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1. Introduction 

Since speed of sound (SOS) reflects tissue 
characteristics and is expected as an evaluation 
index of elasticity and water content, noninvasive 
measurement of SOS is eagerly anticipated. 
However, it is difficult to measure the SOS by using 
ultrasound device alone, because the ultrasound 
device measures the time of flight (TOF) as it is 
well known. Therefore, we have presented 
noninvasive measurement method of SOS using 
ultrasound (US) and magnetic resonance (MR) 
images. This method determines the longitudinal 
SOS based on the thickness measurement using the 
MR image and the TOF measurement using the US 
image, as follows. 

 
Cvivo = 1530 × MR-thickness / US-thickness  (1) 

 
The accuracy of SOS measurement is 

affected by the accuracy of image registration and 
the accuracy of thickness measurements in the MR 
and US images. This study addresses the accuracy 
improvement in the latter thickness measurement, 
and presents a image processing-based method for 
improving the accuracy of thickness measurement. 
The method was investigated by using in vivo data 
obtained from the tissue-engineered cartilage 
implanted in the back of rat.  
 
2. Materials and Methods 

All animal procedures were approved by the 
Animal Care and Use Committee of our institution. 
12- and 18-week-old male F344/NJcl-rnu/rnu rats 
were used. In the back of rat, the different type of 
tissue-engineered cartilage (#1 to 5, n = 6 for each 
type) was subcutaneously implanted. Under 
anesthesia, MR and US images including same 
cross-sections were acquired separately, by using a 
2.0-T Biospec 20/30 System with a B-GA20 
Gradient System (Bruker, Karlsruhe, Germany) and 
an ultrasound diagnosis device (Hitachi, EUB-8500, 
Japan) with a center frequency of 13 MHz, as 
shown in Fig. 1.  
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Fig. 1 Setup for acquiring images by using MRI and US 
devices. 
 
3. Accuracy Improvement Based on Image 
Processing 

Figure 2(a) and (b) show the T2-weighted 
MR image and the profile determination process for 
thickness measurement in the MR image. Fig. 2(b) 
is a sinogram, which is obtained by rotating profiles 
passing through the center of cartilage in the MR 
image. Here, high-contrast and horizontal band 
region around “Center” corresponds to the cartilage 
region. After obtaining the sinogram, a rotation 
angle is determined so that the thickness of 
cartilage is minimized, and then a profile for 
thickness measurement in the MR image is 
determined as shown in Fig. 3.  

On the other hand, as shown in Fig. 2(c), the 
boundary of cartilage in the US image is unclear. 
Therefore, the displacement difference between 
skin and cartilage when the US probe moves on the 
skin laterally was utilized for the boundary 
detection. The displacements of skin and cartilage 
on the US image were measured by the sum of 
absolute difference (SAD) method, and traced and 
accumulated. As the result, the cartilage region is 
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the receiver. The bent-ray is traced step by step using 
Eq.(1) until it arrivaes at the ring transdcuer. Then 
the arrival position is recorded as the position of 
virtual receiver. The travel time of the virtual 
receiver is interpolated from that of the actual 
receiver. Fig. 2 shows the schematic diagram of 
virtual receiver technique.  

Fig. 2. Virtual receiver technique. 

3. Results 
Simulation, phantom and ex-vivo experiments 

had been conducted for validation.  

Fig. 3. Simulation results. (a) simulation model, (b) and 
(c) are reconstructed sound speed images by previoius 
and proposed methods, respectively 

Fig. 3 shows the simulation results. Fig. 3(a) is 
the simulation model which is a sound speed 
distribution map. Fig. 3(b) and (c) are reconstructed 
images by the previous actural receiver bent-ray 
method (ARBRM) and the proposed virtual receiver 
bent-ray method (VRBRM), respectively. They are 
very close to each other. Fig. 4 compares their center 
profiles.  

Fig. 4. Center profiles of simulatino results. 

Fig. 5. Phantom experiment results. (a) setup, (b) speed 
image, (c) center profiles comparison. 

Fig. 5 shows the phantom experiment results. 
Fig. 5 (a) shows the setup of the phantom scanning. 
Then, Fig. 5(b) shows the reconstructed sound speed 
image by the VRBRM. Fig. 5(c) compares the center 
profiles of speed images reconstructed by the 

previous ARBRM and the proposed VRBRM, 
respectively.  

Fig. 6 ex-vivo experiment results. (a) setup, (b) speed 
image, (c) center profiles comparison.  

Fig. 6 shows the ex-vivo expriment results. Fig. 
6(a) gives the scanning setup of ex-vivo experiment. 
Fig. 6(b) presents the reconstructed sound speed 
image by the proposed VRBRM. The center profiles 
of sound speed images reconstructed by the previous 
ARBRM and the proposed VRBRM are compared. 
Their center profiles nearly overlape each other, 
which demonstrates they are very close. 
Table1 Ray-tracing number and time cost. AR: the 
previous ARBRM; VR: the proposed VRBRM 

 Ray trace Num. Time cost (s) 
 AR VR AR VR 
Simulation 33×104  

6.5×104 
385 125 

Phantom 37×104 449 136 
Ex-vivo 34×104 417 127 

Compared to prevous ARBRM, the proposed 
VRBRM dramatically redues computational cost by 
avoiding ray linking and decreasing the number of 
ray-tracing. As Table 1 shown. the number of ray-
tracing was dramatically decreased to about 20% and 
the reconstruction time was reduced to about 30%. 
Both the ARBRM and VRBRM were implemented 
by Matlab code, and excuted on a PC with Intel(R) 
Xeon(R) Processor E5640 2.66 GHz. 

4. Conclusion 
In this study, a novel technique is proposed to 

reduce the computational cost of the previous bent-
ray reconstruction method by avoiding ray linking 
iteration and reducing ray-tracing number.  
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detected as large displacement and high-contrast 
region, as shown in Fig. 2(d). Fig. 3 also shows the 
profile extracted from the accumulated 
displacement image shown in Fig. 2(d). The 
cartilage region was clearly extracted from the US 
images. Here, profiles of Fig. 3 were interpolated 
and their amplitudes were normalized with the 
maximum amplitudes. Finally, the SOS is 
determined by the ratio of full width at half 
maximums (FWHMs) of profiles shown in Fig. 3.  

Figure 4(a) shows comparisons of SOS 
measurement accuracy. Here,“manual” means the 
SOS measured by manual boundary detection, 
“auto” means the SOS measured by the proposed 
method, and “vitro” means the SOS measured by 
pulse transmission method in the extracted cartilage 
tissue. “T1”, “T2”, and “ADC” mean that 
T1-weighted, T2-weighted, diffusion weighted 
images are used as the MR image, and “ALL” 
means the average of these three results. Figure 
4(b) shows errors of in vivo SOS measured as 
“manual” and “auto” to in vitro SOS. As the result,  
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Fig. 2 Thickness measurement on the MR and US 
images.  
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Fig. 3 Comparison of profiles obtained from the MR and 
US images. 

the proposed method substantially reduces errors of 
in vivo SOS measurement. 
 
4. Conclusion 

In this study, accuracy improvement of 
multimodal measurement of SOS was investigated 
by using the data of tissue-engineered cartilages, 
and achieved by modifications of image processing 
for thickness measurements. As a future work, the 
accuracy improvement will also be investigated in 
the more general conditions.  
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Fig. 4 Comparisons of SOS measurement accuracy. 
(“manual”: SOS measured by manual boundary detection, 
“auto”: SOS measured by the proposed method, “vitro”: 
SOS measured in the extracted cartilage tissue.) 
 


