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 This study aims to improve the accuracy of complex shear modulus imaging 

(CSMI), a technique used to assess the elasticity and viscosity of soft tissues, 

essential for analyzing tissue structure and detecting tumors. CSMI methods 

are primarily divided into quasi-static and dynamic approaches, with the 

dynamic method estimating the complex shear modulus (CSM) by 

combining particle velocity measurements with force excitation. However, 

CSM estimation is vulnerable to errors from noise and the estimation 

method itself. To address noise, various filtering techniques are commonly 

applied. Additionally, errors from the estimation process can be minimized 

using approaches like frequency combination methods. In this research, we 

introduce an enhanced frequency combination method that substantially 

increases the accuracy of CSM parameter estimation, leading to higher-

quality CSMI outcomes. The proposed method achieves the lowest 

estimation error and the highest Q-index value compared to previous works. 

The proposed approach offers a valuable advancement in soft tissue 

imaging, supporting more reliable and precise diagnostic capabilities. 
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1. INTRODUCTION 

The assessment of soft tissue elasticity and viscosity is crucial for diagnosing and understanding 

various medical conditions, such as liver fibrosis and tumors. complex shear modulus imaging (CSMI) offers 

a method to quantify these mechanical properties, improving the diagnostic quality of tissue structure 

imaging. However, two main sources of error exist in estimating the complex shear modulus (CSM): noise 

and the limitations of the estimation methods. Although various filtering techniques address noise, improving 

the accuracy of CSM estimation methods-particularly with frequency combination techniques-remains a 

significant challenge. Current single-frequency methods do not optimally leverage the propagation 

characteristics of shear waves at different frequencies, which hinders precise measurement across different 

spatial regions within the tissue. 

Several studies have contributed to the development of CSMI and elastography. In the beginning, 

shear wave elastography imaging (SWEI) was used to provide additional medical diagnosis data [1]–[12]. 

Afterwards, Youk et al. [13] reported that SWEI offers notable benefits over alternative imaging modalities 

https://creativecommons.org/licenses/by-sa/4.0/
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in terms of quantitative imaging and tissue elasticity contrast. Ferraioli et al. [14] demonstrated the use of 

shear waves in elastography to evaluate liver disease stages in 2014. SWEI equipment is now sold 

commercially. Nevertheless, it is uncommon to find equipment that can image both viscosity and elasticity.  

To ascertain the qualities of these tissues, it is necessary to estimate the shear wave propagation 

velocity in tissues at one or more frequencies. This can be accomplished in a number of methods, including 

deep vibration as a mechanical force, surface vibration, and sonic radiation [15]–[19]. Huy et al. [20] used a 

vibrating needle to obtain the shear wave propagation, according to. One method to compute the CSM 

directly is to apply the Helmholtz algebra inversion transformation [12]. 

Despite advancements, several issues persist, particularly in improving the accuracy of CSM 

estimation at varying distances from the excitation source. High-frequency waves can accurately measure 

mechanical properties near the excitation source but suffer from attenuation in more distant regions. 

Conversely, low-frequency waves offer better accuracy in distant regions but lack precision near the source. 

Current methods fail to balance these trade-offs, leading to suboptimal CSMI results, especially in 

heterogeneous tissue environments. This manuscript addresses the gap by developing a dual-frequency 

combination method that adjusts for varying spatial distances. 

This work introduces a novel approach to CSM estimation by combining data from two activation 

frequencies (100 Hz and 150 Hz) to enhance imaging quality and accuracy. The proposed method identifies a 

spatial threshold that allows for optimal use of low-frequency data in distant regions and high-frequency data 

near the excitation source. This spatially adaptive frequency combination technique minimizes errors, 

providing improved 2D reconstructions of elasticity and viscosity across tissue regions. Unlike previous 

methods that either relied on single frequencies or non-optimized frequency combinations, this method 

integrates both effectively, reducing CSM estimation errors in both near and far-field areas. 

The subsequent sections describe the method and experimental setup in detail. The method section 

outlines the technical implementation of the frequency combination technique, including the mathematical 

models and simulation parameters. The results section presents an analysis of the performance improvements, 

showcasing the reduction in estimation errors and the enhanced image quality achieved with the dual-frequency 

method. Lastly, the discussion and conclusion sections evaluate the broader relevance of the proposed 

technique, emphasizing its potential applications in medical diagnostics and future research directions. 

 

 

2. METHOD 

This section outlines the experimental setup, procedures, and algorithms used to implement the 

dual-frequency combination method for CSMI. The approach is designed to improve estimation accuracy by 

leveraging both high and low-frequency data, and it is structured to allow replication of results. The method 

is grounded in theoretical models of shear wave propagation and experimentally validated using simulations 

of soft tissue environments. The following steps outline the key procedures used in the study. 

 

2.1.  Experimental setup 

The experimental system consists of two main components: the excitation source and the imaging 

transducer [21]–[24]. A steel needle, acting as the excitation source, vibrates at two specific frequencies 

(100 Hz and 150 Hz) to generate shear waves that propagate through the tissue. The imaging transducer, 

typically an ultrasound probe, detects the movement of particles in the shear waves and calculates their 

velocity using Doppler technology in Figure 1. This setup mimics real-world tissue environments where 

shear waves interact differently at various distances from the excitation source. 

The region of interest (ROI) is a two-dimensional (2D) tissue model, where the mechanical 

properties of soft tissue, such as elasticity and viscosity, are varied. A tumor is simulated within the tissue to 

reflect practical diagnostic scenarios. The transducer measures the shear wave velocity across the tissue, 

which provides information crucial for estimating the CSM. 

  

2.2.  Theoretical justification and novel approach 

Standard single-frequency methods often struggle to accurately estimate mechanical properties 

across different spatial locations due to trade-offs between wave attenuation and propagation. High-

frequency waves (150 Hz) provide better results near the needle, while low-frequency waves (100 Hz) 

perform better in distant regions. To address these challenges, this study proposes a novel dual-frequency 

combination method that optimally merges the data from both frequencies based on a spatial threshold. 

According to the mathematical perspective, the CSM represents quantitative data regarding the 

characteristics of soft tissues as (1): 

 

𝜇 = 𝛼 − 𝑖𝜔𝛽,      (1) 
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where the Kelvin-Voigt model calculates viscosity (β) and elasticity (α). Keep in mind that the needle is at 

(0,0). ω=2πf, f (Hz) is the excitation frequency, determines the value of μ. Accurate CSM estimation close to 

the needle is made possible by higher stimulation frequencies, which cause shear waves in the tissue to 

propagate more quickly. Higher frequencies, however, may also cause shear waves to propagate through the 

tissue with greater attenuation, which makes it more difficult to quantify stiffness precisely in areas that are 

farther away from the needle. Lower excitation frequencies cause waves to propagate more slowly yet 

improve estimating performance in far-off locations. As a result, the double-frequency stimulation method 

used in this work uses frequencies of 150 Hz and 100 Hz. Our algorithm is outlined in Figure 2. 
  
 

  
  

Figure 1. Data collection and excitation for the 

suggested shear wave estimating system 

Figure 2. Proposed algorithm 

 
 

 

When the needle, powered by an actuator running at a frequency of f1, can be represented by [25], 

the CSM is estimated. 

 

𝛼1(𝑥, 𝑦) = 𝑅 {
−𝜆𝜔1

2𝑉𝑧(𝑥,𝑦,𝜔1)

𝛻2𝑉𝑧(𝑥,𝑦,𝜔1)
} (2) 

 

and 

 

𝛽1(𝑥, 𝑦) = 𝛪 {
−𝜆𝜔1𝑉𝑧(𝑥,𝑦,𝜔1)

𝛻2𝑉𝑧(𝑥,𝑦,𝜔1)
} (3) 

 

Likewise, using a higher frequency of f2=150 Hz for the remaining excitation time resulted in: 
 

𝛼2(𝑥, 𝑦) = 𝑅 {
−𝜆𝜔2

2𝑉𝑧(𝑥,𝑦,𝜔2)

𝛻2𝑉𝑧(𝑥,𝑦,𝜔2)
} (4) 

 

and 
 

𝛽2(𝑥, 𝑦) = 𝛪 {
−𝜆𝜔2𝑉𝑧(𝑥,𝑦,𝜔2)

𝛻2𝑉𝑧(𝑥,𝑦,𝜔2)
} (5) 

 

where 𝑉𝑧(𝑥, 𝑦, 𝜔1) and 𝑉𝑧(𝑥, 𝑦, 𝜔2) are Fourier transforms at ω1 and ω2. The term ∇2𝑉𝑧(𝑥, 𝑦, 𝜔1) denotes the 

Laplace operator of 𝑉𝑧(𝑥, 𝑦, 𝜔1); and ∇2𝑉𝑧(𝑥, 𝑦, 𝜔2) denotes the Laplace operator of 𝑉𝑧(𝑥, 𝑦, 𝜔2). 
As shown in Figure 2, setting up the simulation's required settings is the initial stage. Time intervals, 

frequencies, spatial locations, and other components of the simulation process will all be defined by these 

parameters. In the second step, the needle is vibrated at a frequency of 100 Hz from the start of the simulation (t=0) 

until 0.5 T. A key component of the modeling process is the needle's oscillation at this particular frequency. 

The needle vibrates once more in the third step, but at a frequency of 150 Hz this time (from 0.5 T to T). The 

measured particle velocities undergo noise removal to ensure cleaner signals for analysis. Subsequently, the 

cleaned velocities from the first and second excitation frequencies are used to estimate the CSM for each 

dataset. The third step involves estimating the CSM α1 β1 at each location using the f1 dataset and  

Algorithm 1 ((2) and (3)). Similarly, in the fourth step, the focus is on estimating the CSM α2 β2 at each 

location using Algorithm 1 ((4) and (5)). 

In step 5, we explore the estimated CSM (α1 β1) and (α2 β2) in order to find the optimal threshold 

d0 as shown in Figure 2. The minimum value of d0 is 0 (near the needle) and the maximum one is dmax (end of 

the ROI). A For-Loop will be used to scan the value of d0 in order to minimize the average of relative errors 
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in (6). This approach seeks to obtain accurate CSM estimation close to the needle as well as far from it by 

taking into account the trade-off between excitation frequency and wave propagation properties. Ultimately, 

the 2D-CSM image is reconstructed using the determined (α, β) values. 

To assess how well the proposed method estimates 2D CSMs, an error parameter is given (6): 
 

𝜖𝛼 =
1

𝑀×𝑁
∑ ∑

𝛼𝑖,𝑗−𝛼̂𝑖,𝑗

𝛼𝑖,𝑗

𝑁
𝑗=1

𝑀
𝑖=1 ,  

 (6) 

𝜖𝛽 =
1

𝑀×𝑁
∑ ∑

𝛽𝑖,𝑗−𝛽̂𝑖,𝑗

𝛽𝑖,𝑗

𝑁
𝑗=1

𝑀
𝑖=1 ,  

 

where 𝜖𝛼 and 𝜖𝛽 represent the normalized errors for the estimated 2D elasticity and viscosity fields, respectively. 

𝑀 × 𝑁 is the total number of pixels in the image (image size). 𝛼𝑖,𝑗, and 𝛼̂𝑖,𝑗 denote the ideal and estimated 

elasticity values at location (i, j). Similarly, 𝛽𝑖,𝑗 and 𝛽̂𝑖,𝑗 represent the ideal and estimated viscosity values. 

Another way to assess performance is by using the universal image quality (Q) index. This metric 

quantifies image distortion by considering three key factors: correlation loss, changes in brightness 

(luminance distortion), and changes in contrast. 
 

𝑄 =
4𝜎𝑥𝑦.𝑥̄.𝑦̄

(𝜎𝑥
2+𝜎𝑦

2)[(𝑥̄)2+(𝑦̄)2]
 (7) 

 

where 𝑥̄ and 𝑦̄
 
are the mean of the original image and the reconstructed one, respectively; 𝜎𝑥

2 and 𝜎𝑦
2 are the 

variances of x and y; and 𝜎𝑥𝑦 is the covariance between x and y. 

 

2.3.  Validation and reproducibility 

The experimental setup is validated through a series of simulations using a 120×120 mm tissue 

model in Figure 3. In our simulation a vibrating needle was positioned at the upper left corner of the tissue, as 

shown in Figure 3(a). Figure 3(a) also shows the elasticity images reconstructed using 100 Hz data;  

Figure 3(b) presents the images reconstructed using 150 Hz data; Figure 3(c) depicts the mixed-frequency 

reconstruction without applying the optimal threshold; and Figure 3(d) demonstrates the combined-frequency 

reconstruction with the optimal threshold.  
 

 

    
(a) (b) (c) (d) 

 

Figure 3. CSMI for four scenarios; (a) displays the elasticity pictures that were reconstructed using 100 Hz 

data, (b) displays the images that were reconstructed using 150 Hz data, (c) displays the mixed frequency 

reconstruction that did not use the ideal threshold, and (d) displays the combined frequency reconstruction 

with the optimal threshold d0 
 

 

The tumor itself had a radius of 20 mm. The elasticity of the surrounding tissue was set to be  

6000 Pascals (Pa), with a viscosity of 1.2 Pascals-seconds (Pa·s). The tumor was slightly stiffer, with an 

elasticity of 9000 Pa and a viscosity of 1.8 Pa·s. The density of the entire tissue was set to 1000 kg/m³. The 

algorithm is applied to estimate the CSM and reconstruct 2D images of the tissue's mechanical properties. 

The results are compared with ideal values to verify the accuracy of the proposed method. The parameters 

and procedures outlined are designed to ensure that the experiment can be fully replicated. All steps, from 

data collection to image reconstruction, have been detailed to provide clarity for researchers attempting to 

confirm or extend the findings. 

 

 

3. RESULTS AND DISCUSSION 

We examined the shear wave particle velocity at uniformly spaced places within the tissue's 2D 

plane. These locations were spaced one millimeter apart in the X and Y axes, the horizontal and vertical 
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directions, respectively. Table 1 presents the investigation of the distance threshold to find the optimal 

threshold d0. The first row represent different distance thresholds, ranging from d=50:10:110. Three metrics 

are analyzed: ϵα (the normalized errors of elasticity using combined dataset), ϵα at 100 Hz (the normalized 

errors of elasticity using 100 Hz dataset), and ϵα at 150 Hz (the normalized errors of elasticity using 150 Hz 

dataset). The results indicate that there is an optimal threshold d0 around 90 where the error is minimized. 

The optimal threshold d0 of 90 is also obtained when analyzing of 𝜖𝛽 and Q. 
 

 

Table 1. Investigation of the distance threshold to find the optimal threshold d0 
 d=110 d=100 d=90 d=80 d=70 d=60 d=50 

𝜖𝛼 2.4661×10-4 2.3116×10-4 2.2541×10-4 2.2576×10-4 2.3000×10-4 2.3597×10-4 2.4097×10-4 

𝜖𝛼 at 100 Hz 2.4845×10-4 2.4845×10-4 2.4845×10-4 2.4845×10-4 2.4845×10-4 2.4845×10-4 2.4845×10-4 

𝜖𝛼 at 150 Hz 4.6557×10-4 4.6557×10-4 4.6557×10-4 4.6557×10-4 4.6557×10-4 4.6557×10-4 4.6557×10-4 

 

 

We first analyzed the recovered image using two individual datasets acquired at 100 Hz and 150 Hz. The 

100 Hz data revealed superior image quality in the far needle region compared to the 150 Hz data. Conversely, the 

150 Hz data provided better recovered image quality in the area near the needle. Therefore, combining the 150 Hz 

data near the needle with the 100 Hz data from the far region offers superior recovery results compared to using 

either dataset alone. This is confirmed in Figure 3(c). Furthermore, our proposed method for finding the optimal 

threshold to combine these datasets yields the best results, as demonstrated in Figure 3(d). 

Table 2 summarizes the performance of the proposed method compared to other approaches. It 

shows that the proposed method achieves the lowest estimation error. This means it produces results closest 

to the actual values, compared to methods using a single frequency or combining multiple frequencies 

without an optimal threshold. The suggested method also outperforms previous approaches in terms of  

Q-index value. The Q-index is a measure of image quality, so a higher value indicates that the proposed 

method produces images with less distortion. 
 

 

Table 2. Metrics for assessing CSM estimates 
 100 Hz 150 Hz 100 and 150 Hz data (without threshold) 100 and 150 Hz data (proposed method) 

𝜖𝛼 2.4845×10-4 4.6557×10-4 2.4097×10-4 2.2541×10-4 

𝜖𝛽 0.0017 0.0018 0.0016 0.0014 

𝑄𝛼 0.4457 0.3734 0.4457 0.4514 

𝑄𝛽 0.1710 0.2060 0.2063 0.2331 

 

 

We offer some unique benefits that differentiate our approach from other approaches in the sector 

[26]–[31]. First and foremost, our method is unique in that it only requires two datasets to be obtained, each at 

different vibration frequencies (e.g., 100 Hz and 150 Hz). With this architecture, there is no need to fit multi-

frequency data into a complicated viscoelastic medium rheological model [27]. As such, the data collection 

procedure is significantly simplified, departing from previous studies' methods, which frequently involved a 

painstaking concentration on particular frequency ranges for wave production and shear wave velocity 

dispersion measurements. Our data collection methodology's intrinsic simplicity facilitates experimentation and 

reduces error sources that may arise from more complex multi-frequency data fitting techniques. 

As can be seen from the findings shown in Figures 3(b) and (d), combined-frequency reconstruction 

performs better than traditional single-frequency stimulation techniques. This improvement demonstrates 

how employing various frequencies during the reconstruction process can lead to greater accuracy in 

capturing tissue viscosity and elasticity as well as improved image quality. These results confirm the 

suggested combined-frequency technique's superiority over the conventional single-frequency approach. 

Table 2 offers important new information on how well our suggested strategy works. In comparison to 

the single-frequency method and the combination one without optimal threshold, the suggested method yields 

the minimum estimation error, demonstrating higher accuracy in estimating the target parameters. Furthermore, 

when compared to competing methods, our suggested solution has a higher Q-index value, indicating better 

signal integrity and quality preservation. These outperform other methods in terms of performance. 

 

 

4. CONCLUSION 

This study proposes a novel frequency combination method to improve the accuracy of CSMI, 

which is vital for assessing the elasticity and viscosity of soft tissues. CSMI, used extensively in tissue 

structure research and tumor detection, operates through both quasi-static and dynamic techniques, with the 
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latter relying on particle velocity measurements and force excitation to estimate the CSM. Our proposed 

frequency combination method addresses these estimation errors effectively, thereby significantly improving 

the quality of CSM parameter estimation. The findings from this study suggest that incorporating this method 

can lead to more reliable and accurate CSMI, advancing its application in medical diagnostics and research. 

In the future work, we will investigate how the method can be integrated into clinical settings for real-time 

diagnosis and monitoring of tissue conditions. 
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