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ABSTRACT  

Photoacoustic imaging holds potential in diagnosis and treatment monitoring of breast cancer, but clinical translation of 

this technology has often been hindered by bulky and expensive excitation sources. In this work, the potential of a 

portable, dual-mode multispectral LED-based photoacoustic and ultrasound system (AcousticX) in breast imaging is 

investigated for the first time. The AcousticX system comprises a linear array ultrasound probe (7 MHz) and two dual-

wavelength LED arrays (750/850 nm) placed on both sides of the probe. Two experiments were performed to investigate 

the potential of the system in imaging the breast. In the first instance, interleaved photoacoustic and ultrasound imaging 

was performed on a semi-anthropomorphic multi-layered 3D breast phantom with possibility to tune oxygen saturation 

in blood vessel structures. In the second experiment, vasculature of a healthy human breast was imaged in vivo. Skin and 

multiple vascular features along with its relative oxygen saturation are visualized using photoacoustic imaging and the 

ultrasound images offered valuable structural information including fat, fibroglandular tissue and pectoral muscles. In 

human in vivo experiments, we achieved an imaging depth of around 1.7 cm at a display frame rate of 10 Hz, the highest 

in vivo imaging depth reported in LED-based photoacoustic imaging using a 7 MHz probe. With the capability of 

providing real-time structural and functional information, AcousticX holds clinical translation potential in non-invasive 

breast imaging. 
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1. INTRODUCTION  

Breast cancer is a significant public health problem with huge societal and economic impact. It is the most frequently 

occurring malignancy with 2.3 million new cases (11.7 % of all diagnosed cancer cases) in 20201. In future, breast 

cancer incidence and mortality in developed countries are expected to be stabilized. However, developing and under-

developed countries foresee a steep growth of cases in coming years2. Imaging plays an important role in the entire 

breast cancer management path, spanning from detection to guidance of surgeries3. Gold standard modalities for breast 

imaging are X-ray mammography, ultrasound (US) imaging and Magnetic Resonance imaging (MRI), each with its own 

advantages and disadvantages. Sensitivity and specificity of X-ray mammography and US imaging are reported to be 

non-optimal. Use of ionizing radiation, poor imaging performance in dense breasts, and painful compression are the 

major problems associated with X-ray mammography, the most common breast cancer imaging technique4. US imaging 

is capable of giving real-time structural and morphological information about breast tumours with high resolution. 

However, operator variability in acquired images and false positive rates are important concerns when using US 

imaging5. Contrast-enhanced MRI is an excellent imaging modality with possibility to image tumour vasculature with 

high resolution. However, requirement of contrast agents, high cost, and low specificity are the issues associated with 

this modality in breast cancer imaging6. Early detection is the key and a cost-effective handheld non-invasive breast 

scanner with high sensitivity and specificity, which is suitable for resource-limited settings is expected to have huge 

impact globally.  
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Angiogenesis, the growth of vasculature to support the development of invasive tumours, is one of the important 

characteristics of cancer7. Angiogenesis results in enhanced blood vessel density and hypoxia (low blood oxygen 

saturation) at tumour sites because of the cancer’s outgrowth of existing neo-vasculature. Abnormal blood vessel density 

and hypoxia in and around tumour may be an early marker for breast cancer. Since haemoglobin offers excellent optical 

spectroscopic contrast, light-based imaging modalities hold good potential in breast imaging, especially when contrast 

agents are used to enhance the imaging depth8. However, pure optical imaging methods offer poor spatial resolution 

because of high light scattering in breast tissue. 

Photoacoustic (PA) or optoacoustic imaging is a hybrid modality which offers a rare combination of optical 

spectroscopic contrast and ultrasonic resolution and imaging depth9. Breast imaging is one of the most important and 

most explored clinical applications of PA imaging10. Functional parameters like increased blood vessel density (even 

without blood flow) and reduction in blood oxygen saturation (sO2) in and around deep-seated tumours can be detected 

with high resolution using PA imaging. Pulse-echo US, one of the most common imaging modalities in clinics is capable 

of providing structural and morphological details of breast tumours5. In addition, blood flow information in bigger blood 

vessels can also be obtained using US-based Doppler methods. Since both PA and US imaging relies on acoustic 

detection, it is possible to combine these two modalities in a portable scanner offering structural, morphological and 

functional information in real-time 2D measurements11. US imaging is a well-accepted clinical modality, and it is 

expected that addition of PA imaging to this will have easier clinical acceptance and accelerate clinical translation. 

Combined laser-based PA and US imaging systems has shown good potential in distinguishing breast cancer molecular 

subtypes12. However, the bulky, slow and expensive pulsed lasers used in these systems are not ideal in a resource 

limited clinical setting13. Requirement of laser-safe rooms and eye safety goggles may not be ideal when installing such 

a system in hospital. Owing to its portability, affordability and ease-of-use, use of LED’s as an alternate illumination 

source in PA imaging has been studied extensively in recent years14-22. 

In this proof-of-concept work, the potential of a portable and affordable multispectral LED-based PA and US system 

(AcousticX, CYBERDYNE INC, Tsukuba, Japan) in breast imaging is investigated for the first time. By performing 

real-time interleaved dual-wavelength PA and US imaging on realistic breast phantoms and a human volunteer, we 

validate the scope of combined LED-based PA and US in breast imaging.   

2. MATERIALS AND METHODS 

2.1 Equipment and setup 

 

Figure 1. (a) Photograph of commercial dual-wavelength LED-based PA/US imaging system (AcousticX) and (b) details of 

arrangement of LED arrays on both sides of US probe. Custom-made gel-pad is used to fill the gap between LED arrays and 

US probe to enable a completely handheld operation during human in vivo experiments.  

For both phantom and in vivo human volunteer experiments, we used the commercially available multispectral LED-

based PA/US imaging system (AcousticX, CYBERDYNE Inc, Tsukuba, Japan)19,20 (Fig. 1a). This portable system with 

a handheld probe (Fig. 1b) is capable of providing real-time interleaved LED-PA, US, and sO2 images with a maximum 

frame rate of 30 Hz.  In all experiments, we used 7 MHz linear array US probe (128 elements, fractional bandwidth: 

77%) for acoustic detection. Illumination was provided by two dual-wavelength LED arrays (wavelength: 750/850 nm, 

pulse energy: 100/200 µJ per pulse, pulse width: 70 ns) placed on both side of the US probe. These arrays are capable of 

switching between wavelengths at a rate of 4 KHz, which helps in reducing the motion-related artifacts during dual-

wavelength PA imaging. Pulse repetition rate (PRF) of the system is 4 KHz and there is ample time available to average 

multiple frames without compromising on temporal resolution. After acquisition, PA and US data are sampled at a rate 
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of 40 and 20 MHz respectively and processed further in the GPU to display interleaved pulse echo US, PA, and sO2 

images in real-time. sO2 calculation in the AcousticX system utilizes linear unmixing strategy using 750 and 850 nm PA 

images without any fluence compensation, thus providing only a relative estimate.   

2.2 Phantom experiments 

 
Figure 2. (a) Schematic of the phantom experiment for evaluating potential of LED-based PA and US imaging in breast 

imaging (Phantom, US probe and LED arrays were placed in a water tank) and (b) detailed optical and acoustic properties of 

the 3D breast phantom.  

To validate the potential of AcousticX in breast imaging, we first performed an experimental study using a multi-layered 

sophisticated breast phantom platform with semi-anthropomorphic distribution of optical and acoustic properties and 

wall-less channels for mimicking blood vessels23,24. In this 3D breast phantom, one can tune the sO2 of blood and test the 

functional imaging capability of any PA systems. Because of the breast-mimicking acoustic and optical properties of the 

tissue mimicking materials, this phantom is useful for evaluating dual-mode PA and US systems like AcousticX. For 

testing vasculature and sO2 imaging, we filled the phantom with fresh bovine blood obtained from a slaughterhouse 

(fibrisol was used as an anticoagulant) one day after butchering. Sodium hydrosulfite powder was added to the blood 

reservoir for deoxygenation of the blood. Three different levels of sO2 were used in this study (62.9%, 80.3%, and 

96.9%) and these were measured and confirmed immediately after the PA imaging experiment using a commercial 

oximeter (AVOXimeter, 1000 E, ITC). Schematic of the experimental setup is shown in Fig. 2(a) and the optical and 

acoustic properties of the phantom are included in Fig. 2(b). Multiple experiments were conducted using this phantom to 

evaluate the potential of AcousticX in obtaining structural (fat-fibroglandular tissue interface, tumour morphology) and 

functional information (vascular density, sO2) from breast tissue. The frame rates (combined US+PA) of 10 and 6 Hz 

were used for vasculature and sO2 imaging, respectively.  

2.3 Human volunteer experiment 

 
Figure 3. (a) Schematic of the breast imaging experiment on a human volunteer in which gel-pad was used for acoustic 

coupling during the handheld scanning, and (b) experimental settings and details of the volunteer.  

For validating the In vivo breast imaging potential of AcousticX, we performed imaging experiment on the left 

breast of a human volunteer (age: 31) with Fitzpatrick type IV skin. Experimental set-up and details are shown 

Proc. of SPIE Vol. 11642  116420G-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 13 Jul 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



schematically in Fig. 3(a-b) where free-hand PA and US scanning (frame rate: 10 Hz) was performed when the 

volunteer was in standing position. US gel pad was used for acoustic coupling between the breast tissue and PA/US 

probe. Main goal of this experiment was to obtain an idea about the maximum imaging depth one can achieve in 

human breast tissue in vivo, when using AcousticX. We used 850 nm LED arrays along with the 7 MHz US probe to 

probe vasculature and structural details in the breast tissue.   

3. RESULTS AND DISCUSSION 

3.1 Phantom results – Imaging breast tumour vasculature 

Figure 4(a-b) shows US and US/PA overlay images of the breast phantom. They were acquired at a location where the 

four blood vessels present in phantom’s fat layer were inside the imaging plane. In the US image,  the fat layer and fat-

fibroglandular tissue interface are clearly visualized. PA images offered good vascular detectability and all four blood 

vessels running through the fat layer are clearly visible with high contrast (red arrows). Apart from this, the phantom’s 

surface (green arrow) is also visible in the PA image caused by optical absorption in this layer of the phantom. Figure 

4(c-d) shows US and US/PA overlay images of the phantom where tumour and its feeding blood vessel fall within the 

imaging plane of the probe. The structure/volume of tumour and the large feeding blood vessel as an anechoic feature 

are visible in the US image. Once again in this case, PA image offered excellent vascular contrast by visualizing the 

large feeding blood vessel as a two-walled feature as expected in a limited-view setup. These results give a direct 

indication that LED-PA and US imaging holds potential in imaging breast tumor morphology and vascularity with high 

spatial and temporal resolution.  

 

Figure 4. (a-b) shows the US and US/PA overlay images at a phantom location where four blood vessels in the fat layer 

were visualized along with the skin and fat-fibroglandular tissue interface, (c-d) shows US and US/PA overlay images of 

another phantom location at which skin, tumor and its feeding blood vessel are in the imaging plane. Green arrow: skin, Red 

arrow: blood vessels, Yellow arrow:  Tumour, and Orange arrow: Fat-fibroglandular interface. 

 

3.2 Phantom results – PA-based sO2 imaging 

Figure 5 (a-c) shows combined PA-based sO2 and US images of the phantom where four blood vessel features are clearly 

visible in the fat layer of breast phantom at three different blood sO2 levels (62.9, 80.3 and 96.9 %). It is evident from the 
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results that the PA-based sO2 estimation was close to the actual sO2 level for all three measurements (comparison of true 

sO2 and PA-estimated sO2 is shown in Fig. 5 (d)). Ideally, at an instance, all four blood vessel features must provide 

same sO2 number. However, linear unmixing based sO2 estimation in the system does not consider depth dependent 

fluence variations and also US probe sensitivity laterally. These along with the background noise in PA images may 

have caused slight differences in the estimate of different channels. It is worth mentioning that, on an average, error in 

PA-based sO2 estimates was less than 6 %. While detecting hypoxia in malignant tumors, absolute quantification of sO2 

may not be a necessity and key factor is to get a relative estimate when compared to surrounding tissue. It is clear from 

our results that this is possible using LED-based PA and US imaging. US-informed fluence compensation methods may 

also be used in future for improving the quantitative nature of sO2 estimates in real-time19,25.  

 

Figure 5. (a-c) shows combined PA-based sO2 and US images of the phantom where four blood vessel features are clearly 

visible in the fat layer of breast phantom at three different blood sO2 levels (62.9, 80.3 and 96.9 % ), and (d) shows the 

comparison of PA-estimated sO2 and actual sO2 measured using an oximeter. Red arrow: blood vessels, Orange arrow: Fat-

fibroglandular interface. 

3.3 Human volunteer results – PA and US imaging of a healthy breast 

Figure 6 (a) and (b) shows US and US/PA overlay images of a healthy human left breast acquired using AcousticX. 

During free-hand scanning of the breast in real-time, this imaging plane was randomly selected based on the number of 

PA-features visible in the image. Just as in the phantom experiment, US image offered good structural contrast by 

clearly visualizing skin, fat, fibro-glandular tissue, and pectoral muscles, which were confirmed with clinical echo 

images of a healthy breast26. On the other hand, PA image offered vascular contrast (marked using red arrows) by 

visualizing multiple features deep inside breast tissue. PA signal from the skin surface is quite high and this is 

anticipated considering the dusky complexion of the volunteer (high melanin content is expected). Deepest PA feature 

visible was in the pectoral muscle region at a depth of around 1.7 cm, where quite a lot of blood is expected. To the best 

of our knowledge, this is the highest reported imaging depth in LED-based PA imaging when using a 7 MHz US probe. 

The depth of penetration achieved in this study is encouraging because of low optical energy used for tissue illumination 

(in µJ range when compared to tens of mJ per pulse in laser-based systems). Also, it is important to discuss that we used 

7 MHz US probe with an average spatial resolution of around 300 µm in all the experiments. We believe that such high 
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resolution is not an absolute requirement in breast cancer imaging, and we foresee to improve the imaging depth further 

by developing new low frequency broadband US probes and novel artificial intelligence-based image/data processing 

techniques27-29. 

  

Figure 6. (a) Pulse echo US image of the left breast of a healthy volunteer, and (b) US/PA overlay image displaying structural 

and vascular features. Green arrow: skin, Red arrow: blood vessels, Yellow arrow: Pectoral muscle, Blue arrow: Fat, Purple 

arrow: Fibro-glandular tissue.  

4. CONCLUSIONS AND OUTLOOK 

Results of this proof-of-concept study give a direct confirmation that LED-based PA and US imaging can provide 

structural and functional information of breast tissue until a depth of around 1.7 cm (spatial resolution: ~ 300 µm) in 

real-time and thus holds clinical translation potential in non-invasive breast imaging. A portable and affordable dual-

mode PA and US imaging system with capability to provide vascular patterns, tumour oxygen status and  morphology is 

expected to have good impact in breast cancer screening in resource limited settings. In future, we plan to improve  

illumination (more LED elements providing uniform illumination on breast target) and acoustic detection (low frequency 

probe development) strategies to increase the imaging depth.  
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