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Ultrasonography (USG) is a widespread and powerful tool used successfully in modern 
diagnostics. The standard USG scanner reflects impedance variations within the tissue that 
is penetrated by the ultrasound pulse. Although such image provides a lot of information 
to the physician, there are another parameters which could be imaged. The attenuation 
coefficient is one of them. Imaging of attenuation seems to be a promising tool for ultrasonic 
medical diagnostics. The attenuation estimation method based on the echoes mean frequency 
changes due to tissue attenuation dispersion is presented. The Doppler IQ technique 
is adopted to estimate the mean frequency changes directly from the raw RF data. 
The Singular Spectrum Analysis (SSA) technique is used for the mean frequency trend 
extraction. The changes of the mean frequency trend are related directly to the local 
attenuation coefficient. Preliminary results of the tissue phantom attenuation coefficient 
estimation and imaging using the commercial scanner are presented. 

 
 

INTRODUCTION 
The ultrasonic imaging is non-invasive, popular and relatively inexpensive method 

of visualization of the body interior. The basic operation principles of modern ultrasonic 
scanners remain unaltered from their origin. Short wideband pulse is transmitted 
by the transducer, that aperture determines the lateral resolution of the image. The pulse 
is transmitted through the tissue and the backscattered echoes are received. The envelope 
of the echo is subsequently detected and used to produce a single line of the ultrasonic image. 
Next, the aperture moves mechanically or electronically (in case of multi-element 
transducers) and the line forming process repeats. The image consists of many lines; each 
of them corresponds to the echo envelope. Such imaging mode is called B-mode (B comes 
from the brightness, since the amplitude of echoes is coded in a brightness scale and displayed 



on a screen). The B-mode image reflects the distribution of the tissue reflectivity, that 
depends on acoustical impedance variations. However, the raw radio-frequency (RF) echoes 
contain information about the tissue properties that cannot be assessed with the signal 
envelope. The attenuation of ultrasound is one of such properties with potentially substantial 
importance in medical diagnostics. It has been demonstrated that pathological tissue differs in 
attenuating properties from the healthy one. Oosterveld et al. have shown that the slope of 
attenuation coefficient, combined with statistical parameters of image texture can be used to 
diagnose the diffuse liver disease [1]. Saijo et al. employed scanning acoustic microscope to 
measure five types of gastric cancer and indicated different attenuation coefficient and sound 
speed comparing to normal tissue [2]. Bigelow et al. investigated possibility of the prediction 
of the premature delivery based on the noninvasive ultrasonic attenuation determination [3]. 
In various other publications it has been reported that pathological processes can lead 
to changes in the mean attenuation coefficient that range from several percent for cirrhotic 
human liver, through dozens percent for fatty human liver [4], or degenerated bovine articular 
cartilage [5] to over a hundred percent in case of porcine liver HIFU treatment in vivo [6] 
or two hundred percent for porcine kidney thermal coagulation [7]. These reports motivated 
us to consider the parametric imaging of the attenuation as useful the tool in medical 
diagnostic. There are two approaches to the estimation of the ultrasonic attenuation. 
The spectral difference technique that is based on a comparison of the power spectrum 
of backscattered signals before and after the wave propagation through the medium and 
the spectral shift method that uses the downshift of the pulse mean frequency caused 
by the frequency-depended attenuation. In our approach the mean frequency (MF) is directly 
evaluated from the backscatter data by means of the correlation estimator. The details of this 
approach are described in "Methods section" of this paper. Mean frequency is highly variable 
due to the random character of the backscattering RF signals [8, 9]. In this work the Singular 
Spectrum Analysis (SSA) algorithm was used to extract the mean frequency trend and 
to minimize the random variance of the estimated attenuation profile. The data were collected 
from the tissue mimicking phantom using the commercial ultrasonic scanner equipped with 
the special research module capable to acquire RF data before envelope detection.  

 

1. METHODS 
We assumed, that the attenuation in tissue can be described by the following model. 

The amplitude of the wave propagating in tissue decreases exponentially due to attenuation 
what can be expressed as  

)exp(0 xAA α−=                                                    (1) 

where A0 – initial intensity, α - attenuation coefficient and x – wave path length. 
The attenuation coefficient α depends on frequency f and in the soft tissue it has the following 
form: 
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where α1 is the attenuation coefficient at the frequency f1 (in the literature generally 
f1=1 MHz) and n for the soft tissue is close to 1 [10]. Thus, the linear relation between 
attenuation coefficient in tissue and the wave frequency is often assumed. When a short 
ultrasonic pulse propagates within the homogenous medium the dispersion of the attenuation 



coefficient results in the shift of the pulse MF. To find estimates of the attenuation from 
ultrasonic echo signals we assume that the attenuation of tissue increases linearly with 
frequency and that the backscattered signals have the Gaussian shaped spectra (Gaussian 
pulses). Then, the MF shift (f-f0) is given by [11, 12] 
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where f0 and f are MF before and after propagation respectively, σ0
2 is the Gaussian variance 

of the pulse spectrum, ∆x denotes penetrated distance and α is the attenuation coefficient. 
Gaussian pulse spectrum preserves the shape during propagation in linearly attenuating 
medium i.e. the σ0

2 is constant, and the α can be calculated from the equation (3) as 
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The attenuation coefficient α is positive, thus MF along the propagation path i. e. the MF-line 
always decrease monotonically with the penetration depth.  

To determine the MF-line we have applied the MF correlation estimator 
(I/Q algorithm). The estimator is defined by  
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where Ts is the sampling period and N is the estimator window length. The Q and I are 
quadrature and in-phase signal components. The N is very important parameter, because it is 
directly related to the resolution of the method. The Q and I are obtained by quadrature 
sampling technique. The quadrature sampling is often used in modern scanners and 
the correlation estimator is widely used in Doppler techniques [13].  

The presented technique of attenuation estimation consists of four steps. First, the raw 
RF data (Fig. 1a) are filtered with the filter that bandwidth corresponds to the bandwidth 
of the transducer. Next the estimator window moves along the filtered RF-line and 
the MF values are determined. The MF- line is created point by point (Fig. 1b). In ideal case, 
the attenuation (A) line could be enumerated directly from MF-line using the eq. (4). 
Unfortunately, the real MF-lines are highly variable and the direct use of eq. (4) results with 
the highly noised A-lines, not suitable for the attenuation imaging. Thus, in the third step 
the reduction of the MF-line random variability is required. Two techniques are used. First, 
the moving average filter averaging over adjacent MF-lines in lateral direction is applied. 
Next the Singular Spectrum Analysis (SSA) trend extraction algorithm is used. 
The exemplary, smoothed MF-line is presented in Fig 1c.  

The SSA is relatively new technique of analysis of the time series. The aim of this 
technique is the decomposition of the input data series into the sum of components which can 
be interpret as the trend, oscillatory components and the noise (non-oscillatory components). 
The major applications of the SSA technique is the smoothing of the time series, finding 
the trend, forecasting and detection of the structural changes [14-20] The SSA is the model-
free technique - there is no need to know a general function describing how the MF changes 
with the depth. Another useful feature of the SSA is its robustness to the outliers [21]. 



The SSA is easy to use – it needs only one parameter – the window length. Details of this 
technique can be found in the literature [22].  

The evaluation of the A-line from the extracted trend of MF-line by means 
of equation (4) is the last step of the presented attenuation estimation method. The coefficient 
in front of the derivative in the expression (4) can be found by the direct determination of σ0

2 
or by the measurement of the MF slope of the signal propagating in the tissue phantom with 
the known attenuation. The second approach was used in this paper. The exemplary A-line 
is presented in Fig 1d. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Fig.1. The example of RF-line (a), corresponding MF-line (b), averaged and SSA filtered MF-line (c) 
and the A-line (d). The correlation estimator window and the SSA algorithm window were equal to 

2cm. The lateral averaging over 50 MF-lines was applied 

 

2. EXPERIMENTAL SETUP 
The experimental setup consisted of the tissue mimicking phantom produced by Dansk 

Fantom Design and the commercial ultrasonic scanner ZONARE z.one ultra SmartCart 
System. The attenuation of the phantom background was equaled 0.7 dB/MHzcm. 
It contained the cylindrical volume of the 1.5 cm diameter with the attenuation coefficient 
equal to 1.1 dB/(MHzcm). The cylinder was localized at 5 cm depth and its echogenicity was 
similar to the background echogenicity. The scanner was equipped with linear VF13-5 probe. 



During imaging the scan plane was perpendicular to the cylinder axis. The pulse frequency 
was 5MHz. The scanner was equipped with the special research module (IQscan) that enables 
an access to the unprocessed RF data. The RF data were recorded during the scanning, 
transmitted to PC computer, and processed offline with the Matlab © software. 
The correlation estimator window length corresponded to 10 mm depth. Additionally, twelve 
RF scans of the phantom area with nominally uniform attenuation of 0.7 dB/(MHzcm) was 
recorded. This data were used to evaluate the coefficient -2/σ0

2  of equation (4).  

 

3. RESULTS 
In Fig 3 the averaged MF-line and the equation used to fit linearly MF data is presented. 

The slope is equal to -0.1 while the phantom attenuation coefficient was equal to 
0.7 dB/(MHzcm). That enables to determine -2/σ0

2 coefficient from equation (4) that is equal 
to -7. This coefficient was used for the attenuation estimation from the data acquire from 
the cylinder.  

 

 

Fig.2. The mean frequency trend determined from the constant attenuation area of the tissue phantom 
 
The results of a cylinder scan are presented in Fig 4. There is the B-mode image (a) 

of the cylinder and corresponding attenuation image (b). The cylinder is not well visible 
in B-mode image, because its echogenicity is similar to the background echogenicity. 
The cylinder is located approximately at 55 mm of y-axis and 25 mm of x-axis. The interior 
of the cylinder is slightly darker than the background. There is a dark "shadow" behind 
the cylinder. The shadow is visible because the ultrasounds passing the cylinder are more 
attenuated. The cylinder is well visible on attenuation image, however, its shape is distorted; 
it is not circular. The maximal value of the attenuation in the image is 1.4 dB/(MHzcm). 
The mean value of the attenuation of the object at the image depends on the size of the area 
used for averaging. For example, for an arbitrary chosen rectangle of the area 
of 8mm x 13mm (21-29mm x-axis and 52-65mm y-axis) what corresponds to the area of 
the highest brightness of the image, the mean attenuation equals to 1.1 dB/(MHzcm) what 
corresponds to the nominal attenuation of the cylinder. There are some variations of 



the background attenuation. This "noise" could results from the inaccuracy of the method, 
or from the local heterogeneity of the phantom. 

 

 
a) 

 
b) 

Fig.3. The acquired B-mode (a) and the corresponding local attenuation image 
 

4. CONCLUSIONS 

The method of parametric imaging of the tissue attenuation using commercial ultrasonic 
scanner is presented. It is based on measurements of the mean frequency changes 
of backscattered echoes received from the attenuating medium. The results proved that 
the method is capable to detect and to image the areas of different attenuation. The attenuation 
image visualize different attenuation properties of the tissue phantom better than the standard 
B-mode image. However, the attenuation image is distorted and noisy due to random 
character of the backscatter signals. The attenuation image presents different properties 
of a tissue comparing to traditional B-scan and despite poor resolution it provides additional 
information, potentially useful for the medical diagnostics.  
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