasound signals, severely degrades image quality, complicating diagnosis and
feature extraction [3, 4]. Over the years, numerous despeckling algorithms have been proposed to mitigate this issue.
Traditional approaches, such as the Lee filter [5-8| and the Kuan filter [5, 9-12], utilize local statistical measures to
reduce noise while attempting to preserve image details. The Frost filter introduces a spatially adaptive kernel to
achieve similar objectives, while Non-local means focus on patch-level comparisons to retain finer structural details
[13-15]. Several authors [16-19] have used advanced techniques such as anisotropic diffusion and its speckle-specific
adaptations to offer selective smoothing mechanisms to preserve edges while minimizing noise. Recent developments
in fourth-order partial differential equations (PDEs) have further enhanced despeckling by leveraging higher-order
curvature information to retain image fidelity [20-24].
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Despite these advancements, many existing methods suffer from trade-offs between noise suppression, edge preserva-
tion, and computational efficiency, limiting their applicability in clinical settings [25-27]. This study addresses these
gaps by proposing a hybrid approach combining Sticks filters with Fourth-Order PDE, designed to enhance edge clarity
and contrast while minimizing speckle noise. The novelty lies in the synergy of these techniques, which offer superior
performance in quantitative metrics and visual inspection. By systematically evaluating the proposed method against
established filters, this work provides a robust framework to improve diagnostic precision in ultrasound imaging.

2. Despeckling Filters

Speckle noise in ultrasound images is modeled as multiplicative noise superimposed on the original signal [28]. The
observed image y(x,y) is expressed as:

y(z,y) = I(x,y) -n(z,y), (1)

where I(x,y) is the noise-free image and n(x,y) represents the multiplicative noise. Additive noise, although present,
has minimal impact compared to the multiplicative component.

2.1. The Lee Filter

The Lee filter takes advantage of local statistical measures, such as mean and variance, to reduce speckle noise. It uses
the Equivalent Number of Looks (ENL) to estimate noise variance and control smoothing [7, 29]. The reconstructed
image is calculated as:

Hz,y) = W(z,y) Iz, y) + 1 - W(z,y)] I(z,y), (2)
where W (z,y) is the weighting function defined as:
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Here, Cr(z,y) is the coefficient of variation for the intensity of the image and C), is the coefficient of variation of noise.

2.2. The Kuan Filter

The Kuan filter transforms the multiplicative noise model into an additive noise model using local statistics. The image
reconstruction is similar to the Lee filter [30], but the weighting function is modified as:
C2
1— =
Ci(z.y)
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This modification enhances noise reduction while preserving the details of the image. The least mean square error
(LMSE) criterion assesses the filter’s effectiveness.

W(CL‘,y) =

2.3. The Frost Filter

The Frost filter estimates the original image by convolving the noisy image with a spatially adaptive kernel [31]. The
reconstructed image is given as:

I(amy) :I(x7y)*m(x7y), (5)
where m(z,y) is the kernel defined as:
C%(I07y0)> ) (6)
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Here, k is a normalization constant, C(xzg, yo) is the local coefficient of variation, and (z,y) denotes the distance within
the kernel window. The filter preserves edges while reducing speckle noise.

m(z,y) =k - exp (-



2.4. The Non-Local Means Filter

The Non-Local Means (NLM) filter replaces pixel-level comparisons with patch-level comparisons. Calculate the
intensity in a pixel as the weighted mean of intensities across the image [32]:

L) = w(w,a;) - I(z)), (7)
JEQ

where w(x, z;) is the weight assigned to the pixel z;, based on the similarity between the patches around z and z;.

This approach effectively suppresses speckle noise while retaining fine details.

2.5. Perona-Malik Anisotropic Diffusion

Anisotropic diffusion, proposed by Perona and Malik, smooths the images selectively to preserve the edges [33, 34].
The diffusion process is governed by:

Ol (z,y;t)
ot

where V and V- denote the gradient and divergence operators, respectively, and C/(-) is the diffusion coefficient, defined
as:

=V [C(VI(I’,y,t)) : VI(I'vy;t)]a (8)

C(z) = exp (7%) , (9)

With £ as the edge threshold parameter. This method achieves noise reduction while preserving structural details.

2.6. Speckle Reduction Anisotropic Diffusion

Yu and Acton proposed a variation of anisotropic diffusion tailored to ultrasound images to specifically address speckle
noise [35]. The diffusion equation is given by:

oI(x,y;t)
ot

where g(z,y;t) is the instantaneous coefficient of variation, the diffusion rate adapts based on speckle characteristics.
This approach reduces speckle noise while maintaining the integrity of the edges and features of the image.

=V [q(xay;t) : Vj(xvy; t)]v (10)

2.7. Fourth-Order Partial Differential Equation

Using fourth-order partial differential equations, a model based on the Lo-curvature gradient. The evolution of the
image is governed by:
Ol(z,y;t)
ot

where V represents the biharmonic operator (Laplacian squared), and C(-) is the diffusion coefficient defined as:

C(x) = exp (—W) . (12)

Here, k controls the sensitivity to intensity gradients. The fourth-order PDE approach excels in retaining edges while
suppressing noise, offering a significant improvement over second-order methods.

= —V4I($; Y; t) +V. [C(Vl(xvyvt)) : Vl(xvy;t)]v (11)

2.8. Cascading Uniform Stick Filter and Fourth-Order Partial Differential Equation

The stick filter, proposed by Czerwinski et al. [36], enhances the edge information while reducing the speckle noise. The
filter operates by applying a bank of stick-shaped masks in multiple orientations, computing the average intensity for
each orientation, and replacing the pixel value with the maximum average. The process is mathematically represented
as:

gz,y) = max_[f(z,y)*si(z,y)], (13)

where f(x,y) is the input image, s;(z,y) represents the i-th stick mask, and g(z,y) is the filtered output. The filtered
image is smoothed using a fourth-order partial differential equation for enhanced despeckling and edge preservation.
The combined approach minimizes noise while retaining structural details critical for diagnostic accuracy.



Figure 1: Illustration of stick filter orientations. Each stick mask represents a possible line direction for segmentation.

3. Performance Evaluation Measure

A set of quantitative performance metrics was employed to assess the effectiveness of speckle reduction metrics to
evaluate the filter’s ability to suppress speckle noise and preserve visual detail and linear structures. While some tests
focus on noise reduction, others examine the retention of fine-grained image details. Conflicting results can arise, as
a filter that excels in noise suppression may compromise detail preservation. For this study, a speckle-contaminated
sample image was used to evaluate filter performance based on the following criteria: Mean, Mean Squared Error
(MSE), Peak Signal-to-Noise Ratio (PSNR), Equivalent Number of Looks (ENL), Structural Similarity Index (SSI),
Signal-to-Mean Power Index (SMPI), and Elapsed Time (ET). These metrics are defined as I(x,y): Original image
and Y(z,y): Denoised image. In addition, a visual quality inspection was conducted to complement the quantitative
analysis, ensuring a comprehensive evaluation of the filter’s effectiveness.

4. Results and Discussion

Various despeckling techniques’ performance was evaluated using synthetic and real-world ultrasound images. The
study incorporated a comprehensive assessment based on quantitative metrics, visual inspection, and diagnostic
relevance. Quantitative evaluation included metrics such as mean square error (MSE), peak signal-to-noise ratio
(PSNR), equivalent number of looks (ENL), structural similarity index (SSI), signal-to-mean power index (SMPI) and
elapsed time (ET). Each metric highlights a specific aspect of the filter’s effectiveness, ranging from noise suppression
to computational efficiency. For example, lower MSE values signify better denoising, while higher PSNR values indicate
superior image clarity. ENL measures the smoothness of homogeneous regions and SSI assesses the structural similarity
to the original image. The computational cost of the algorithms was captured through elapsed time.

As summarized in Table 1, the quantitative results reveal interesting insights. The Lee filter achieved the highest
PSNR, demonstrating its capacity to suppress speckle noise effectively while preserving fine image details. In contrast,
the combination of Sticks and Fourth-Order Partial Differential Equations (PDE) produced the highest ENL, reflecting
its ability to smooth homogeneous regions while maintaining edge integrity. Fourth-order PDE performed exceptionally
well in preserving the mean intensity of the image, underscoring its robustness in retaining image fidelity. While PMAD
exhibited superior speckle suppression, it introduced slight blurring, compromising finer structural detail retention.
Non-local means achieved high structural similarity scores but at the expense of significant computational overhead,
rendering it less feasible for real-time applications. Visual inspection further corroborated the quantitative findings.

Table 1: Performance Metrics for Despeckling Filters

Filter Mean MSE PSNR (dB) ENL SSI ET (s)
Lee 110.72 202.44 25.05 0.0456 0.9038 0.2431
Frost 110.84 408.43 22.04 0.0452 0.9082 11.30
Kuan 110.27 267.41 23.90 0.0473 0.8877 19.87
Non-Local 108.85 387.56 22.30 0.0437 0.9235 99.13
Means

PMAD 110.73 886.49 17.07 0.0506 0.8585 0.96
Fourth-Order 110.73 1721.28 16.00 0.0399 1.2296 5.14
PDE

Sticks + PDE  128.08 2461.20 14.23 0.0331 1.3499 5.65




The results of applying despeckling filters to synthetic and real-world images are shown in Figures 2 and 3,
respectively. The Lee filter provided a balanced trade-off between noise suppression and preservation of structural detail,
as evident in Figures 2(c) and 3(b). However, while moderately effective in reducing noise, the Frost filter struggled to
retain edge details, particularly in heterogeneous regions. Non-local means demonstrated impressive detail preservation,
but their high computational cost limits its practical application. The combination of Sticks and Fourth-Order PDE

stood out, delivering exceptional contrast enhancement and edge preservation, making it particularly suitable for
clinical scenarios requiring high diagnostic precision.

Figure 2: Despeckling results on a blood cell image with 10% speckle noise. (a) Original image, (b) Noisy image, (c)

Lee filter, (d) Frost filter, (e¢) Kuan filter, (f) Non-Local Means filter, (g) PMAD filter, (h) Fourth-Order PDE filter, (i)
Sticks combined with Fourth-Order PDE filter.
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Figure 3: Despeckling results on ultrasound thyroid nodular images. (a) Original image, (b) Lee filter, (c¢) Frost filter,

(d) Kuan filter, (e) Non-Local Means filter, (f) PMAD filter, (g) Fourth-Order PDE filter, (h) Sticks + Fourth-Order
PDE filter.



The analysis highlights critical trade-offs between computational efficiency, noise suppression, and structural detail
preservation. Filters like PMAD and Fourth-Order PDE, while computationally efficient, require careful parameter
tuning to achieve an optimal balance between smoothing and edge retention. However, the combination of Sticks
and Fourth-Order PDE demonstrated superior performance in enhancing structural clarity, albeit at a slightly higher
computational cost. These trade-offs underscore the need to align the choice of the despeckling algorithm with the
application’s specific requirements. In the context of clinical relevance, effective reduction in despeckle significantly
increases the diagnostic utility of ultrasound images. The findings suggest that while the Lee filter is well suited for
general-purpose denoising, Sticks and Fourth-Order PDE offer unparalleled advantages in applications demanding high
contrast and precise edge delineation, such as thyroid nodule analysis. This makes the latter an excellent choice for
scenarios where accurate diagnosis relies heavily on image quality and structural clarity.

5. Conclusion

This study analyzed several despeckling techniques, combining quantitative metrics and visual evaluation to assess their
performance in reducing speckle noise in ultrasound images. Filters such as Lee, Frost, Kuan, Non-Local Means, and
PMAD demonstrated their efficacy in suppressing noise. However, this often came at the expense of edge preservation
and structural detail retention, particularly in cases of significant noise reduction. Advanced techniques, including
Fourth-Order Partial Differential Equations (PDEs) and their combinations, performed better in balancing noise
suppression and edge preservation. While Fourth-Order PDEs excel in maintaining image fidelity by preserving edges,
their lower PSNR values indicate a trade-off in overall noise reduction performance. Sticks and Fourth-Order PDE
emerged as the most effective strategy among the evaluated filters. This method achieved remarkable results in reducing
speckle noise, improving edge clarity, and improving image contrast. These attributes make it especially suitable for
clinical applications such as thyroid ultrasound imaging, where diagnostic precision is critical. Future work could focus
on optimizing the parameters of these algorithms to further improve their computational efficiency and adapt them for
clinical use in real time. Additionally, exploring hybrid approaches that integrate the strengths of multiple filters may
yield even better results in detail preservation and definition.
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