

  photonics-11-00916




photonics-11-00916







Photonics 2024, 11(10), 916; doi:10.3390/photonics11100916




Communication



Enhanced Thermoacoustic Imaging System with Parallel Ultrasonic Velocity Measurement for Distinguishing Types of Microwave-Absorbing Anomalies



Wenzheng Ding 1,2,3,* and Yao Zhang 4,*





1



School of Physics and Optoelectronic Engineering, Foshan University, Foshan 528225, China






2



MOE Key Laboratory of Laser Life Science & Institute of Laser Life Science, South China Normal University, Guangzhou 510631, China






3



Guangdong-HongKong-Macao Joint Laboratory for Intelligent Micro-Nano Optoelectronic Technology, School of Physics and Optoelectronic Engineering, Foshan University, Foshan 528225, China






4



Department of Computing, Neusoft Institute Guangdong, Foshan 528255, China









*



Correspondence: dingwzh@fosu.edu.cn (W.D.); zhangyao02@nuit.edu.cn (Y.Z.)







Citation: Ding, W.; Zhang, Y. Enhanced Thermoacoustic Imaging System with Parallel Ultrasonic Velocity Measurement for Distinguishing Types of Microwave-Absorbing Anomalies. Photonics 2024, 11, 916. https://doi.org/10.3390/photonics11100916



Received: 9 July 2024 / Revised: 14 September 2024 / Accepted: 25 September 2024 / Published: 27 September 2024



Abstract

:

Microwave-absorbing suspicious objects (MASOs) found using microwave-induced thermoacoustic imaging (MTI) can be divided into two types—endogenous (such as tumors or hematoceles) and exogenous (such as calculi or foreign bodies). These have different microwave absorption or ultrasonic velocity than normal human tissue, so MTI is efficient in detecting these anomalies. However, the existing MTI techniques can only reflect morphological information, making it difficult to distinguish the type of each anomaly. In this paper, a newly enhanced MTI system composed of a multiple-element ring transducer and a parallel data acquisition system (DAS) is presented. By using ultrasonic velocity and microwave absorption measurements, where the ultrasonic velocity is mainly used as an additional parameter to reflect mechanical characteristics, the type of the detected anomaly can be identified. In our experiments, the MASO can be located through the absorption difference detected by MTI. Due to the use of multiple-element transducers and a parallel DAS, the raw data can be acquired within about 20 ms for a two-dimensional image. Additionally, the ultrasonic velocity of the MASO can be calculated from the time sequence diagram of ultrasound propagation with a maximum time error of 0.084 μs. Apart from distinguishing the type of the anomaly, the proposed ultrasonic velocity-assisted microwave-induced thermoacoustic imaging (US-MTI) system has other advantages, such as being noninvasive, and allowing rapid imaging and a large field of view, which make US-MTI a suitable modality for regular screening.
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1. Introduction


Microwave-induced thermoacoustic imaging (MTI) is an emerging imaging modality that can determine the microwave absorption coefficient of biological tissue [1,2,3,4,5,6,7,8,9]. In the past few years, a large number of works have found that MTI can detect microwave-absorbing suspicious objects (MASOs) in biological tissue, particularly breast cancer tissues [10,11,12] and foreign objects [13,14] inside the body, up to a depth of a dozen centimeters. The development of pulsed microwave sources [15,16,17], ultrasonic detectors [11,12,18], and the data acquisition system (DAS) [12] has alleviated the bottleneck in hardware devices and will propel the method further towards clinical application. With the help of the ultra-short microwave pulse generator and a ring transducer array, our group designed a real-time MTI system dedicated to imaging deep breast tumors [16]. However, the microwave absorptivity distribution cannot reflect the microwave absorption coefficient quantitatively, and as a result, the existing MTI techniques can only determine morphological information. In other words, almost all types of MASOs display similar image features apart from their shapes. Therefore, the type of MASO cannot be identified from reconstructed MTI images unless additional parameters are introduced.



Different objects each have a different ultrasonic velocity, which reflects the viscoelasticity and mass density of the object and can, therefore, serve as an identification target. Ultrasonic velocity is also a key factor in MTI, as heterogeneous components can lead to image distortion. Several groups have reported reconstruction algorithms for MTI to compensate for acoustic speed heterogeneity [19,20,21]. In one study, a practical system based on a similar reconstruction algorithm was proposed to improve the imaging quality of MTI [22], rather than to identify types of MASOs. The system employs two single-element unfocused ultrasonic transducers with a 2.25 MHz main frequency. One transducer acts as a transmitter and the other is the receiver. Due to the large size (approximately 6 mm in diameter) and low main frequency, the measurement accuracy of the transducers is poor. Additionally, the rotation of the single-element transducers wastes a lot of time, and the complex imaging algorithm further worsens the situation.



Generally speaking, MASOs inside the human body can be divided into endogenous types (e.g., breast tumors) and exogenous types (foreign objects). Compared to normal tissue, they both have different microwave absorptions, so MTI is able to characterize their margins. However, this information is inadequate for medical staff to determine the next step—after all, not all MASOs need to be cleared or biopsied. In this paper, a newly developed MTI system composed of a multiple-element ring transducer and a parallel data acquisition system (DAS) is presented. As well as increasing the array element number to improve the detection sensitivity, we employed a smaller point sound source (0.1 mm iron needle) to improve the measurement accuracy (which will produce an ultrasound with a high signal-to-noise ratio under the excitation of pulsed microwaves). In our experimental system, MTI and sound speed measurement can be realized simultaneously in the same excitation system and data acquisition system. The ultrasonic velocity is acquired as an additional parameter to determine the category of the component of the MASO. The proposed ultrasonic velocity-assisted microwave-induced thermoacoustic imaging (US-MTI) system can be potentially used as an alternative foreign body-screening modality.




2. Model and Methods


2.1. Model


Consider an ultrasound beam with a certain frequency penetrating through samples with different layers, as shown in Figure 1. Each layer has a single ultrasonic velocity, and there is a clear boundary between the different layers. The transmission time is determined by the following equation:


    t =    ∫   l 1      1   v 1    d s    +    ∫   l 2      1   v 2    d s    + ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ +    ∫   l n      1   v n    d s         l 1  +  l 2  + ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ +  l n  = l    



(1)




where ln is the thicknesses of layer n, vn is the ultrasonic velocity in each of the n layers, and l is the total transmission length.



When there are only two layers and the outer material is deionized water, vw and vs represent the ultrasonic velocity in the water and in the sample, respectively. In this case, Equation (1) can be simplified as   t =    ∫ h    1   v s    d s    +    ∫  l − h     1   v w    d s     , where l is the total transmission length, t is the transmission time calculated using the received ultrasonic signal, and h is the thickness of the sample. The parameters t, h, l, and vw are known. The solution of the simplified equation is as follows:


   v s  =   h  t −   l − h    v w       .  



(2)








2.2. Apparent Thickness and Actual Thickness


In the process of MTI image reconstruction, the parameter h may have significant calculation error due to the use of a uniform ultrasonic velocity. In other words, for a sample with a thickness h, the transmission time ts is calculated as ts = h/vs; however, if a uniform ultrasonic velocity vw is used in reconstruction, the apparent thickness in the MTI image will be h′ = hvw/vs. Therefore, the apparent thickness is usually not equal to the actual thickness and may blur or distort the image. When implementing the measured apparent thickness from thermoacoustic imaging, Equation (2) can be revised to the following:


   v s  =     v w  l +  v w   h ′  −   v w  2  t    h ′     .  



(3)







The apparent thickness h′ of the MASO is a critical parameter in the experimental suspicious area identification, which is obtained from the MTI image. The iterative steps of this method are summarized as follows: (a) fix ‘l’ and acquire the MTI signal and the time ‘t’ for the signal; (b) construct the MTI image using vw; (c) obtain an estimate of h′ from the image; (d) use Equation (3) to obtain vs from h′ and ‘t’; (e) use back projection as well as vw and vs to obtain the corrected image.




2.3. Experimental Setup


Based on the above assumptions, a US-MTI system was built. An image of the detection section is shown in Figure 2a, and a schematic diagram of the whole system is shown in Figure 2b. A Cartesian coordinate system (X, Y, Z) is used to describe the imaging scenario. A microwave generator (JH-100-40, Jiahai Co., Ltd., Changsha, China) with a main frequency of 450 MHz is used to transmit a 10 ns microwave pulse train (2~3 ns per pulse) at a max pulse repetition frequency of 100 Hz, which is controlled by a function generator. The central frequency of the 384-element full ring ultrasonic transducer (10C384-1.62*8-R100 AHA001, Doppler Ltd., Guangzhou, China) is 10 MHz, with a bandwidth of 70%. In this paper, only 1/3 of the full ring, shown in Figure 2a, is used in the US-MTI system. Further, a 0.1 mm iron needle is placed outside of the imaging region, serving as a point sound source. The h marked in Figure 2a is the width occupied by the measured sample on the ultrasound transmission path l, which can be indirectly obtained through MTI images. The transducer and the sample are immersed in water for the coupling of thermoacoustic signals. A 64-channel data acquisition system (DAS) [11,12] is used to transmit and acquire the raw MTI signals from the transducers. Afterward, the acquired signals are filtered and averaged using signal processing software on the computer. The DAS is triggered synchronously by the same function generator that is used to trigger the microwave generator. A signal frame is acquired and transmitted within 10 ms using the DAS. Finally, the signal amplitudes corresponding to each discrete point are used to reconstruct a 2D image using a back-projection algorithm [5], and at the same time, the ultrasonic velocity is calculated according to Equation (2). In this paper, all the measurements were done at room temperature (26 °C).





3. Results


3.1. Influence of Non-Uniform Ultrasonic Velocity


When the parameters l and vw are fixed, the parameter t will be linearly dependent on h, according to Equation (2). Moreover, when the ultrasonic velocity of the sample is smaller than that of water, the relationship between t and h is direct; otherwise it is a linear function with a negative slope. This relationship is verified by an experiment, as shown in Figure 3a. The velocity of ultrasound in Polyfoam (vs) is less than that of water (vw), and the velocity of ultrasound in Polymethyl methacrylate (vs) is larger than that of water (vw); therefore, as the sample thickness h increases, the Pol curve (transmission time) rises and the PoM falls. The ultrasonic velocity can be calculated using the proposed method, as long as the transmitted ultrasound is detectable, as shown in Table 1. The reference values of ultrasonic velocity for various materials are also shown in Table 1, and these are all quoted from the literature. In order to better illustrate this, an experiment was performed and the results are shown in Figure 3b. The sample used in the experiment was a rubber object with a diameter of 15 mm; the shape and size are shown in the X-ray image. Figure 3b,c were reconstructed by using 1/2 of a full ring transducer (1–192 elements) instead of the original signal. In the reconstructed image, the front arc has been accurately reconstructed; however, the arc in the opposite direction is larger than the actual size. The apparent thickness of this sample is approximately 17.3 mm rather than the actual 15 mm. As a comparison, the apparent thickness is approximately equal to the actual thickness when the ultrasonic velocity is similar to that of the surroundings, as shown in Figure 3c. Therefore, the apparent thickness is usually not equal to the actual thickness and may blur or distort the image, and using 1/3 of a full ring transducer can alleviate this discrepancy; more discussion is supplied in the Supplementary Materials.




3.2. Two-Layer Situations


In some special cases, there is a large difference in the relative velocity of the material with respect to water, and the obvious acoustic impedance in the boundary can limit the reception of ultrasound from the point source, so the thickness of the MASO is difficult to obtain. By using 1/3 of a full ring transducer (1–128 elements) on the original signal to reconstruct images, we obtained the image in Figure 4b, which shows muscle tissue with the inclusion of glass material whose ultrasound propagation speed is considerably larger than that of water.



The thickness of the glass inclusion cannot be identified from the MTI image due to the incomplete boundary information of the image. The transmission time t from the trigger to the receiving point can be obtained from the time domain signal spectrum in Figure 4c. In this experiment, vw is chosen to be 1500 m/s at room temperature, and l is fixed at 100 mm. The above results represent the identification of a type of MASO with an ultrasonic velocity considerably larger than that of water. For comparison, the reconstructed MTI image of muscle tissue without the inclusion is shown in Figure 4a and the corresponding time domain signal at t is shown in Figure 4c. As shown in Figure 4c, it can be seen that the ultrasonic signal emitted from the point sound source is received by the transducer after passing through the muscle tissue, and the signal peak appears at 65–67 μs on the time axis. This is very close to the transmission time of 66.7 μs at the same transmission distance in water, indicating that the difference in ultrasonic speed between the muscle sample being measured and water is very small.



In either case, the apparent thickness h′ can be obtained, and the ultrasound propagation speed through the MASO can be calculated according to Equation (3) when the acoustic impedance between them is not large enough to limit the reception of the ultrasonic signal. Usually, as with other biological soft tissues, the ultrasonic velocity though a tumor is similar to that of muscle tissue, while the ultrasonic velocity of polyvinyl chloride (PVC) is far less than that of muscle. In this case, the muscle tissue embedded with the tumor and the PVC is imaged by the US-MTI system, as shown in Figure 5a,b. The apparent thicknesses h′ of the tumor and the PVC are approximately 7.2 mm and 5.1 mm, respectively, which can be identified from the intensity profiles of the images in Figure 5c,d. The red vertical line is the 6dB threshold boundary [16]. The transmission times t are approximately 66.4 μs and 64.6 μs, respectively, as shown in Figure 5e. The propagation velocity through the MASO (vs) can be calculated by substituting h′ and t into Equation (3), which is 1580 m/s in the case of the tumor and 2411 m/s in the PVC; the estimated values are broadly in line with the actual situation.




3.3. Three-Layer Situations


The above experiments were conducted in a case where there were two uniform layers. In order to make a more realistic experimental model, a three-layer situation should be considered. To this end, a resected tumor has been inserted into a resected breast from a sheep, which is used to simulate the detection of breast cancer. In this experiment, the velocity of ultrasound in both the coupled water and the sheep’s breast is known, and these values are about 1500 m/s and 1540 m/s, respectively. It should be noted that the skin is not considered due to the similarity of its ultrasonic velocity to that of the breast, and its low thickness. In this case, an ex vivo sheep breast embedded with a tumor is imaged by the US-MTI system, as shown in Figure 6.



The velocity of ultrasound in the tumor is obtained by numerical calculation, as shown in Table 2. A1~A3, B1~B3, and C1~C3 represent different sound transmission paths in the experiment, which are marked by red lines in Figure 6. The transmission length l of all nine paths is set to 150 mm, and d and h′ represent the thicknesses of the sheep breast and tumor, which can be identified from the intensity profiles of the images in Figure 6, and are approximately 100 mm and 12 mm. The variable t is the transmission time calculated using the received ultrasonic signal, and is approximately 100 μs. The mean calculated value is 1522 m/s, which is close to 1520 m/s, which is the value calculated by substituting h′, d, and t into Equation (1) in the isolated tumor situation.





4. Discussion


The velocity of ultrasound is a function of the temperature. According to the ultrasonic manual, the velocity–temperature characteristic of water can be expressed by the following formula [28]:


    c = 1402.336 + 5.03358 T − 5.79506 ×  10  − 2    T 2         + 3.31636 ×  10  − 4    T 3  − 1.45262 ×  10  − 6    T 4  + 3.0449 ×  10  − 9    T 5     



(4)




where c is the velocity of ultrasound in water (m/s) and T is the temperature (°C) [28]. Assuming that the temperature of the human body ranges from 35 to 40 °C, the velocity of ultrasound can range from 1519.7 to 1528.8 m/s [28]. Thus, the error produced by temperature difference is less than 10 m/s, and can be ignored. Similar situations exist in other materials. In this paper, sample experiments were done at room temperature (26 °C), where the velocity of ultrasound in water was about 1499.2 m/s according to Equation (4). It is, therefore, reasonable to take 1500 m/s as the velocity of ultrasound in water. In order to obtain more accurate measurements, temperature measurement can be introduced in the future.



The parameters l and vw can be accurately measured for the calculation of velocity using Equation (2); therefore, the accuracy of parameters t and h is vital in calculations of ultrasonic velocity. Generally speaking, the accuracy of t is mainly dependent on the frequency of the ultrasonic transducer and can be expressed as Δt~0.5/f = 0.05 μs. Another source of error in the estimation of t is the size of the ultrasound point source D [29,30,31], which can be expressed as Δt~0.1D/v = 0.034 μs, where v is velocity of ultrasound through the point source. Thus, the maximum theoretical error in the estimation of t for the US-MTI system is approximately 0.084 μs.



The implementation of the proposed method is based on two conditions; one is to receive the ultrasound from the point source with a signal-to-noise ratio of no less than 6 dB. The transmittal attenuation of ultrasound with a frequency of several MHz can be neglected in a homogeneous medium, but the reflections can weaken the received signal. When there is a larger acoustic impedance difference between the MASO and the normal tissue, such as in the cases of glass and metal, no ultrasonic signal will be received; therefore, the MASO can be considered as a foreign body with a high acoustic impedance difference, as in Figure 4b. Another condition is the existence of a time difference between the imaging area with and without the MASO. The time difference can be calculated from Equation (2):


  Δ t = h (   1   v s     −   1   v w     )  



(5)







Therefore, the sensitivity of the measurement is highly dependent on the thickness and the ultrasonic velocity to be measured. Additionally, the measurement is more accurate with a thicker MASO. Considering the experimental US-MTI system as an example, the maximum error of t is approximately 0.084 μs and the ultrasonic velocity vw is estimated as 1500 m/s. When the thickness h is 10 mm, the minimum detectable difference between vs and vw is approximately equal to 20 m/s for the worst estimate, and when h is 5 mm, that value will increase to about 40 m/s. Therefore, in future, the accuracy can be significantly improved by using a high-frequency transducer and a small sound point source. The resolution of MTI can reach hundreds of microns [15]. Thus, the smallest anomaly that can be detected in MTI can theoretically also reach hundreds of microns. On the other hand, the accuracy of ultrasonic velocity measurement decreases with the decreasing of size of the anomaly. In the present system, when the size of the anomaly is 5 mm, the inaccuracy will reach 40 m/s, which can be regarded as the maximum tolerable value. The existence of errors in the velocity measurement leads to an inability to exactly determine the materials with velocity differences within the error range. In future, using a high-frequency detector and a small ultrasound point source will improve the accuracy of detection, reducing the smallest measurable size of an anomaly to some extent.



The US-MTI system possesses the advantages of fast data acquisition and data processing. By using multiple-element transducers and a parallel DAS, the raw data can be acquired within about 20 ms for a two-dimensional image [12]. Additionally, as a result of the back-projection algorithm, without an iterative process, the data processing can be completed within about 5–10 ms. When multilayer (<30) data are needed, the whole processing time can be reduced to less than 1 s. The reduction of detection time is conducive to reducing the exposure time to microwaves, so patients can be physically and psychologically comfortable. Therefore, the proposed system can be used for regular systemic screening.



A key concern regarding the use of MTI for biological tissue is the radio frequency electromagnetic waves’ safety, based on the maximum permissible exposures (MPE) recommended by the Institute of Electrical and Electronics Engineers (IEEE) [32]. The MPE is dependent on pulse width, power density, repetition frequency, exposure duration, and the tissue type exposed. For exposures in controlled environments, the peak value of the mean squared field strength should not exceed the average power density (20 mW/cm2) at frequencies between 300 MHz and 6 GHz, according to the IEEE standard. With the present microwave source, the energy density of a single pulse is estimated to be about 15 to 360 μJ/cm2 [16]. At 10 pulses per second, which is the most commonly used repeat frequency, the power density is about 0.15 to 3.6 mW/cm2, which is less than the IEEE standard. For the microwave range, with frequencies between 300 MHz and 300 GHz, the photon energy is 1.24 × 10−6 eV to 1.24 × 10−3 eV, which is much less than the bond dissociation energy of protein, so the ionization effect in this case is extremely weak.




5. Conclusions


In this paper, a US-MTI system is presented that measures ultrasonic velocity as an additional parameter to determine the category of MASOs. The system allows for simultaneous MTI and ultrasonic velocity measurements within the same excitation and DAS, enhancing measurement accuracy while significantly reducing data acquisition and processing time. In our experiments, the system successfully demonstrated its ability to distinguish between exogenous anomalies (with ultrasound velocities markedly different from those of biological tissue) and endogenous anomalies (with ultrasound velocities similar to those of biological tissue). This enhanced MTI system, with its multi-parameter features, enables rapid diagnosis and identification of microwave-absorbing abnormal regions, greatly aiding diagnostic personnel in making informed decisions for further treatment planning.
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Figure 1. The model of the measurement of ultrasonic velocity. 
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Figure 2. (a) A photograph of the detection section. (b) A diagram of the whole experimental setup. 
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Figure 3. (a) The transmission time along with the sample thickness, h, of two kinds of materials—Polyfoam (Pol) and Polymethyl methacrylate (PoM). The velocity of ultrasound in Polyfoam (vs) is less than that of water (vw), and the velocity of ultrasound in Polymethyl methacrylate (vs) is larger than that of water (vw), so the Pol curve is rising, and the PoM is falling. (b,c) The reconstructed MTI images of the sample (a rubber) with/without ultrasonic velocity difference (5% Agar). The inset images are the X-ray images of the sample. The error bars were added based on the triplicate samples and our measurements. 
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Figure 4. (a) The reconstructed MTI images of muscle tissue (a) without and (b) with glass inserted are displayed. (c) The MTI signal is generated by the point absorber in the geometric center, and transmitted along the two red lines of (a) and (b), respectively. (NA: not available, without the glass inserted). 
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Figure 5. (a) The MTI image of muscle tissue with a PVC insertion. (b) The MTI image of muscle tissue with a tumor. (c,d) The intensity profiles extracted from (a,b) along two red lines passing through the sample center. The apparent thicknesses of the MASOs in the MTI images have been marked. (e) The MTI signal generated by the point absorber in the geometric center transmitting along the two red lines of (a) and (b), respectively. 
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Figure 6. The MTI image of a sheep breast embedded with a tumor. The nine paths marked by red lines represent the different sound transmission paths in the experiment. A1–C3: the sound transmission paths. 
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Table 1. The velocity of ultrasound (Refs. [23,24,25,26,27,28]) for various materials.
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Materials

(26 °C)

	
Velocity of Ultrasound (SD) (m/s)




	
Used in the Literature

	
Calculated by This Work






	
Softwood

	
523~590

	
545 (7)




	
Rubber

	
1152~1272

	
1182 (9)




	
Polyfoam

	
1285~1388

	
1328 (6)




	
Mineral oil

	
1322~1467

	
1337 (13)




	
Polyvinyl chloride

	
2329~2520

	
2388 (9)




	
Water

	
1511

	
1502 (5)




	
Fat

	
1468~1487

	
1469 (6)




	
Muscle

	
1568~1600

	
1586 (9)




	
Breast tumor

	
1470~1513

	
1510 (9)








The velocity of ultrasound (Refs. [23,24,25,26,27,28]). SD: standard deviation.













 





Table 2. A list of parameters for the process of calculating.
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A1

	
A2

	
A3

	
B1

	
B2

	
B3

	
B1

	
B2

	
B3






	
 l  (mm)

Setted

	
150

	
150

	
150

	
150

	
150

	
150

	
150

	
150

	
150




	
 d  (mm)

Measured

	
98

	
92

	
114

	
100

	
89

	
94

	
102

	
89

	
117




	
   h ′    (mm)

Measured

	
8

	
12

	
9

	
10

	
15

	
13

	
14

	
10

	
12




	
 t  (μs)

Measured

	
100.6

	
98.1

	
99.7

	
99.2

	
96.2

	
97.5

	
96.7

	
99.5

	
97.7




	
   v s    (m/s)

Calculated

	
1521

	
1511

	
1507

	
1522

	
1531

	
1551

	
1514

	
1523

	
1524




	
    v ¯  s    (m/s)

Calculated

	
1522 (13)








l: transmission length; d: thicknesses of sheep breast; h′: thicknesses of tumor; t: transmission time; vs: ultrasonic velocity of tumor; and SD: standard deviation.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
Point sound source

Transducers

Transducers

Water
/

Sample

Microwave
generator

Pulsed microwave®™ =~

—

Multiplexer

:

Acquisition
system

;

Computer






nav.xhtml


  photonics-11-00916


  
    		
      photonics-11-00916
    


  




  





media/file2.png
Layer Layer Layer Layer Layer Layer Layer Layer Layer Layer
2 3

n~4 n-3 n-2 n-1 n

Ultrasonic

4 5
) .. receiver
Ultrasonic transmission

1
Point
sound
source

1],V| 12,V2 l3,V3 14,V4 15,V5 111—4av|1—4 ln-3,Vn-3 ln-2avn-2 ln—lavn-l lnavn






media/file13.png





media/file5.jpg
75

=70
Ees
£ o0
g P V>V,
= 55
50
(@ 0 10 20 30 40

h (mm)






media/file3.jpg
(a)

Point sound source.

Trans