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Abstract

Photoacoustic (PA) imaging is a methodology that uses the absorption of short laser pulses by 

endogenous or exogenous chromophores within human tissue, and the subsequent generation of 

acoustic waves acquired by an ultrasound (US) transducer, to form an image that can provide 

functional and molecular information. Amongst the various types of PA imaging, PA tomography 

(PAT) has been proposed for imaging pathologies such as breast cancer. However, the main 

challenge for PAT imaging is the deliverance of sufficient light energy horizontally through an 

imaging cross-section as well as vertically. In this study, three different illumination methods are 

compared for a full-ring ultrasound (US) PAT system. The three distinct illumination setups are 

full-ring, diffused-beam, and point source illumination. The full-ring system utilizes a cone mirror 

and parabolic reflector to create the ringed-shaped beam for PAT, while the diffuse scheme uses a 

light diffuser to expand the beam, which illuminates tissue-mimicking phantoms. The results 

indicate that the full-ring illumination is capable of providing a more uniform fluence irrespective 

of the vertical depth of the imaged cross-section, while the point source and diffused illumination 

methods provide a higher fluence at regions closer to the point of entry, which diminishes with 

depth. In addition, a set of experiments was conducted to determine the optimum position of ring-

illumination with respect to the position of the acoustic detectors to achieve the highest signal-to-

noise ratio.
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1. Introduction

Breast cancer is a significant health problem not only in the United States but globally and 

was the second leading cause of cancer-related death in the United States in 2018 [1]. 

Mammography, MRI (Magnetic Resonance Imaging), and B-mode ultrasound are the three 

most common imaging modalities used for breast cancer screening [2,3]. However, each of 

these modalities has its own unique shortcomings. The sensitivity of mammography in 

detecting breast lesions decreases in women with high-density breast tissue, and high-

density breasts are considered to be more at risk for developing breast cancer [3,4]. In dense 

breasts, MRI can be used in conjunction with breast mammography to detect breast tumors 

[5,6]. Nevertheless, the operational cost and availability of MRI imaging limit the 

accessibility of this modality. Conventional B-mode ultrasound (US) is a high-sensitivity, 

non-ionizing, and low-cost tool that is widely used for screening various types of human 

tissues [7,8]. However, false positives due to ultrasound screening result in many 

unnecessary biopsies [9,10]. Therefore, a more effective breast cancer screening tool is 

sought.

Photoacoustic tomography (PAT) is an imaging methodology that uses light absorption by 

endogenous or exogenous chromophores, and subsequent US pressure wave generation for 

imaging. Photoacoustic (PA) imaging has been demonstrated to be useful for a variety of 

medical and biological diagnostic applications, including early cancer detection [11–14]. 

Biomarkers such as vascularity and hypoxia have been shown to have diagnostic value in the 

differential diagnosis of various types of cancers including breast cancer [15–17]. In 

addition, when PA is augmented with nano-sized contrast agents, it can provide a reliable 

platform for the molecular imaging of cancer and its sub-types [18–21]. In clinical 

applications, PA imaging has been shown to produce real-time molecular and functional 

information with high resolution at relevant depths [19,22].

Several PAT imaging systems with different illumination and acquisition modes have been 

developed for breast cancer imaging. However, the observed limitations of these systems are 

in part due to the non-optimum acoustic signal acquisition or illumination methodologies 

used. Our presented system is meant to be non-invasive (i.e., both illumination and 

acquisition are external), with the illumination and measurement system external to the 

imaged tissue. Our method images a cross-section inside the cylindrical US transducer array 

by illuminating the targeted area using a ring beam. Therefore, the light has to only diffuse 

half the tissue diameter that is encountered when using side illumination. Point or diffuse 

illuminations are suitable for imaging cross-sections close to the point of light entry [11,23–

27], and the given fluence drops with light propagating through the tissue towards higher 

vertical depths as shown in Figure 1. This could make it difficult to access areas close to the 

chest well.
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Other PAT imaging methods, such as the PA mammoscopy system [28], compress the tissue 

for better light penetration but can cause discomfort, or a loss of important PA biomarkers 

arises from the presence of blood by pushing the blood out of the tissue. One type of full-

ring illumination system uses an acoustically penetrable optical reflector (APOR). However, 

APORs can only support low laser energies and US transmission through the reflector is 

highly angle-dependent [29–31]. Other illumination methods for deep tissue illumination 

include internal illuminations [32,33]. However, internal illumination is difficult to develop 

for breast imaging applications. Therefore, it is vital to develop an alternative solution for 

improving the uniformity of energy distribution within the breast tissue for more accurate 

PAT imaging.

Ultrasound tomography (UST) using a ring-shaped US transducer has shown promising 

results in breast cancer screening [34–38]. In this work, PAT imaging is combined with this 

novel full ring UST system. The PA imaging modality can be easily combined with UST 

since both modalities share the same acquisition hardware. For this reason, the addition of 

the PAT to the UST is straightforward and will provide valuable functional information 

about a given tissue and is expected to improve the diagnostic capability of breast US for 

physicians.

The design of our combined UST/PAT imaging system has been previously presented [39–

42]. This setup uses a ring illumination in conjunction with a ring US transducer for 

combined UST/PAT imaging. The ring-shaped beam in this system is generated by using a 

cone mirror and a parabolic reflector. This work specifically compares three different 

illumination methodologies for PAT imaging: full-ring, diffuse, and point illuminations. 

Using new findings from the three methods, it aims to show that full-ring illumination is the 

most effective method for creating PAT images due to its inherent cross-sectional fluence 

uniformity across vertical imaging depths (Figure 1). This is especially important for breast 

cancer screening when imaging close to the chest wall proves difficult.

The three illumination methods are compared by imaging a three-layer polyvinyl chloride 

(PVC) tissue-mimicking phantom to gauge the advantages and disadvantages of common 

PAT imaging techniques. The experiments presented in this paper also all use the same data 

acquisition system and settings. Comparisons are made between PAT amplitudes for each 

cross-section and illumination methodology. Furthermore, the optimum position of the ring 

beam with respect to the targeted cross-section is examined.

2. Material and Methods

2.1. UST/PAT Acquisition System

A 200 mm diameter, 256-element ring US transducer (Analogic Corporation, Canada) with a 

center frequency of 2 MHz and bandwidth of 60% was used for all data acquisition. The 

presented system has a measured lateral resolution of 1 mm as determined by measuring a 

200 micrometer light-absorbing string. This transducer has an element pitch of 2.45 mm and 

a height of 9 mm. The scattered US waves from a PA imaging event are recorded by all 256 

elements using a sampling frequency of 8.33 MHz. As shown in Figure 2a, the US ring 

transducer is housed in an acrylic tank and is supplied with degassed, distilled water. During 

Alijabbari et al. Page 3

Appl Sci (Basel). Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PAT imaging, the ring US transducer uses a 10 dB linear, time gain compensation (TGC) for 

acquiring the data, which is designed to optimize the signal-to-noise ratio (SNR) for the 

given phantom.

2.2. Laser Source and Light Illumination Schemes

A tunable, 10 nanoseconds pulsed laser (Phocus Core, Optotek, Carlsbad, CA, USA) was 

used for all PAT imaging experiments. This laser generates around 100 mj per pulse at 532 

nm. In the full-ring illumination mode, a large parabolic reflector (P19–0300, Optiforms 

Inc., Temecula, CA, USA) was used with a 10 mm diameter cone mirror (68–791, Edmund 

Optics, Barrington, NJ, USA) to create the 4 mm ring-shaped beam on the phantom surface 

(Figure 2a). Since the beam position is stationary, neither the cone mirror nor the parabolic 

reflector is mobile. The ring location was adjusted across each cross-section by translating 

the phantom in the vertical direction (Figure 2b). For the diffused-beam experiments, a 120 

grit ground glass diffuser (DG10–120, Thorlabs Inc., Newton, NJ, USA) was placed in the 

laser light path inside the water tank after removing the cone mirror (Figure 2c). Finally, 

point illumination only uses the 45-degree mirror for directing the laser beam onto the 

phantom (Figure 2d).

2.3. Tissue-Mimicking Phantoms

The performance of the three different illumination methods was evaluated with regards to 

the PA imaging depth using a phantom made of polyvinyl chloride (PVC) (M-F 

Manufacturing Super Soft, Fort Worth, TX, USA), with 0.2% fine ground silica (US Silica 

MIN-U-SIL5, Stow, OH, USA) used as an optical diffuser. To create a PVC phantom [43], 

the plastisol was first mixed with the ground silica and then heated in a microwave to 170 

°C. In a mold, three graphite rods with a 2 mm diameter were placed horizontally, and the 

PVC was poured to create the three layers as shown in Figure 3. After cooling, the phantom 

was removed from the mold and used for the described experiments. Graphite was chosen as 

an absorber due to its broadband absorption characteristics and ease of placement inside the 

phantom.

2.4. UST and PAT Image Reconstruction

In all instance, the waveform method was used to reconstruct the UST images [44], while 

filtered back-projection was utilized to reconstruct the PAT images [45]. For PAT back-

projection reconstruction, the RF (radio frequency) values for each cross-section were 

averaged 10 times to increase the overall SNR. In UST mode, a 20 dB linear gain TGC was 

used for acquiring the US images, while in PAT mode, as previously described, a linear 10 

dB TGC was used for data acquisition. For US imaging, the used TGC was optimized to 

minimize the transducer saturation, which resulted in cleaner images. This was done 

empirically. For PAT imaging, the value chosen was designed to reduce the signal emanating 

from other cross-sections from appearing in the cross-section of interest.
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3. Results and Discussion

3.1. A Comparison of the Three Different Illumination Methods

The results discussed in this section focus on analyzing the PAT images and PA signal 

amplitudes from progressively deeper phantom cross-sections using the discussed 

illumination methodologies. Figure 4 shows the UST and PAT images for the first and third 

cross-sections, which are separated by 60 mm. The PAT images are masked based on the 

region of interest (ROI) as determined by the UST image. For each illumination method, the 

PA amplitude is normalized to the highest value for the method across all cross-sections. For 

example, for the full-ring illumination method, images were normalized to the highest 

amplitude of PA detected within the three slices, which are separated by 30 mm each. This 

allows for visualization of the effect of depth on the PA signal amplitudes for each 

illumination method. As can be seen in the PAT images, the graphite absorber is visible in 

the first and third layers (i.e., larger vertical depth) of the full-ring illumination method, 

which is not the case for the diffuse and point-source methods.

To further quantify the results shown in Figure 4, the PA signal amplitude across the graphite 

absorber for each illumination method, and for each cross-section, is plotted in Figure 5. For 

the full-ring illumination method, the PA values are nearly constant across the three cross-

sections (Figure 5a). However, the peak amplitude value of the PA signal decreases by 25 

times for point-source illumination and 15 times for the diffused-beam illumination between 

the first and third cross-sections. As seen by the uniformity in the amplitudes between three 

cross-sections for the full-ring illumination method, this imaging technique can provide a 

consistent image regardless of vertical depth. On the other hand, the diffused and point 

illumination methodologies show variance in PA amplitude signals. This finding 

demonstrates that the full-ring illumination is capable of providing sufficient fluences at 

lower vertical depths, which results in detectable and reliable PAT images across cross-

sections.

To further compare the performance of the three illumination strategies, the SNR and 

contrast-to-noise ratio (CNR) of the PAT images were measured. In the SNR, the value is 

calculated by:

SNR = 20 × log10
MS
MB

where Ms refers to the mean of the PA signal, as marked by the US image region of interest, 

while MB refers to the mean of the phantom background. The CNR is determined by:

CNR = 20 × log10
MS − MB

σB

where Ms refers to the mean of the PA signal, Mg refers to the mean of the phantom 

background, and σB is the standard deviation of the phantom background. For the full-ring 

illumination method, the used PA amplitude values are from irradiating the target cross-

section 15 mm below the cross-section of interest. As can be seen in Figure 6a,b, the SNR 
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and CNR are nearly constant for the full-ring illumination across the three cross-sections, 

which is not the case for the diffuse and point illuminations. Figure 6c also plots the 

amplitudes across the graphite object at the third cross-section for all illumination methods. 

Based on the laser beam diameter of 8 mm; optical losses in the system; and 100 mJ input 

energy, the diffuse illumination method has a fluence of 9.3 mJ/cm2, compared to 175 

mJ/cm2 for point illumination, and 7 mJ/cm2 for the full ring illumination. Full-ring 

calculations use a beam height of 4 mm circumferentially on a 9 cm diameter phantom, and 

diffused beam calculations use a beam diameter of 30 mm at the phantom. Even though 

point illumination has about 25 times the fluence of the full-ring illumination method, its 

amplitude is much smaller at this cross-sectional depth.

When compared to the diffused-beam and point illuminations, full-ring illumination has a 

higher PA amplitude at Cross-section 3. It has a near constant SNR, CNR, and PA signal 

amplitude across all cross-sections, making it an effective illumination method for breast 

imaging. Given that imaging breast regions close to the chest wall (i.e., large vertical depth) 

are clinically important, the full-ring illumination shows promise in accessing these regions 

and thus provides a means for reliable whole breast PAT imaging with a ring US transducer.

3.2. The PA Amplitude of the Targeted Cross-Section as a Function of Illumination 
Position

The optimum position for the full-ring beam was investigated by evaluating the effect of the 

distance between the ring-shaped beam and the targeted cross-section. The distance between 

the targeted cross-section and the full-ring beam was changed within a range of 0–20 mm. 

Zero millimeters represents the case where the ring beam is illuminating the targeted cross-

section at the graphite rod, while the 20 mm case is when the ring beam is 20 mm below the 

graphite rod (Figure 7a). In this study, a selected cross-section was imaged while changing 

the illumination location from 0 to 20 mm. The five different positions chosen to illuminate 

the targeted cross-section of the graphite rod were 0,5,10,15, and 20 mm. A 532 nm laser 

with 100 mJ per pulse energy was used for this experiment. The location of the full-ring 

illumination was adjusted by translating the phantom in steps of 5 mm in the vertical 

direction.

In Figure 7b, the PA amplitude was measured by drawing a line across the targeted graphite 

for all five positions. The overall shape of the PA amplitude is constant while the maximum 

increases as one moves further below the desired imaging cross-section. This increased 

visibility could be due to the fact that the incidence angle of the beam illuminates the central 

part of the object more directly as it moves below the cross-section. A possible reason for 

the stronger PA signal, when illuminating 20 mm below the targeted cross-section, could the 

incident angle of the light diffusion within the tissue. In the current prototype, the ring 

mirror is illuminating the object cross-section at an angle of 39 degrees with respect to the 

object surface. The optimum illumination will occur if the ring beam falls normal to the 

surface. The 0 and 5 mm cross-sections use the US image as a mask to crop out the large PA 

peaks generated at the surface of the phantom. The graphite absorber was embedded within 

the PVC background with a margin from the surface. Here, we only evaluated the signal 

arising from the absorber. In cases where the illumination was coincident with the center of 
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the transducer, a strong PA signal from the surface was observed (not shown in these masked 

images). Hence, imaging below the transducer can help to better visualize more central parts 

of the object due to elimination of a large PA signal arising from the light-entering surface.

The large PA signal at the surface is primarily due to the large fluence at the surface, which 

can affect the visualization of deeper regions due to a limited dynamic range in PA 

acquisition. This is not the case where the illumination was adjusted to 10 to 20 mm with 

respect to the center of the US detectors (i.e., illuminating below the imaged plane). The 

averaged PA amplitude from all five illumination methods (shown in red in Figure 7b) is 

similar to the 10 mm illumination results. It is worth mentioning that these results are not 

necessarily general for all ring illumination systems and are dependent on the incident angle 

of the beam with respect to the object (39 degrees in our case). The results might vary in 

other ring illumination systems if the incident angle is changed.

These findings are important because they help to define the illumination scenario based on 

the characteristics and size of the given object. For example, for a large diameter phantom 

one might need to acquire PAT images using more than one position of full-ring illumination 

to cover the regions closer to the outer surface and deeper regions (with illumination offset 

from the imaging plane). In addition, illuminating below the targeted cross-section (below 

the central line of the US elements) could help to limit the high PA signals that are generated 

from the outer surface of the scanned object. The used illumination method has a significant 

effect on the imaging’s vertical depth, which is significant when visualizing anatomy such as 

the breast.

4. Conclusions

Phantoms with horizontal graphite absorbers were used to examine the efficacy of full-ring, 

diffuse, and point illumination PAT imaging using a ring US transducer. The full-ring 

illumination was able to provide a more uniform fluence irrespective of the vertical depth of 

the imaged cross-section, while the point source and diffused-beam resulted in a high 

fluence at the point of entry, which diminished with vertical depth. In addition, the 

preliminary results indicate that illuminating an object 10–15 mm below the imaged cross-

section of interest might be optimal for this system since it avoids large surface reflections 

and provides better coverage to the cross-section.

Acknowledgments:

The authors acknowledge Wayne State University for their financial support and the Barbara Ann Karmanos Cancer 
Institute. Also, we would like to acknowledge Neb Duric from Karmanos Cancer Institute for his guidance and 
assistance with using the UST system. MM was supported by Department of Defense (Breast Cancer Research 
program, Award number (W81XWH-18-1-0039), University Research Grant from Wayne State University Provost 
office, Technology Development Incubator Award through Wayne State University, and pilot research funding from 
Barbara Ann Karmanos Cancer Institute.

Funding: This project was supported by Department of Defense (Breast Cancer Research program, Award number 
(W81XWH-18-1-0039). Naser Alijabbari (NA) was further supported by Office of the Vice President for Research 
(OVPR) offers the Faculty Competition for Postdoctoral Fellows.

Alijabbari et al. Page 7

Appl Sci (Basel). Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Siegel RL; Miller KD; Jemal A Cancer statistics, 2019. CA A Cancer J. Clin 2019, 69, 7–34.

2. Elmore JG; Armstrong K; Lehman CD; Fletcher SW Screening for breast cancer. JAMA 2005, 293, 
1245–1256. [PubMed: 15755947] 

3. Kuhl CK; Schrading S; Leutner CC; Wardelmann E; Fimmers R; Schild HH; Morakkabati-Spitz N; 
Kuhn W Mammography, Breast Ultrasound, and Magnetic Resonance Imaging for Surveillance of 
Women at High Familial Risk for Breast Cancer. J. Clin. Oncol 2005, 23, 8469–8476. [PubMed: 
16293877] 

4. Tamimi RM; Byrne C; Colditz GA; Hankinson SE Endogenous Hormone Levels, Mammographic 
Density, and Subsequent Risk of Breast Cancer in Postmenopausal Women. J. Natl. Cancer Inst 
2007, 99, 1178–1187. [PubMed: 17652278] 

5. Saslow D; Boetes C; Burke W; Harms S; Leach MO; Lehman CD; Morris E; Pisano E; Schnall M; 
Sener S; et al. American Cancer Society Guidelines for Breast Screening with MRI as an Adjunct to 
Mammography. Obstet. Gynecol. Surv 2007, 62, 458–460.

6. Lee CH; Dershaw DD; Kopans D; Evans P; Monsees B; Monticciolo D; Brenner RJ; Bassett L; 
Berg W; Feig S; et al. Breast Cancer Screening With Imaging: Recommendations From the Society 
of Breast Imaging and the ACR on the Use of Mammography, Breast MRI, Breast Ultrasound, and 
Other Technologies for the Detection of Clinically Occult Breast Cancer. J. Am. Coll. Radiol 2010, 
7,18–27. [PubMed: 20129267] 

7. Jensen JA Medical ultrasound imaging. Prog. Biophys. Mol Biol 2007, 93,153–165. [PubMed: 
17092547] 

8. Gordon PB; Goldenberg SL Malignant breast masses detected only by ultrasound. A retrospective 
review. Cancer 1995, 76, 626–630. [PubMed: 8625156] 

9. Madjar H Role of Breast Ultrasound for the Detection and Differentiation of Breast Lesions. Breast 
Care 2010, 5,109–114. [PubMed: 20847824] 

10. Corsetti V; Houssami N; Ferrari A; Ghirardi M; Bellarosa S; Angelini O; Bani C; Sardo P; Remida 
G; Galligioni E; et al. Breast screening with ultrasound in women with mammography-negative 
dense breasts: Evidence on incremental cancer detection and false positives, and associated cost. 
Eur. J. Cancer 2008, 44, 539–544. [PubMed: 18267357] 

11. Kruger RA; Lam RB; Reinecke DR; Del Rio SP; Doyle RP Photoacoustic angiography of the 
breast. Med. Phys 2010, 37, 6096–6100. [PubMed: 21158321] 

12. Menke J Photoacoustic breast tomography prototypes with reported human applications. Eur. 
Radiol 2015, 25, 2205–2213. [PubMed: 25721319] 

13. Mallidi S; Luke GP; Emelianov S Photoacoustic imaging in cancer detection, diagnosis, and 
treatment guidance. Trends Biotechnol. 2011, 29, 213–221. [PubMed: 21324541] 

14. Mehrmohammadi M; Yoon SJ; Yeager D; Emelianov SY Photoacoustic Imaging for Cancer 
Detection and Staging. Curr. Mol. Imaging 2013, 2, 89–105. [PubMed: 24032095] 

15. Siphanto RI; Thumma KK; Kolkman RGM; Van Leeuwen TG; De Mul FFM; Van Neck JW; Van 
Adrichem LNA; Steenbergen W Serial noninvasive photoacoustic imaging of neovascularization in 
tumor angiogenesis. Opt Express 2005,13, 89–95. [PubMed: 19488331] 

16. Brahimi-Horn MC; Chiche J; Pouysségur J Hypoxia and cancer. J. Mol Med 2007, 85, 1301–1307. 
[PubMed: 18026916] 

17. Heijblom M; Klaase JM; Engh FMVD; Van Leeuwen TG; Steenbergen W; Manohar S Imaging 
tumor vascularization for detection and diagnosis of breast cancer. Technol. Cancer Res. Treat 
2011,10, 607–623. [PubMed: 22066601] 

18. Alcantara D; Leal MP; García-Bocanegra I; García-Martín ML Molecular imaging of breast 
cancer: Present and future directions. Front. Chem 2014, 2,112. [PubMed: 25566530] 

19. Luke GP; Yeager D; Emelianov SY Biomedical applications of photoacoustic imaging with 
exogenous contrast agents. Ann. Biomed. Eng 2012, 40, 422–437. [PubMed: 22048668] 

20. Wang J; Jeevarathinam AS; Humphries K; Jhunjhunwala A; Chen F; Hariri A; Miller BR; Jokerst 
JV A Mechanistic Investigation of Methylene Blue and Heparin Interactions and Their 
Photoacoustic Enhancement. Bioconjug. Chem 2018, 29, 3768–3775. [PubMed: 30281976] 

Alijabbari et al. Page 8

Appl Sci (Basel). Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



21. Jeevarathinam AS; Pai N; Huang K; Hariri A; Wang J; Bai Y; Wang L; Hancock T; Keys S; Penny 
W; et al. A cellulose-based photoacoustic sensor to measure heparin concentration and activity in 
human blood samples. Biosens. Bioelectron 2019,126, 831–837. [PubMed: 30602265] 

22. Wang LV Prospects of photoacoustic tomography. Med. Phys 2008, 35, 5758–5767. [PubMed: 
19175133] 

23. Ermilov SA; Khamapirad T; Conjusteau A; Leonard MH; Lacewell R; Mehta K; Miller T; 
Oraevsky AA Laser optoacoustic imaging system for detection of breast cancer. J. Biomed. Opt 
2009,14, 024007. [PubMed: 19405737] 

24. Kruger RA; Kuzmiak CM; Lam RB; Reinecke DR; Del Rio SP; Steed D Dedicated 3D 
photoacoustic breast imaging. Med. Phys 2013, 40,113301. [PubMed: 24320471] 

25. Lin L; Hu P; Shi J; Appleton CM; Maslov K; Li L; Zhang R; Wang LV Single-breath-hold 
photoacoustic computed tomography of the breast. Nat. Commun 2018, 9, 2352. [PubMed: 
29907740] 

26. Lin L; Hu P; Shi J; Maslov KI; Appleton CM Clinical photoacoustic computed tomography of the 
human breast in vivo within a single breath hold In Photons Plus Ultrasound: Imaging and Sensing 
2018; International Society for Optics and Photonics: Bellingham, WA, USA, 2018; Volume 
10494, p. 104942X.

27. Klosner M; Chan G; Wu C; Heller DF; Su R; Ermilov S; Brecht HP; Ivanov V; Talole P; Lou Y; et 
al. Advanced laser system for 3D optoacoustic tomography of the breast In Photons Plus 
Ultrasound: Imaging and Sensing 2016; International Society for Optics and Photonics: 
Bellingham, WA, USA, 2016; Volume 9708, p. 97085B.

28. Heijblom M; Piras D; Xia W; Van Hespen JCG; Engh FMVD; Klaase JM; Van Leeuwen TG; 
Steenbergen W; Manohar S Imaging breast lesions using the Twente Photoacoustic Mammoscope: 
Ongoing clinical experience In Photons Plus Ultrasound: Imaging and Sensing 2012;International 
Society for Optics and Photonics: Bellingham, WA, USA, 2012; Volume 8223, p. 82230C.

29. Deng Z; Zhao H; Ren Q; Li C Acoustically penetrable optical reflector for photoacoustic 
tomography. J. Biomed. Opt 2013,18, 070503. [PubMed: 23839486] 

30. Deng Z; Li C Noninvasively measuring oxygen saturation of human finger-joint vessels by multi-
transducer functional photoacoustic tomography. J. Biomed. Opt 2016, 21, 61009. [PubMed: 
27258215] 

31. Deng Z; Li W Slip-ring-based multi-transducer photoacoustic tomography system. Opt. Lett 2016, 
41, 2859–2862. [PubMed: 27304307] 

32. Li M; Lan B; Liu W; Xia J; Yao J Internal-illumination photoacoustic computed tomography. J. 
Biomed. Opt 2018, 23,1–4.

33. Bungart B; Cao Y; Yang-Tran T; Gorsky S; Lan L; Rob Iyer D; Koch MO; Cheng L; Masterson T; 
Cheng JX Cylindrical illumination with angular coupling for whole-prostate photoacoustic 
tomography. Biomed. Opt. Express 2019,10,1405–1419. [PubMed: 30891355] 

34. Duric N; Littrup P; Schmidt S; Li CP; Roy O; Bey-Knight L; Janer R; Kunz D; Chen XY; Goll J; et 
al. Breast imaging with the SoftVue imaging system: First results In Medical Imaging 2013: 
Ultrasonic Imaging, Tomography, and Therapy; SPIE Medical Imaging; International Society for 
Optics and Photonics: Bellingham, WA, USA, 2013.

35. Duric N; Littrup P; Poulo L; Babkin A; Pevzner R; Holsapple E; Rama O; Glide C Detection of 
breast cancer with ultrasound tomography: First results with the Computed Ultrasound Risk 
Evaluation (CURE) prototype. Med. Phys 2007, 34, 773–785. [PubMed: 17388195] 

36. Karpiouk AB; Aglyamov SR; Mallidi S; Shah J; Scott WG; Rubin JM; Emelianov SY Combined 
ultrasound and photoacoustic imaging to detect and stage deep vein thrombosis: Phantom and ex 
vivo studies. J. Biomed. Opt 2008, 23, 054061.

37. Ranger B; Littrup PJ; Duric N; Chandiwala-Mody P; Li CP; Schmidt S; Lupinacci J Breast 
ultrasound tomography versus MRI for clinical display of anatomy and tumor rendering: 
Preliminary results. Am. J. Roentgenol 2012,198, 233–239. [PubMed: 22194502] 

38. Duric N; Littrup P; Babkin A; Chambers D; Azevedo S; Kalinin A; Pevzner R; Tokarev M; 
Holsapple E; Rama O; et al. Development of ultrasound tomography for breast imaging: Technical 
assessment. Med. Phys 2005, 32,1375–1386. [PubMed: 15984689] 

Alijabbari et al. Page 9

Appl Sci (Basel). Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



39. Alshahrani S; Yan Y; Avrutsky I; Anastasio M; Malyarenko E; Duric N; Mehrmohammadi M 
Design and development of a full-ring ultrasound and photoacoustic tomography system for breast 
cancer imaging In Proceedings of the 2017 IEEE International Ultrasonics Symposium (IUS), 
Washington, DC, USA, 6–9 9 2017.

40. Alshahrani S; Pattyn A; Alijabbari N; Yan Y; Anastasio M; Mehrmohammadi M The Effectiveness 
of the Omnidirectional Illumination in Full-Ring Photoacoustic Tomography In Proceedings of the 
2018 IEEE International Ultrasonics Symposium (IUS), Kobe, Japan, 22–25 10 2018.

41. Alshahrani SS; Yan Y; Malyarenko E; Avrutsky I; Anastasio MA; Mehrmohammadi M An 
advanced photoacoustic tomography system based on a ring geometry design In Medical Imaging 
2018: Ultrasonic Imaging and Tomography; International Society for Optics and Photonics: 
Bellingham, WA, USA, 2018; Volume 10580, p. 1058005.

42. Alshahrani SS; Yan Y; Alijabbari N; Pattyn A; Avrutsky I; Malyarenko E; Poudel J; Anastasio M; 
Mehrmohammadi M All-reflective ring illumination system for photoacoustic tomography. J. 
Biomed. Opt 2019, 24, 046004.

43. Maggi L; Cortela G; von Kruger MA; Negreira C; de Albuquerque Pereira WC Ultrasonic 
Attenuation and Speed in phantoms made of PVCP and Evaluation of acoustic and thermal 
properties of ultrasonic phantoms made of polyvinyl chloride-plastisol (PVCP) In Proceedings of 
the IWBBIO, Granada Spain, 12–20 3 2013.

44. Li C; Sandhu GY; Boone M; Duric N Breast imaging using waveform attenuation tomography In 
Medical Imaging 2017: Ultrasonic Imaging and Tomography; International Society for Optics and 
Photonics: Bellingham, WA, USA, 2017; Volume 10139, p. 101390A.

45. Xu M; Wang LV Universal back-projection algorithm for photoacoustic computed tomography 
Phys. Rev. E 2005, 72, 016706.

Alijabbari et al. Page 10

Appl Sci (Basel). Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The three methods of illumination for photoacoustic tomography (PAT) imaging that are 

compared in this study, with the definitions of vertical and cross-sectional imaging depths.

Alijabbari et al. Page 11

Appl Sci (Basel). Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(a) PAT experimental setup showing the water tank, ring ultrasound (US) transducer, and the 

translational stages. The experimental setups for the (b) full ring, (c) diffuse-beam, and (d) 
point illumination of the phantom.
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Figure 3. 
(a) Graph illustrates the polyvinyl chloride (PVC) phantom and graphite inclusions and their 

dimensions, (b) A photograph of the experimental setup including the ring US transducer. A 

motorized translational stage was used to adjust the position of the phantom to acquired 

images at multiple cross-sections.
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Figure 4. 
Ultrasound tomography (UST) and normalized PAT images of the PVC phantom with the 

graphite absorber using the three different illumination techniques for cross-sections 1 and 3.
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Figure 5. 
PA amplitude across the graphite absorber for three different cross-sections for: (a) full-ring, 

(b) diffused-beam, and (c) point illumination.
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Figure 6. 
The signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) of the PA amplitudes at 

three different cross-sections are plotted in (a,b), respectively. For the full-ring illumination, 

the values were determined based on the illumination at 15 mm below the cross-section of 

interest, (c) Plots the PA amplitude for the top cross-section (cross-section 3) for full-ring, 

diffuse, and point illumination.
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Figure 7. 
(a) The image shows the different positions of the ring beam based on the targeted cross-

section (Cross-section 1). The targeted cross-section is located in the central field of view of 

the US elements. (b) PA amplitude at Cross-section 1 plotted as a function of illumination 

depth below the cross-section.
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