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ABSTRACT 

Author: Bungart, Brittani, L. PhD 

Institution: Purdue University 

Degree Received: May 2019 

Title: Device and Analysis Advancements Towards Photoacoustic Tomography-guided Prostate 

Biopsy 

Committee Chairs: Dr. Ji-Xin Cheng, Ph.D., Dr. Young Kim, Ph.D. 

 

To confirm the presence of prostate cancer which is the most incident visceral cancer in 

men, prostate biopsies are acquired using the magnetic resonance imaging fusion-guided prostate 

biopsy protocol. For this approach annotated magnetic resonance imaging is overlaid onto real-

time ultrasound imaging to guide sampling of suspicious regions marked by uroradiologists. 

Additional biopsy samples are acquired via the previous clinical gold standard, i.e. the templated 

12-core transrectal ultrasound-guided prostate biopsy protocol. While this approach improves the 

sensitivity of the prostate biopsy, a real-time, multiparametric imaging method of identifying 

biopsy targets could help overcome some of the inherent pitfalls of the magnetic resonance 

imaging fusion-guided prostate biopsy. Since ultrasound is used during the prostate biopsy, 

photoacoustic tomography, e.g. a hybrid imaging modality in which clinical ultrasound probes 

can be used to detect centimeters deep chemical alterations, has the potential to provide real-time 

targeting during biopsy. The translation of photoacoustic tomography to the clinic for prostate 

biopsy has been prevented by engineering challenges, which include identification of a 

biomarker for detecting suspicious regions of tissue and light delivery to the prostate for 

photoacoustic signal generation. Here, we present a vascular texture analysis method that 

identified 100% of primary and 67% of secondary tumors in the testing data set of ex vivo human 

prostate specimens. This method can be applied to future in vivo photoacoustic and ultrasound 

tomography of human prostates after further optimization of light delivery for photoacoustic 

tomography. To progress towards achieving this aim, we developed a transurethral light delivery 

device with angular light coupling method. By controlling the launch angle of the light into the 

fiber, the conversion of forward to side propagating energy can be improved from 27% to 98%, 

and the longitudinal emission profile can be controlled in order to illuminate the whole prostate 

simultaneously. 
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1. INTRODUCTION 

 Significance and Epidemiology: PCa 

PCa is the most incident visceral cancer in men in the USA with an estimated 164,690 

cases diagnosed in 2018, which is approximately 9.5% of all 2018 new cancer occurrences. The 

median age at PCa diagnosis is 66 years old compared to 80 years old as the median age of PCa-

caused mortality. The current overall 5-year survival rate is 98.2% since 90% of PCa is 

discovered at a local or regional stage, but the 5-year survival rate drops to 30% if the PCa has 

metastasized prior to diagnosis [6]. Therefore, identifying PCa at a local or regional stage is 

paramount for long-term patient survival.  

 Current Diagnostic Paradigm for PCa 

Based on the American Urological Association guidelines, serum PSA with or without 

digital rectal exam is recommended as a screening tool for PCa depending on risk factors such as 

age and the man’s preference [7]. PSA is produced exclusively by prostate epithelial cells [8] and 

can be influenced by benign conditions such as bacterial prostatitis [9,10], ejaculation [11], and 

BPH [12]. Thus, false positive rates from serum PSA measurement can range from 12% to 76% 

based on frequency of use and PSA level cutoffs [13,14]. Since serum PSA measurement is a 

screening tool, it does not confirm a diagnosis of PCa, especially since the specificity of the test 

is low.  

To confirm the presence of PCa, histopathology must currently be performed on samples 

acquired from the prostate tumor. Within the last year, the clinical standard for acquiring these 

samples during initial prostate biopsy has changed from a templated approach with TRUS 

guidance, which entails systematically acquiring 12 random cores of the prostate 

bilaterally [4,15], to using the MRI fusion-guided biopsy [1–3] if insurance covers the procedure. 

Otherwise, patients undergo the templated TRUS-guided prostate biopsy for the initial biopsy, 

and if concern of a false negative result exists after negative results, the MRI fusion-guided 

biopsy will be performed during the follow up biopsy procedure [16,17].  

The change in the initial prostate biopsy procedure is due to the poor sensitivity of the 

templated TRUS-guided prostate biopsy, which is performed transrectally using an US probe to 
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locate anatomical landmarks to ensure uniform sampling with no tumor specifically targeted 

during the procedure. Even with optimization of the templated TRUS-guided prostate biopsy, the 

need for repeating a biopsy following negative results is approximately 12% within 1 year and 

38% within 5 years [18]. This can be attributed to the limited sampling of the prostate as a 

whole. The average core is a cylinder with an approximate diameter of 0.1 cm and length of 1.0 

to 1.5 cm [19]. For 12 cores the volume is 0.56 cm3 at best if acceptable cores are acquired. The 

normal prostate size is approximately 45 cc [19]. Therefore based on prostate size, 1% to 2% is 

sampled during prostate biopsy using the recommended method. 

The MRI fusion-guided biopsy’s improved detection rate of clinically significant PCa 

compared to the templated TRUS-guided prostate biopsy [1,20–22] is due to the procedure 

having regions of concern based on a urogenital radiologist’s assessment of a mpMRI of the 

prostate [23]. If a suspicious region is located on the mpMRI, the patient will come back to the 

clinic for the MRI fusion-guided biopsy. During this procedure the patient will lay still in the left 

lateral decubitus position. To fuse the previously acquired mpMRI with the real time US 

imaging, a calibration will be performed to align the images. Then, the regions of concern will be 

biopsied at least two times and 12 cores would be acquired by the templated TRUS-guided 

prostate biopsy procedure [1,24].  

While the MRI fusion-guided biopsy provides improvement over the previous standard of 

care [1,25,26] and integrates well into the clinical workflow [27], some disadvantages exist. 

Careful calibration is needed to fuse the mpMRI with the real-time US imaging during the 

prostate biopsy procedure. If the movement occurs during the procedure, the fusion will have to 

be re-calibrated. Additionally since the mpMRI is a static image, the tissue may become distorted 

by the US probe, which may affect the imaging overlay [28]. The mpMRI is also a costly 

procedure [29] that utilizes contrast agents, which may be contraindicated in some patients [30]. 

For both the templated TRUS-guided and MRI fusion prostate biopsy, pitfalls related to 

the invasiveness of the procedure exist. Significant complications can occur following the 

procedure with an overall rate of complications at 2% and infection being the major 

complication [31]. The risk of experiencing a complication is affected by the number of core 

biopsies; increased core biopsy number is associated with an increased risk of experiencing a 

complication [32]. MRI fusion-guided biopsy has been shown to need less biopsy cores for the 
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same PCa detection rate [26]. For men who require repeat biopsies, additional risk of 

complications are unnecessarily added if the biopsy was successful initially. 

 Clinical Need Overview 

In summary, the current paradigm of PCa diagnosis has improved in recent years, but still 

has many negative attributes considering the incidence of PCa and the chronic nature of the 

disease. The screening tool used for PCa, i.e. serum PSA measurement, is imperfect in its 

specificity, while those continuing through the necessary process of diagnosis can experience an 

additional appointment for the mpMRI before the biopsy procedure. Additional improvements 

may still be made on the prostate biopsy workflow. In the remaining chapter, current advances in 

prostate biopsy acquisition and other pertinent information is reviewed in order to propose a 

method for real-time targeting of the prostate biopsy. 

 PCa and Its Anatomical Position 

 Classification of PCa 

PCa can be classified into various subtypes. Overall, non-variant adenocarcinoma is the 

most common form of PCa with 99.6% of cases falling under this category [33]. To determine 

the presence and type of PCa, the prostate biopsy is assessed by a pathologist with traditional 

haemotoxylin and eosin staining. PCa is assessed based on morphology of the prostatic glands. 

For adenocarcinoma, decreasing gland size and loss of the glands’ lumen equates to increasing 

Gleason grade ranging from 3-5 in current use. The pathologist will ultimately give a percentage 

of PCa involvement of the biopsied cores along with a final Gleason score, which is determined 

by summing the two most prevalent Gleason grades [34,35]. The Gleason score can be 

categorized into groups to aid in predicting treatment outcomes. This Gleason score, its grade 

group [35,36], and the stage [37] of the PCa is used as a prognostic indicator for the patient to 

help with therapeutic decision-making.  

 Anatomy Relating to PCa  

Understanding the anatomy is pivotal for acquiring a biopsy specimen and for reading 

images for targeting the acquisition of the biopsy. Approaches to accessing the prostate are 
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shown in Figure 1.1, which includes transrectal, transperineal, and transurethral. Other external 

methods exist to image the prostate and would visualize all the anatomy shown in Figure 1.1. In 

order to choose the best approach to decreasing the need to have a repeat biopsy, the appropriate 

anatomy will be discussed. 

 Prostate Anatomy  

The prostate sits just below the bladder as depicted in Figure 1.1 with the prostatic 

urethra running through the prostate in a nearly vertical manner with a 35° bend at the 

vermontanum. The prostate is sectioned into regions as first described by McNeal [38]. As 

shown in Figure 1.2, the glandular prostate is subdivided into three zones: the peripheral zone, 

central zone, and transition zone. The respective percent volumes for these glandular areas is 

70%, 25% and 5%. The anterior one-third of the prostate is comprised of fibromuscular stroma, 

which has very few glands [38,39].  

The prostate size on average increases with age as approximately 90% of men develop 

BPH, which affects the transition zone, by 80 years old [40]. The average age of PCa diagnosis is 

66 years old  [37], and at this age, the average prostate size is approximately 45 cm3 [19]. The 

normal prostate dimensions are 4.0 cm x 2.5 cm x 3.2 cm (lateral x anterior-posterior x 

height) [41] while in a small study of 41 patients with the average age of 70 years old, the 

dimensions were 5.3 cm x 4.9 cm x 3.5 cm [42]. As PCa is usually an adenocarcinoma and thus 

arises from epithelial cells [33], the frequency of PCa tumors is not uniform throughout the 

prostate. About 75 – 80% of PCa arises in the peripheral zone while the rest arise from the 

central zone and transitional zone [43]. The frequency of PCa tumor foci can be appreciated in 

Figure 1.3. While considering PCa imaging modalities, it is imperative to consider the ability for 

the modality to visualize the portion of the prostate that gives rise to PCa. 

 Distinguishing PCa from Benign Tissue 

For imaging purposes to sample the prostate, a detectable difference needs to be present 

to distinguish benign from malignant tissue. From a pathological standpoint, nonmalignant tissue 

can be classified into unremarkable, BPH, inflammatory and inflammatory-like lesions, 

adenocarcinoma-mimicking lesions, non-prostatic tissue present in the prostate, and benign 

stromal lesions [39]. BPH is the most prevalent pathology of the prostate with approximately 
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70% of men between 61-70 years old exhibiting clinical BPH [40]. Similar to PCa [37], the 

likelihood of having BPH increases with increasing age as few men younger than 50 years old 

have clinical BPH [37,40]. This is especially important to consider as BPH causes enlargement 

of the prostate with the average prostate volume increasing by 50% from age 50 to 70 years 

old [44,45].  

As already mentioned in the previous subsection, PCa is differentiated ultimately from 

other conditions via histopathology, and the structural differences in gland size and formation are 

used for the Gleason score and grouping for therapeutic decision-making [34,35]. As this is a 

microscopic assessment performed by a well-trained pathologist on tissue, we need to ensure that 

the samples acquired are representative of the disease. To achieve this many techniques have 

been explored including US, MRI, positron emission tomography, and optical-based methods. 

These methods will be discussed further including the science behind how each modality 

specifically identifies PCa. 

 Assessment of Current Techniques for PCa Image-Guided Biopsy Acquisition 

 US-based Imaging Modalities for Targeting Prostate Biopsy 

The most commonly used imaging technique for guiding prostate biopsy is B-mode US, 

which was introduced in 1989. With this imaging modality, the peripheral zone can be clearly 

distinguished from the central and transition zone by echogenicity [46]. Due to this ability, US is 

currently used to observe the anatomy of the prostate and the surrounding tissue to acquire 12 

core biopsies in a systematic manner bilaterally. With the transrectal access to the prostate, the 

entire anterior-posterior axis can be observed [4,15]. This approach to obtaining prostate core 

biopsies is known to have low sensitivity though, as the need to have a repeat prostate biopsy 

following negative histopathological results is approximately 12% within 1 year and 38% within 

5 years [18]. Upon repeat biopsy, approximately 20% will have cores positive for PCa [47]. A 

major consideration is that this approach significantly under samples the prostate. Based on 

computational analysis, locations in the peripheral zone and anterior transition zone are likely to 

be under sampled considering the frequency of tumor foci [48,49]. Therefore, a method to direct 

the core acquisition is needed. 
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1.6.1.1 US Techniques Using Tissue Defects as Contrast 

As there are differences in echogenicity that delineates the zonal anatomy, alterations in 

echogenicity [46] have been shown to represent PCa, especially hypoechogenicity, since the US 

signal’s backscatter is altered. The contrast is thought to represent cellular and tissue alterations 

compared to normal glandular prostatic tissue [15]. Thus, echogenicity changes have been 

studied for its clinical utility in guiding the biopsy and shown to nearly double the efficiency of 

sampling a clinically significant PCa tumor [50]. Unfortunately like the PSA test, the use of 

echogenicity alone as a PCa marker is not specific to PCa, and BPH, inflammation, and 

infarction can similarly appear hypoechoic compared to normal surrounding tissue [51]. When 

using echogenicity as a biomarker for targeting the core biopsy, up to 60% of the hypoechoic 

lesions can be benign [52]. Therefore, the approach of random and echogenicity-targeted US 

cannot delineate between benign and malignant prostate tissue.  

The approach to targeting based on echogenicity alterations within prostate zones is user-

biased. To minimize the user-specific inconsistencies of US imaging, computer-based, real-time 

analysis of the US images has been applied. One commercially available tool is prostate 

HistoscanningTM which was originally proposed as a “triage test…to avoid prostate biopsy” [53], 

but has since been studied to target biopsy and aid in reducing the number of biopsy cores [54]. 

Once the perimeter of the prostate is selected after scanning the prostate with US, sub-volumes 

are analyzed to determine PCa tumor location and size [55]. Individual signal volumes can have 

set cutoffs for inclusions of cancer or not cancer [54]. The specific algorithms of determining 

cancerous sub-volumes are not specified within literature, but the analysis is performed on 

radiofrequency information of the backscattered sound [56].  

The results of using prostate HistoscanningTM for identifying tumor volume, location, and 

extraprostatic extension of the PCa are conflicting [53,56–58]. prostate HistoscanningTM for 

targeting the core biopsy has been shown to have sensitivity between 40 - 100% depending on 

the signal cutoff volume. While the sensitivity improves with decreasing signal cutoff volume, 

the specificity worsens as it can range from 28 – 73% [54]. Lastly, prostate HistoscanningTM is a 

poor tool for use in the anterior prostate [56], which is a problem area for under sampling with 

the templated TRUS-guided prostate biopsy [48,49]. 

All of these previously discussed B-mode US approaches use a similar frequency US 

transducer that functions in the lower MHz range (5 – 9 MHz) [50,57,59]. If you consider the 
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speed of sound in human soft tissue to be 1540 m/s [60], then the axial resolution of these lower 

frequency US transducers is 170 – 300 µm. If a higher frequency US transducer was utilized, the 

resolution could be improved. This approach has been recently explored using high frequency 

TRUS probes that have a 21 MHz center frequency with a maximum of 29 MHz [61,62]. With 

the higher frequency probe, an axial resolution of approximately 70 µm has been achieved, 

which is comparable to MRI resolution. Unfortunately to achieve this resolution, imaging depth 

has to be sacrificed. The maximum anterior-to-posterior imaging depth is 5 cm with this new 

frequency range [62], which should be sufficient for imaging the depth of the prostate [19,41].  

In a preliminary study with 25 patients, the sensitivity of high versus low frequency US 

was 65% and 38% [61]. The low frequency US data matched well with the sensitivity of 

hypoechoic lesions as a targeting tool for biopsy [52]. A current multicenter trial is being 

performed to validate the use of high frequency US, and a scoring system has been published 

that correlates to likelihood of detection cancer in a core sample [62], which is similar to 

approaches with mpMRI [5]. 

1.6.1.2 US Techniques Using Tissue Mechanical Properties as Contrast 

Another US technique that capitalizes upon changes in PCa compared to normal tissue is 

real-time elastography US in which the increased stiffness is utilized as a contrast [63,64]. This 

stiffness, which is also the basis for the digital rectal exam, is due to the increased cell density, 

decreased gland size, and increased collagen content in the surrounding stroma [65,66]. There 

are three subtypes of real-time elastography: strain elastography, acoustic radiation force 

impulse, and shear wave elastography.  

Strain elastography is performed by the user compressing and decompressing the prostate 

with an US probe. A pseudo-colored map is overlaid with the B-mode US imaging to show the 

deformation within the prostate. A recent meta-analysis of strain elastography performance 

directly before radical prostatecomy revealed that the specificity and sensitivity for strain 

elastography are 76% and 72% respectively [67]. One issue with this approach is the bias due to 

the patients enrolled in the study had known significant disease that warranted curative therapy 

by removing the prostate. In a study with 171 patients, strain elastography was shown to have 

similar performance [68]. A pitfall of strain elastography is that the compression cycles are 

manually performed, and thus the results are operator-dependent.  
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Acoustic radiation force impulse is a similar technique to strain elastography except the 

operator-dependency is not a factor as the displacing forces are created by the US probe itself by 

using focused, high intensity US. While acoustic radiation force impulse could initially image 

prostate anatomy and cancer lesions, it was unable to image the full depth of the prostate as the 

compression force attenuated [69]. This complication was still observed when imaging in 

vivo [70,71]. In a sample size of 29 patients with biopsy-confirmed PCa, acoustic radiation force 

impulse detected 79.3% of posterior tumors and 33% of anterior lesions [71]. This method is still 

yet to be tested in a population of patients who are not biopsy-proven to have PCa. One 

advantage of acoustic radiation force impulse is that the imaging is real-time and co-localized 

with B-mode US imaging. This is beneficial for biopsy as the clinician may apply pressure 

during the biopsy which could deform the prostate. 

Shear wave elastography similarly does not utilize manual compression cycles as shear 

waves are generated from acoustic radiation forces of the US transducer. The velocity of the 

shear wave is measured and provides a quantitative image of stiffness since the shear wave 

velocity is proportional to Young’s modulus. Initial studies have delivered encouraging results of 

sensitivity and specificity of 96% with a cutoff of 37 kPa [72] and 96% and 85% with 35 kPa 

cutoff [73]. Alternatively, other results of sensitivity and specificity of 81% and 69% have not 

been as promising when a 50 kPa cutoff was used [74]. Shear wave elastography has not been 

shown to improve the detection rate of PCa per core sample, but increased risk for the presence 

of PCa was found for individuals with concerning lesions in shear wave elastography 

imaging [75]. As for shear wave elastography currently, the kPa cutoff for PCa is not 

standardized, which can explain the variation in results. 

1.6.1.3 US Techniques Using Angiogenesis as Contrast 

Another change observed in PCa tissue is an increase in vasculature density, especially 

due to neo-microvessels which are characterized as having diameters of 10 – 50 µm [76,77]. 

Compared to benign adjacent tissue, PCa tissue on average has twice the vasculature per field of 

view, but variability of the relative vasculature amount within the tumor and from person-to-

person exists [77]. This increase in vasculature has been the foundation for Doppler US in which 

the flowing red blood cells cause a frequency shift in the acoustic wave proportional to the 

velocity. Color Doppler US is the pseudo-colored, live view of this frequency shift, which 
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depicts positive and negative velocity, overlaid on the grayscale B-mode US to show areas of 

increased vasculature. Another way to display color Doppler US is with the absolute value of the 

frequency shift, which is called power Doppler US [78–80].  

The performance of color and power Doppler US have been variable at detecting PCa. 

Power Doppler US is more sensitive to perfusion compared to color Doppler US, but the tradeoff 

is the loss of information on the vasculature flow direction. While some studies have shown that 

power Doppler US is a promising improvement to aid in guiding [79] and preventing 

unnecessary prostate biopsy [81], other studies have shown that power and color Doppler US 

underperformed compared to the templated 12 core TRUS-guided prostate biopsy [78,80]. These 

results could be partially explained by the diameter of the microvessels, which are approximately 

10 – 50 µm diameter [76,77]. The resolution of color and power Doppler US are not robust 

enough to achieve imaging of these vessels as lower frequency US transducers are used. The 

only benefit of power Doppler US has been observed in patients with higher PSA levels [80]. 

This improvement could be due to larger vessels present in the detected PCa tumors in patients 

with high serum PSA levels. 

To overcome the limitation on vessel size, the method contrast-enhanced US was 

developed, in which an exogenous contrast agent has been utilized to improve the backscattering 

of US in the sub-resolution vasculature. The contrast agent used are gas-filled microbubbles, 

similar in size to red blood cells [82], which are injected intravenously during the biopsy to aid in 

visualizing the increased neo-vascularization within the tumor [83]. Contrast-enhanced US while 

using power Doppler US, i.e. contrast-enhance power Doppler US, was initially used to detect 

PCa prior to radical prostatectomy with approximately 86% of PCa tumors detected compared to 

histopathology. Unfortunately, contrast-enhanced power Doppler US could not differentiate PCa 

stages, especially extraprostatic extension. The translational value of this work is not as easily 

garnered since no direct comparison with systematic biopsy was performed [84].  

When compared to systematic biopsy in 1,776 patients, contrast-enhanced color Doppler 

US doubled the positive biopsy rate to 12%, but the total core number was about half of the 

control group. While an improved detection rate of 12% was present with contrast-enhanced 

color Doppler US, 1.5% of the positive cases were detected only by templated TRUS-guided 

prostate biopsy [85]. More recent work has shown conflicting results in PCa detection between 

color Doppler US with and without contrast enhancement versus the templated TRUS-guided 
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prostate biopsy [86,87]. The conflicting results could be due to stability of the microbubbles 

when detected by US. If the mechanical force is too high, the microbubbles may be 

destroyed [88] and thus lower the signal intensity. Utilizing a lower US mechanical force has 

improved the imaging results for contrast-enhanced color Doppler US [89]. Other important 

pitfalls exist for using contrast-enhanced US for identification of biopsy targets. For instance 

benign lesions, such as prostatitis and BPH [90,91], can give a false positive biopsy targets even 

when accounting for prostate zones that are less likely to have BPH present [91]. Also, these 

contrast-enhanced changes in Doppler US images occur within seconds and are difficult to 

capture in the whole prostate as current probes are two dimensional. Therefore, multiple boluses 

of contrast agent are needed to capture multiple imaging slices [90].  

In addition to the increased signal, the PCa tumor has altered kinetics of early signal 

enhancement and rapid washout of the microbubbles compared to benign prostate tissue which is 

the marker used for dynamic contrast-enhanced US imaging. Out of the parameters of arrival 

time, time to peak, and peak intensity, time to peak has been shown to correlate best with PCa 

Gleason grade [92,93]. This approach to biopsy targeting has similar negative attributes as 

discussed for intensity contrast-enhanced US, including false positives in transition zone due to 

BPH  [93] and capturing sufficient imaging during the bolus of contrast agent. 

Overall, US-based modalities have been well explored clinically for guiding prostate 

biopsy, and is currently utilized for finding anatomical landmarks during the procedure. Also, US 

imaging is a clinical tool that can be utilized in the exam room directly by the urologist in real-

time. Many of the techniques mentioned do have a learning curve to achieving the best results 

and require additional intravenous injection of transient exogenous contrast agents to overcome 

the limited resolution of US compared to the biomarker.  

 MRI-based Imaging Modalities for Targeting Prostate Biopsy 

In contrast to US, MRI has been largely applied in a multiparametric approach for 

targeting prostate biopsy. Currently if insurance covers the procedure, mpMRI is used to guide 

targeted biopsies via fusion with US for patients during initial prostate biopsy [1–3]. Otherwise, 

patients receive the MRI fusion-guided biopsy on repeat prostate biopsy [94]. The parameters 

considered for locating suspicious regions in mpMRI are: anatomical reference acquired by T2-

weighted imaging and functional sequences diffusion-weighted imaging and dynamic contrast-
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enhanced imaging to visualize different tumor characteristics. Another less common functional 

sequence is magnetic resonance spectroscopic imaging that may be included [24,95]. 

1.6.2.1 MRI Sequences Using Tissue Defects as Contrast 

The mpMRI sequences that utilize alterations in tissue structure are T2-weighted imaging 

and diffusion-weighted imaging. T2-weighted imaging is the anatomical reference for the 

prostate zones, similar to greyscale US imaging. Differentiation of the zones is feasible due to 

different water and stromal tissue content. Thus, peripheral zone appears more intense and 

homogenous compared to transition and central zone [95].  

The utility of T2-weighted imaging beyond anatomical reference is locating alterations in 

the intensity, especially in the transition zone where the majority of PCa arises. Also, T2-

weighted imaging may be used to identify extraprostatic extension and invasion of the seminal 

vesicles, which indicate a more aggressive disease [95,96]. Unfortunately, T2-weighted imaging 

is not specific for PCa and other conditions can mimic PCa such as BPH, prostatitis, 

atrophy [95], and hemorrhage including from prior biopsy [95,97]. Therefore, additional MRI 

sequences and PCa characteristics must be included for the identification of suspicious regions 

for prostate biopsy targeting. 

A robust MRI sequence is diffusion-weighted imaging in which cellular density, which is 

increased in PCa, is probed via the surrogate of Brownian water motion. As gland size decreases 

and becomes more packed with increasing Gleason grade, the intracellular to extracellular 

volume ratio increases. In doing so the water molecules become more restricted in their random 

movement in the extracellular compartment when varying magnetic fields are applied. Apparent 

diffusion coefficient is the quantification of this molecular motion and appears decreased in PCa 

tissue [98–101]. Diffusion-weighted imaging is thus not only beneficial in localizing PCa, but it 

also has been shown to correlate with PCa aggressiveness [99,100]. To ensure a high specificity 

for PCa with diffusion-weighted imaging, a higher cutoff needs to be used [102]. One of the 

positive attributes to diffusion-weighted imaging is that user bias is minimized due to the 

quantification and cutoffs for identifying suspicious regions [103]. Unfortunately, not all PCa 

can be located with diffusion-weighted imaging alone and is similarly affected by prior 

hemorrhaging [102]. 
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1.6.2.2 MRI Sequence Using Angiogenesis as Contrast 

Dynamic contrast-enhanced imaging is the functional sequence utilized in mpMRI to 

identify regions of increased neovasculature and their higher permeability [104,105], which is 

highly correlated to Gleason score [106]. To observe the dynamics of the prostate’s blood flow, 

an MRI contrast agent, typically a gadolinium chelate, is injected to identify regions of early 

enhancement and fast washout, which is most characteristic of PCa. Similar to contrast-enhanced 

US, the bolus of contrast agent must be rapidly injected and a fast series of images acquired to 

properly observe the dynamics. The temporal resolution of dynamic contrast-enhanced imaging 

is approximately 3-5 seconds, but an entire view of the prostate can be captured compared to 

contrast-enhanced US [107,108]. Just like contrast-enhanced US, dynamic contrast-enhanced 

imaging also suffers lack of specificity for only PCa as angiogenesis can be observed in 

prostatitis and BPH and prior biopsy can cause false negative and positive results [108]. Another 

inherent problem with dynamic contrast-enhanced imaging is that an acquisition time of 5 

minutes or longer is necessary to obtain enough temporal data for analysis of the contrast 

perfusion and diffusion dynamics [107,108]. As a coregistration of the pixels is needed to assess 

the changes over time, any motion, particularly rectal peristalsis, bladder filling and patient 

movement, can interfere with the imaging [108]. 

1.6.2.3 MRI Sequence Using Metabolic Alterations as Contrast 

Magnetic resonance spectroscopic imaging is the functional sequence that can deliver a 

metabolic ratio map of the entire prostate. The critical metabolites imaged are citrate, choline, 

polyamines, and creatinine [109,110]. The ratio of choline, polyamines, and creatine to citrate is 

then used to locate suspicious regions that could be PCa. While normal peripheral zone has high 

levels of citrate and low choline, PCa has altered metabolism of citrate which lowers the 

concentration and an increase in choline-containing molecules is observed. Polyamines and 

creatine is also imaged as they cannot be distinguished from choline [111,112].  

While magnetic resonance spectroscopic imaging provides a unique functional approach 

to identify PCa in mpMRI, the resolution is quite poor and requires considerable technical 

expertise to ensure acquisition of a quality sequence. Magnetic resonance spectroscopic imaging 

also has to be overlapped with the anatomical reference T2-weighted imaging due to the poor 

resolution [110]. For the localization of PCa, magnetic resonance spectroscopic imaging was 
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shown to provide added benefit compared to T2-weighted imaging alone [113]. Currently, the 

American College of Radiology and European Society of Uroradiology do not recommend the 

utilization of magnetic resonance spectroscopic imaging in standardized mpMRI for the MRI 

fusion-guided biopsy [5]. 

1.6.2.4 mpMRI and Current Clinical Implementation 

As mentioned, the combination of T2-weighted imaging, diffusion-weighted imaging, 

and dynamic contrast-enhanced imaging are the most common combination of sequences used 

for mpMRI as recommended by medical experts to identify lesions suspicious for PCa [5]. For 

targeting PCa biopsy, the mpMRI is commonly fused with standard US imaging to guide the 

core biopsy after targets are identified by well-trained urogenital radiologists [24]. The 

radiologist assigns a rating to the suspicious region from 1-5 based on the findings in each 

mpMRI components. Also, different sequences are weighted differently with diffusion-weighted 

imaging given the most importance and T2-weighted imaging and dynamic contrast-enhanced 

imaging weighted about equally [5]. Currently, MRI fusion-guided biopsy is utilized during the 

initial biopsy procedure for patients whose insurance covers the procedure [1–3]. Otherwise, 

patients undergo the templated TRUS-guided prostate biopsy on the initial biopsy procedure, and 

if a repeat biopsy is needed, the MRI fusion-guided biopsy is then performed [94]. The MRI 

fusion-guided biopsy, which typically includes the 12 core templated TRUS-guided prostate 

biopsy procedure as a part of the platform [1,24], has recently been shown to have a greatly 

improved sensitivity of PCa detection compared to the 12 core TRUS-guided prostate biopsy 

alone [1]. Additionally, MRI fusion-guided biopsy has a higher detection rate of clinically 

significant high grade PCa and lower detection of clinically insignificant low grade PCa [22]. 

This means that a multiparametric approach can reduce the overdiagnosis and overtreatment 

previous mentioned. 

Unfortunately, mpMRI and MRI fusion-guided biopsy has some negative attributes. To 

perform MRI fusion-guided biopsy, an additional appointment for the patient is required in order 

to acquire the approximately 40 minute mpMRI, which then has to be read by a well-trained 

urogenital radiologist. This adds additional time for the patient and costs. Prior hemorrhaging 

especially from previous prostate biopsy can affect the quality of the mpMRI [95,114], which is 

an important consideration as the indication is for patients with prior negative biopsy [94]. 
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Another consideration in implementing the MRI fusion-guided biopsy is that during the biopsy 

distortion of the prostate may occur from the urologist compressing the prostate. This may cause 

false negative biopsies as the alignment of the US and mpMRI may be altered [28]. Also, if the 

patient moves during the biopsy once the fusion of the mpMRI and US has occurred, the fusion 

process has to be redone as the mpMRI is not real-time and inherently aligned with US. Lastly, 

once the targeted biopsies are acquired, the standard 12-core templated TRUS-guided prostate 

biopsy still need to be performed [5,28], and thus the core number is not reduced. 

An added benefit of the current MRI fusion-guided biopsy is that many of the 

commercially available systems offer tracking of where the cores are acquired [28]. This can be 

useful for surveillance of PCa as many patients are choosing this over curative therapy [115–

117]. Also, if the biopsy is negative, a better sampling may be performed in areas not previously 

sampled as the system tracks the location of the cores.  

 Positron Emission Tomography for PCa Imaging 

Positron emission tomography is a method utilizing exogenous radiolabeled tracers that 

are imaged using gamma cameras. Positron emission tomography-based approaches are not used 

significantly for initial PCa diagnosis. The main function of positron emission tomography is for 

PCa staging, including identification of lymph node and metastatic involvement [118–121]. 

Positron emission tomography applications in PCa exploit cellular alterations, such as receptor 

upregulation, proliferation and metabolic changes [122,123], in conjunction with an anatomical 

reference such as MRI or computed tomography. As this is not a tool utilized for initial diagnosis 

of PCa, a table summarizing the targets of the positron emission tomography radiolabeled tracers 

is presented in Table 1. 

The major limitation with these targets is the overlap between benign and PCa tissue, 

especially with the metabolic [123] and proliferation tracers [124]. Also, accumulation in the 

bladder can introduce confounding signal that impedes PCa localization in the prostate [122]. 

Elimination route should be a design consideration, especially if one is to use exogenous contrast 

agents. 
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 Optical-based Imaging Modalities for Targeting Prostate Biopsy 

A final imaging genre to discuss is optical-based imaging modalities. As tissue is a highly 

scattering medium, a limited number of optical techniques can be considered for PCa detection 

as the entire prostate needs to be imaged for PCa detection. The optical imaging modalities that 

have a minimum imaging depth in the centimeter range is PAT, i.e. optoacoustic or 

thermoacoustic tomography, [125,126] and diffuse optical tomography [127,128]. These 

methods overcome the limitation of scattering, which limits optical techniques such as confocal 

microscopy [125], by relying on photons in the diffuse regime, i.e. at least one scattering event 

occurred [129].  

Optical coherence tomography has also been applied to PCa detection, but optical 

coherence tomography is limited to a few millimeters (≈2 mm) of imaging depth as the technique 

is similar to US, but measures the backscatter of photons versus acoustic waves [130]. The 

difference in attenuation coefficient between acoustic waves and photons in tissue limits optical 

coherence tomography to an interstitial approach in which the prostate must be penetrated—a 

needle must be introduced for the optical coherence tomography probe to access the interstitial 

tissue. As multiple individual pathways must be performed to image a sufficient volume of the 

prostate, this introduces complications with precisely aligning imaging slices and the optical 

coherence tomography slices with the histopathology. Without exceeding the number of needles 

placed in the current literature, optical coherence tomography may still suffer from under-

sampling [131,132]. Also as this is an invasive approach, additional risk for post-biopsy/imaging 

complications, especially infection, is present. 

1.6.4.1 Optical Imaging Utilizing Endogenous Contrast 

PAT is a relatively new hybrid imaging modality that is a combination of optical 

excitation and acoustic detection based on the phenomenon of the PA effect [129,133,134]. As 

shown in Figure 1.4, a PA signal is generated by absorption of light followed by a local rise in 

temperature which results in thermal expansion to create an acoustic wave. This acoustic wave 

can then be reconstructed after detection by traditional US transducer arrays [126,134,135]. Due 

to this PAT has been applied to many clinical topics including: fibrosis [136,137], the 

neurological system [138–141], the female reproductive tract [142–144], breast cancer [145–
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149], the gastrointestinal system [150,151], melanoma [152–156], atherosclerosis [157–161], 

PCa [162–171], and the urological system [172–178]. 

An inherent benefit of PAT as described here is the use of an US transducer array to 

collect the PA signal [126,134,135]. US, as discussed above, is the primary tool for guiding 

prostate biopsy [1–4,15], and is thus well integrated and understood in the urology clinic. With 

the incorporation of a short-pulsed laser, a necessary data acquisition system, and computer for 

synchronization and image display, a simple PAT system is made. Additionally, a cyclic 

acquisition of PAT and then US-only images can be acquired [134]. Therefore, an US anatomical 

reference can be displayed simultaneously with the PAT images. 

The resulting PA signal is dependent on a few parameters as p0 =  𝜀𝜇aΓF, where ε is the 

imaging system constant, μa is the absorber’s absorption coefficient, Г is the Gruneisen 

parameter, and F is the local photon fluence [126,129]. For the user, the primary parameters to 

control are the light fluence and absorption coefficient (Fig. 1.5), which is done by carefully 

selecting the wavelength, light delivery including density of irradiation, and target absorber. 

Currently, a limited number of endogenous biological contrasts are available targets, which 

includes: hemoglobin (oxy- and deoxyhemo-globin), melanin, lipid, collagen, and 

water  [126,179]. To optimize light fluence in a biological system, wavelengths are typically 

chosen where a “window” in which water absorption is minimized [126,146,168,180–182]. This 

can be seen highlighted in Figure 1.5 below. 

The imaging resolution of PAT is typically limited by the US resolution, which can range 

from 50 – 300 μm depending on the frequency of the US transducers. As mentioned above in the 

discussion of US-based imaging methods, the typical US probe for prostate imaging ranges in 

frequencies of 5 – 9 MHz [50,57,59], but recent efforts have resulted in higher frequency US 

probes of up to 29 MHz  [61,62]. The excitation volume is not limited to the US frequency, and 

thus sub-US resolution molecules can be imaged.  

In regards to the application of PAT to PCa detection, PAT has been recently applied in 

vivo in humans for the purpose of evaluating angiogenesis in PCa compared to benign 

tissue [171]. Preclinical studies in canines  [168,183] and mice  [164,184] have demonstrated the 

ability to discern PCa or PCa pseudo-lesions from benign tissue which analysis including PA 

frequency and PA single and multispectral signal intensity analysis. Other applications of PAT or 

PA’s application to human prostate samples have been on haemotoxylin and eosin stained, 100 
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μm thick tissue slices [185] and to prostates before [169] and after they were axially sectioned 

following radical prostatectomy [163,182,186].  

While these are steps toward the translation of PAT to the urology clinic, these studies 

leave some unanswered questions to the feasibility. For example, the barrier of light delivery to 

the whole prostate has yet to be overcome [171]. As light scattering is high from the rectal wall 

while the anisotropy is high [187], a novel route to deliver the laser pulses may be needed [188]. 

An alternative to transrectal light delivery is interstitial [169,189] or transurethral light 

delivery [165,190]. These routes have been tested without [169] and with PA absorbers that 

achieve a high signal-to-noise ratio, such as brachytherapy seeds [190], titanium wire [189], and 

pencil leads [165]. 

Another consideration for PAT for PCa detection besides light fluence is the other 

variable of the PA signal amplitude which can be controlled—the absorption coefficient or the 

absorber. As shown in Figure 1.5, the absorption coefficient changes with wavelength. An 

optimized wavelength can be chosen to ensure the balance of light penetration and absorption. 

The primary absorber thus far for PCa detection has been hemoglobin [168,171,183] as 

angiogenesis is a known major component of clinically significant PCa tumors [76,77]. Other 

endogenous absorbers include lipid and water [182]. Lipid storage is known to be increased in 

PCa specifically, but only by approximately 5% [191]. As only a few endogenous absorbers are 

available, development of targeted exogenous absorbers is another potential for PCa detection 

with PAT [179,192–195], but these are currently limited in the clinical setting.  

Lastly, the current studies imaging endogenous contrast in vivo or ex vivo human 

prostates have yet to provide suspicious regions as targets for the prostate biopsy. Dogra and 

colleagues have applied multiple image analysis techniques to a dataset of multispectral PAT and 

US images of axially-sliced human prostates following radical prostatectomy [163,186,196]. 

While differences in endogenous absorbers are shown, biopsy targets are not provided. Also, the 

images are taken in such a way that axial plane of the prostate specimens have a uniform light 

fluence and the PA signal is acquired with a C-scanning US transducer array [196]. The current 

US transducers used for the prostate biopsy are B-scanning [4,15], and the methods of light 

delivery do not allow for completely uniform light delivery across the axial plane of the human 

prostate [165,171,197]. In vivo PAT imaging of the human prostate has shown the ability to 
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correlate PAT signal with angiogenesis and tissue vascularity. No prostate biopsy targets were 

given from these measurements [171].  

1.6.4.2 Optical Imaging Utilizing Exogenous Contrast 

To date the techniques utilizing an exogenous contrast for PCa detection is fluorescence 

diffuse optical tomography [128,198] and PAT [192–195], which are typically performed in a 

multimodal manner as an anatomical reference is necessary [128,192–195,198]. Diffuse optical 

tomography and PAT differ in the mechanism of signal generation. Diffuse optical tomography 

is a pure optical technique in which a fluorescent label is optically excited, and the resulting 

emitted light is detected [128,198]. Alternatively as mentioned above, PAT is a hybrid imaging 

modality in which the exogenous contrast agent’s absorbed optical energy is converted to heat. 

The resulting thermodynamic expansion then creates an acoustic wave that is detectable by 

traditional clinical US transducers (Figure 1.4) [133,134]. As these approaches utilize exogenous 

contrast, the procedures would take more clinical time for the prostate biopsy, since the 

exogenous label needs to bind to its target [128,192–195,198], compared to the MRI fusion-

guided or templated TRUS-guided prostate biopsies. 

Fluorescence diffuse optical tomography has been demonstrated to image over 2 cm in 

prostate phantom with optical tissue-mimicking properties using an integrated TRUS probe. A 

single capillary tube of indocyanine green fluorescent label encapsulated in lipid droplets was 

used as the control imaging target. The TRUS probe had four integrated sensors for fluorescent 

detection [128]. Reconstruction may be an issue for this method if more than one imaging target 

was in the phantom prostate [198], which would be a concern for translation as multifocal PCa is 

common and non-specific binding would be expected for an exogenous contrast agent. While the 

reconstructed images provide agreement with the phantom [128], no work has been completed in 

vivo or with human radical prostatectomy specimens for fluorescence diffuse optical 

tomography.  

PAT has an advantage over diffuse optical tomography as the signal detector for the PA 

signal is an US transducer [134], which is already utilized for the current gold standard prostate 

biopsy procedure [1–4,15], while diffuse optical tomography needs an optical sensor to collect 

the signal [128,198]. In addition, PAT can image deeper than diffuser optical tomography as 

acoustic attenuation is lower than optical attenuation in biological tissue [135]. Compared to 
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endogenous PA contrast in the prostate, exogenous contrast agent targets, such as 

PSMA [192,193], could provide more specificity than endogenous hemoglobin imaging. Also, 

exogenous contrast agents have the potential to be optimize to further increase the imaging depth 

beyond the estimated optical extinction [199]. 

For the application of PAT of exogenous contrast for the prostate biopsy, the topics of 

light delivery, as discussed in the previous subsection, is still needed to be improved for this 

approach. Also, an imaging analysis method is similarly needed for identifying suspicious 

regions that can be used as targets for the prostate biopsy. This image analysis method would 

need to be potentially capable of real-time analysis to enable real-time display of the images to 

be easily integrated into the current workflow of the templated TRUS-guided prostate 

biopsy [4,15]. 

 Summary 

To date, no improvements in prostate biopsy have been incorporated to improve the 

under-sampling issues present in the current method of 12-core templated TRUS-guided prostate 

biopsy without the use of additional imaging that requires a separate appointment and added 

personnel. While there is added costs and appointments needed for the MRI fusion-guided 

biopsy, the sensitivity of the prostate biopsy is improved along with more clinically significant 

PCa detected [1–3]. This success is due the combination of PCa characteristics, such as blood 

flow dynamics and density, water motion restriction or increased cellularity, and anatomical 

alterations, which are assessed with this imaging modality along with a more quantitative nature 

of the diffusion weighted and dynamic contrast-enhanced imaging [2,5,28]. While much of these 

characteristics have also been attempted with US imaging modalities [15,67,74,81,85], the 

imaging resolution of the lower frequency US transducer arrays has had limited the 

success [57,59,62]. To overcome this, exogenous contrast agents have been employed [84,87], 

but limitations still exist due to the difficulty to image the entire prostate while trying to observe 

the blood flow dynamics [90].  

A need exists to develop a real-time, multiparametric imaging tool that can be utilized in 

the urological clinic to guide prostate biopsy without adding significant burden to the clinical 

workflow so that it may be incorporated as first line for biopsy acquisition. By fulfilling this 

need an improvement of the biopsy sensitivity may be achieved along with better acquisition of 
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the most clinically significant prostate tissue without added appointments nor significant cost 

increase. This would then lead to improved pre-surgical diagnosis and improved decision making 

for active surveillance versus curative therapy as the large majority of men die with PCa and not 

from it [37]. The imaging tool will hopefully reduce the need for repeat biopsy and therefore 

lower the patient’s risk of developing a post-biopsy complication within their lifetime.  

 Proposed Engineering Solutions for the Current Investigation 

The proposed engineering solutions will include 1) a multiparametric approach to 

improve the sensitivity and specificity of identifying PCa ROI for the purpose of a targeted 

prostate biopsy, 2) an optimized, real-time imaging approach to ensure visualization of the most 

frequent prostate regions that give rise to PCa, 3) a non-invasive approach to minimize post-

biopsy complications, and 4) a realistic experimental model to ensure accurate conclusions from 

the study.  

We hypothesize that the development of a multimodal, multiparametric, real-time 

imaging system which includes US and PAT will improve prostate biopsy sensitivity and deliver 

better representative core sampling of the diseased tissue. As discussed PAT is inherently a 

multimodal technique as the US transducer array is necessary to collect the PA signal [126,134].. 

Based on previous simulation results [188] and in vivo prostate imaging [171], a transurethral 

light delivery approach will be explored to deliver light to the whole prostate simultaneously so 

that anterior regions of the prostate can be imaged with PAT. Utilizing a multi-wavelength 

approach, the major endogenous absorbers for PCa will be assessed. The minimum necessary 

wavelengths will be utilized to limit computational burden of the analysis method, which will 

ultimately provide potential targets for the prostate biopsy without user selection. By completing 

these tasks, a prostate PAT will be developed for testing in vivo for endogenous contrast 

imaging, and the imaging system will provide a mechanism for testing exogenous contrasts 

agents that are being developed [192–195]. 
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Figure 1.1. Gross male pelvic anatomy with median sagittal view. Major structures labeled are for 

general anatomical reference. Relative size of structures may vary by person. (1-3) Transrectal, 

transperineal, and transurethral locations for accessing the prostate. Image was adapted from 

Gray’s Atlas of Anatomy, Second Edition [200].  
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Figure 1.2. Prostate zonal anatomy. This figure was adapted from the original located in 

Genitourinary Pathology: Foundations in Diagnostic Pathology [39]. Above left is a three-

dimensional representation of the prostate zonal anatomy. A corresponding axial slice is depicted 

on the above right. The peripheral zone (beige/light pink), central zone (purple), transition zone 

(navy blue), fibromuscular stroma (red), urethra (green), and seminal vesicles (light blue) can be 

seen relative to one another. 
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Figure 1.3. Distribution of PCa based on Gleason score. This figure was adapted from original 

article by Eminaga et al. [201]. No data was altered, but layout and text were altered for clarity 

here. To the right of the figure, a schematic drawing is shown of the relative location the heat maps 

represent for anatomical orientation. On the left half of the figure, the heat maps show the 

frequency distribution of the various Gleason scores. These were determined from 168 prostates 

following radical prostatectomy. Each prostate could exhibit more than one Gleason score. As 

these specimens were from radical prostatectomy cases, the frequencies are biased towards cases 

that needed curative therapy and were surgical candidates, but the distribution represents literature 

well. Gleason 7a = 3+4. Gleason 7b = 4+3.  
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Table 1.1. Summary of positron emission tomography radiolabeled tracers for locating PCa. 

Category Tracer Rationale 

Metabolism 18F-FDG [122,123] Warburg effect [76]. 

Proliferation 

18F-ACBC [124,202,203] Increased amino acid transport. 

11C-Choline/ 18F-

FC [119,204,205], [120] 
Increased cell membrane synthesis. 

11C-Acetate [122], [121,206] Increased cell membrane synthesis. 

Receptor 

Upregulation 

Radiolabeled PSMA 

antibody [207,208] 

Epithelial glycoprotein upregulated in all PCa 

stages; associated with metastasis and 

recurrence [209]. 
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Figure 1.4. Principle of PAT. (a) Light propagates through tissue until absorption occurs. (b) The 

absorbed energy causes a local temperature rise which causes thermoelastic expansion for the 

absorber. (c) The expansion causes an acoustic wave to propagate which can be detected with US 

transducer arrays. Figure adapted from L. V. Wang and J. Yao [134].  
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Figure 1.5. Endogenous PA absorbers’ absorption coefficients at different wavelengths. Original 

figure from Hui et al. altered to highlight wavelengths with valleys in the absorption of light by 

water [126].
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2. COMPARISON OF PHOTOACOUSTIC TOMOGRAPHY DEVICES 

FOR IMAGING EX VIVO HUMAN PROSTATES 

*A portion of the contents of this chapter and all of the next chapter (Ch. 3) has been 

previously published in Photoacoustics [162]. This work was reformatted for dissertation, and 

additional data has been added to this chapter that were outside of the scope of Bungart et 

al. [162]. 

 Introduction 

PCa is the most incident, visceral cancer in USA men. An estimated 164,690 new PCa 

cases are predicted to occur in 2018, which is 9.5% of all estimated 2018 cancer 

occurrences [210]. The current overall 5-year survival rate is 97.7%, especially when PCa is 

discovered at a local stage, but this drops to 30% if the PCa has metastasized prior to 

diagnosis [6]. In order to ensure that diagnosis occurs at the local stage while limiting harm to 

the patient, serum PSA measurement is recommended as a screening tool for PCa depending on 

factors, such as age, family history and the patient’s preference [211,212]. PSA is produced 

exclusively by prostate epithelial cells and can be influenced by benign conditions including: 

bacterial prostatitis [9], ejaculation [11], and BPH [12]. Thus, false positive results from PCa 

serum PSA screening commonly occur, which makes a follow-up, confirmatory test necessary.  

Currently to confirm the presence of PCa, histopathology analysis with Gleason grading 

must be performed on biopsy samples acquired from the prostate in order to guide clinical 

decision making [213]. Gleason grading is based on the microscopic tissue architecture, and the 

two major Gleason grades are added to give the Gleason score [35]. The current clinical standard 

for acquiring biopsy samples is to perform a 12-core TRUS-guided biopsy, which entails 

following a template to systematically acquire 12 tissue samples from the prostate [4]. To follow 

the template protocol, a TRUS probe guides the biopsy procedure by allowing visualization of 

the anatomical locations within the prostate [4,15]. Even with optimization of the TRUS-guided 

biopsy, false negative results occur in approximately 15-34% of initial biopsy procedures due to 

the limited, untargeted sampling of the prostate [49,214].  
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The combination of the PSA and the TRUS-guided biopsy is considered to be the major 

contributor to the overtreatment problem for PCa [211]. Since the biopsied tissue, and not the 

PSA, currently provides the diagnostic information to aid in therapeutic decision making [35], 

the biopsy procedure needs improvement due to its low sensitivity [18]. As previously 

mentioned, the current gold standard for performing the biopsy is a systematic approach based 

on a template [4]. Therefore, providing a target for the prostate biopsy may help to improve the 

sensitivity of the procedure.  

The most notable clinical advancement for targeting the prostate biopsy is the MRI 

fusion-guided biopsy, which is currently recommended for patients undergoing repeat biopsy 

following an initial negative biopsy [16,17]. For biopsy-naïve patients, recent conflicting 

evidence exists regarding the PCa detection rate when using the MRI fusion-guided biopsy 

compared to TRUS-guided biopsy [21,25,26,215–217]. Overall, these clinical studies show that 

the MRI fusion-guided biopsy alone can reduce the number of cores needed to achieve the same 

PCa detection rates as the TRUS-guided biopsy [25,26,215]. Additionally, the MRI fusion-

guided biopsy has been shown to miss fewer clinically significant PCa tumors [25]. This 

reduction in cores needed and detection of clinically significant PCa tumors can reduce the risk 

of side effects and the need for repeat biopsy. However, many pitfalls exist with this method. 

Careful calibration is needed to fuse the real-time US and previously acquired, annotated 

mpMRI. If the patient moves after alignment, the calibration must be completed again. In 

addition, the mpMRI images are static, and manual pressure on the prostate during biopsy can 

distort the tissue compared to the mpMRI [28]. Other pitfalls include added costs for the 

mpMRI [29] and the injected contrast agents, which may be contraindicated in some 

patients [30], used in the procedure. Thus, an ideal solution for targeting the PCa biopsy includes 

endogenous contrast and real-time, coincident imaging and analysis. 

Since the prostate biopsy is TRUS-guided, PAT, which uses traditional US transducer 

arrays for signal collection [134], is a potential tool to apply clinically in order to improve the 

prostate biopsy. In contrast to MRI fusion-guided biopsy, PAT has inherent co-registration with 

the US imaging channel as the PAT and US images are sequentially acquired using the same US 

transducer array. MRI fusion-guided biopsy does have an advantage in imaging resolution and 

difference in biomarker type compared to PAT for prostate biopsy targeting. For PAT, the 

imaging resolution is dependent on the US transducer’s imaging resolution [134]. Since the 
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TRUS probe used for prostate biopsy is typically a low frequency US transducer with central 

frequency at approximately 7 MHz [218], the axial resolution is approximately two to three 

times lower than the resolution of the mpMRI sequences used for the MRI fusion-guided 

biopsy [5]. Another potential major difference is that the recommended mpMRI utilizes two 

functional imaging sequences out of the three total sequences as biomarkers [5], while PAT 

approaches can be based on biomarker content [126,219] and/or functional alterations [220]. 

Overall, PAT should be investigated as an alternative to MRI fusion-guided biopsy for the 

purpose of targeting the prostate biopsy. 

The PA signal detected during PAT results when an absorber interacts with pulsed light 

in such a way that the energy is converted to heat, and the resultant local thermodynamic 

expansion releases an acoustic wave, which is detectable via an US transducer [134]. Compared 

to traditional optical-only imaging techniques, this allows for deeper imaging of major 

endogenous absorbers, such as de-oxygenated and oxygenated hemoglobin, lipid, and 

water [126,134]. A few examples of the applications in which these endogenous PA contrast 

agents have been used are intravascular imaging of atherosclerotic plaques [221], breast cancer 

tumor margin assessment [146], and PCa [171] and breast cancer [222] vascularity. Since PCa is 

known to involve angiogenic processes [76], PAT, with hemoglobin as the endogenous contrast 

agent [126,134], may be able to identify targets for the prostate biopsy. Thus, we will utilize the 

1064 nm output from our previously published barium nitrite Raman laser [223] to image 

hemoglobin in human prostates. Unfortunately, angiogenesis in the prostate is not specific to 

PCa [76], while increasing cholesteryl ester, i.e. lipid, storage has been shown to be a specific 

biomarker to increasingly aggressive PCa [191]. Therefore, PAT was also performed at 1197 nm, 

which is an absorption peak for lipid [126,223].  

To determine the ability for 1064 nm and 1197 nm PAT to differentiate benign from 

malignant tissue for the purposes of guiding the prostate biopsy, a prostate PAT device needs to 

be optimized. Up until 2016 PAT imaging of human and animal prostates included PAT devices 

in which the US detector and light source were external to the prostate [167,168,182,224], or an 

interstitial [189,225] light source with external US detector were used. For simplicity purposes, 

we aim to develop a PAT device with combined illumination and US detection so that scanning 

of the ex vivo human prostates results in relatively consistent illumination between each PAT 

image. Two common optical and acoustic device setups are the co-linear orientation and the use 
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of a bifurcated fiber bundle mounted to the sides of the US probe [134]. Here we test these 

device setups to determine the optimal design for ex vivo imaging of human prostates in order to 

test the ability for 1064 nm and 1197 nm PAT and US imaging to identify prostate biopsy 

targets. 

 Methods 

 Fabrication of PAT illumination and US detection devices 

Parts to mount to the low frequency US probes were designed in Solidworks (Dassault 

Systèmes, Boston, MA, USA) and fabricated using a three-dimensional printer. Two US probes 

were used. For the device designs involving a bifurcated fiber bundle, the C9-5ICT TRUS probe 

(Philips, Andover, MA, USA), while a L7-4 US probe (Philips, Andover, MA, USA) was used 

for the co-linear device design.  

 Performance testing of PAT illumination and US detection devices 

Devices were incorporated into the 1064 nm and 1197 nm PAT and US system (Fig. 

2.1) [226]. The laser source included the previously published barium nitrite Raman laser [223], 

which is pumped with a 10 Hz Nd:YAG laser (Continuum, San Jose, CA). An US system 

(Verasonics, Kirkland, WA) was used with the US probes to collect the PA signal and perform 

US imaging.  

The PAT and US imaging devices were compared using targets that generate a strong PA 

signal, such as heat shrink tube and tungsten wire, and that represented endogenous contrast, 

such as human blood and polyethylene tubing. The targets were embedded in an agarose gel 

(CN: 16500500, Invitrogen, Carlsbad, CA, USA). Imaging depth, pSNR, and the imaging 

resolution were measured. A minimum of 3 independent measurements were used for statistical 

analysis. 

 Results 

 PAT/US imaging probe with reflected emission from a bifurcated fiber bundle 

A C9-5 US probe was outfitted with a three-dimensional printed cover that had internal 

grooves to hold the bifurcated fiber bundle. The US probe was placed into the cover with 
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attached bifurcated fiber bundle so that the fiber bundle was parallel to the US transducer array’s 

imaging plane (Fig. 2.2a,b). To help direct the light output towards the acceptance plane of the 

US transducer array, two mirrors were glued to the US probe cover. The 1197 nm PAT imaging 

depth of the PAT/US probe was then tested using 100 μm tungsten wire embedded in 2.5% 

agarose gel (Fig. 2.2c). The maximum energy output of 1197 nm from the laser, which was 80 

mJ/pulse, was used. The output energy from the bifurcated fiber bundle was 25 mJ/pulse. Thus, 

the coupling energy was 31.25%. US imaging (Fig. 2.2d) was able to observe all of the tungsten 

wires in the agarose gel. The corresponding 1197 nm PAT imaging (Fig. 2.2e) only acquired 

signal from the top 3 wires, which were up to approximately 1 cm deep. The wires deeper than 1 

cm did not have detectable 1197 nm PA signal.  

 Co-linear PAT/US imaging probe  

To ensure the light emission illuminates the acceptance plane of the US transducer array, 

a co-linear setup was designed (Fig. 2.3a). Glass slides were used to reflect the acoustic waves to 

and from the L7-4 US transducer array, while the light propagated through a glass slide to the 

sample. By including the glass slides, the distance from the fiber bundle to the tissue surface is 

increased. To minimize light absorption, deuterated water was used as it has a very low 

absorption coefficient compared to normal water [227]. To correct the light expansion from the 

fiber bundle (Fig. 2.3b), cylindrical lens with a 13.7 mm focal length (LJ1909L1-C, Thorlabs, 

Newton, NJ, USA) were placed directly after the fiber bundle. The fiber bundle and cylindrical 

lens were held in place with a custom three-dimensional printed holder. The cylindrical lens 

created a focusing point approximately 1 inch from the holder (Fig. 2.3c), which was just under 

the tissue surface. The fiber bundle and cylindrical lens output energy efficiency for 1197 nm 

was 28.6%. Since the glass slides were not coated with an anti-reflection coating, a fraction of 

the energy is expected to be reflected from the glass. The reflected amount was measured to be 

20%. After included this energy loss, the total effective output energy efficiency for 1197 nm 

was 22.9%.  

After assembling the co-linear PAT/US device (Fig. 2.3d), the 1197 nm PA and US 

pSNR was determined for 3 mm heat shrink tube, 1.22 mm polyethylene tube, and 1.5 cm 

diameter sphere of butter (Fig. 2.3e). The samples were placed close to the bottom of the co-

linear PAT/US device. Three frames were averaged per image and analyzed. The US pSNR was 
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insignificantly different for the heat shrink tube and butter samples. A statistical difference was 

detected between the heat shrink tube and polyethylene tube US pSNR and the polyethylene tube 

and butter US pSNR. Overall, The US pSNR was around the same level of 85 dB. The 1197 nm 

PA pSNR for the heat shrink tube was approximately twice as high as the US pSNR for 

polyethylene tube and butter, which were insignificantly different.  

 PAT/US imaging probe without reflected emission from a bifurcated fiber bundle 

The final PAT/US probe design tested was similar to the setup in section 2.3.1 (Fig. 

2.2a), except that mirrors were not used. Instead, a bifurcated fiber bundle was fixed to the US 

probe at the end, parallel to the transducer array, with a 30° angle relative to the probe, thereby 

creating a focus of approximately 1 cm by 2 cm at 1 cm from the US transducer (Fig. 2.4a). The 

surface area per bifurcated fiber bundle end is 13 mm by 3 mm. With an energy output per 

bifurcated fiber bundle of 27.5 mJ/pulse, the total energy output was 55 mJ/pulse. Based on the 

fiber bundle end surface area and energy output, the energy density maximum was 70.5 mJ/cm2. 

Thus, the fiber bundle setup and energy output is acceptable as the maximum permissible 

exposure for this laser is 100 mJ/cm2 [228].  

For PAT, the TRUS probe determines the imaging resolution. We assessed the C9-5ICT 

TRUS probe’s US and PAT beam full width at half maximum (FWHM) with a custom sample 

holder (Fig. 2.4b) which contained 25 micron tungsten wire at 11, 19, and 26 mm from the 

transducer (Fig. 2.4c). As expected, the US axial FWHM remained relatively constant over depth 

while the lateral FWHM increased (Fig. 2.4d,e). The PAT axial FWHM was larger compared to 

US while the PAT lateral FWHM was similar to US, except at 19 mm. These results are 

consistent with expected resolution for a TRUS transducer array with a center frequency of 7.8 

MHz.  

Lastly, the pSNR of the PA absorbers’ US and 1064 nm and 1197 nm PAT were assessed 

using phantoms (Fig. 2.4f). Heat shrink tube is a broad-spectrum, strong absorber used here as a 

control, while polyethylene tube and coagulated human blood that was 1-2 hrs old in 1% agar gel 

was used for the prostate biomarkers of lipid and hemoglobin. Coagulated blood that was 1-2 hrs 

old was used as a sample since the blood in the resected human prostate specimens is expected to 

be coagulated. Additionally, the human prostate specimens will be imaged approximately 1-2 hrs 

after resection. The pSNR for blood, heat shrink tube, and polyethylene tube was shown to be 
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statistically different between all imaging channels. The US pSNR was within 10 dB for all the 

samples, while the PAT pSNR varied more between samples. The heat shrink tubing has the 

highest PAT pSNR. For blood the 1064 nm PAT pSNR was 6 dB higher than the 1197 nm PAT 

pSNR. The opposite was found for polyethylene tube with the 1197 nm PAT pSNR being 6 dB 

higher than the 1064 nm PAT pSNR.  

 Discussion and conclusions 

For the proposed ex vivo human prostate study to determine if 1064 nm and 1197 nm 

PAT and US imaging can target the prostate biopsy, a PAT/US imaging probe needs to be 

optimized. The human prostate can be up to 5 cm in the anterior-posterior dimension [42]. Due 

to this the mirrored bifurcated fiber bundle probe design cannot be used since the PAT imaging 

depth was limited to approximately one cm. In comparison, the non-mirrored bifurcated fiber 

bundle design of the PAT/US imaging probe detected blood, a more weakly absorbing imaging 

target than tungsten wire, at a depth of at least 18 mm. The co-linear PAT/US imaging probe 

design was not tested beyond 10 mm of imaging depth.  

In addition to imaging depth, the pSNR for 1064 nm and 1197 nm needs to be as high as 

possible to ensure the ability to distinguish contrast, especially since the changes in lipid from 

benign to malignant prostate tissue is a few percent change [191]. For the co-linear PAT/US 

imaging probe, the 1197 nm PAT pSNR was at least 10 dB lower for polyethylene tube than the 

bifurcated fiber bundle design without mirrors. The difference in pSNR is likely due to the 

difference in energy fluence at the sample. As the light fluence will decrease over depth and that 

the PA signal is directly correlated to the light fluence [126,129], the bifurcated fiber bundle 

PAT/US imaging probe without mirrors is the best option for the proposed ex vivo human 

prostate study for the purpose of determining if 1064 nm and 1197 nm PAT and US imaging can 

provide targets for the prostate biopsy. 
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Figure 2.1. PA and US Tomography Imaging Setup. (a) Schematic of PAT and US imaging system. 

M1: 45 degree reflective mirror; M2: flip-mounted 45 degree reflective mirror; M3: resonator end 

mirror; M4: output coupler; PBS: polarizing beam splitter; HWP: half wave plate; QWP: quarter 

wave plate; BdN: barium dinitrite crystal; BFB: bifurcated fiber bundle; UST: ultrasound 

transducer; DAQ: data acquisition system. (b) Image of PAT and US imaging system at location 

in Indiana University Hospital near surgical suite for optimized tissue handling. 
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Figure 2.2. PAT/US imaging probe with reflected emission from a bifurcated fiber bundle. (a) 

Schematic of PAT/US imaging probe with reflected emission from a bifurcated fiber bundle. BFB: 

bifurcated fiber bundle; USP: ultrasound probe; FBH: fiber bundle holder; CTA: curved transducer 

array; M: mirror; LI: light illumination. (b) Picture of imaging probe installed on system at IU 

Hospital for testing. (c) Picture of the tungsten wire embedded in agarose gel shown in the (d) US 

image and corresponding (e) 1197 nm PAT image. Scale bars: 1 cm.  
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Figure 2.3. Co-linear PAT/US imaging probe. (a) Schematic of the co-linear PAT/US imaging 

probe. FB: fiber bundle; LUSP: linear ultrasound probe; FL: focusing lens; D2O: deuterated water; 

CG: cover glass. (b) Light emission from fiber bundle without and (c) with cylindrical focusing 

lens. Scale bars: 1 in. (d) Picture of the co-linear PAT/US imaging probe installed on the system 

at IU Hospital for testing. (e) US and 1197 nm PAT pSNR for heat shrink tube (HT), polyethylene 

tube (PT), and butter samples. D = depth of sample from the bottom of the co-linear PAT/US 

imaging probe. Each group has n greater than or equal to three; * = p < 0.05; ** = p < 0.001; *** 

= p < 0.0001.  
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Figure 2.4. PA and US Tomography Imaging System Performance. (A) Illumination area of 1064 

and 1197 nm pulsed laser light at 1 cm from the fiber bundle ends. (B) Experimental setup to 

determine imaging resolution. UST + BFB: ultrasound transducer with bifurcated fiber bundle. (C) 

Representative US image of 25 micron tungsten wire. Wires were centered relative to the 

transducer array for analysis. Each group has n = 5. Scale bar: 1 cm. (D,E) Axial and lateral 

resolution of the US and PAT system when imaging 25 micron tungsten wire at depths (d) of 11, 

19, and 26 mm below the US transducer array. (F) pSNR of 1064 and 1197 nm imaging of heat 

shrink tube (HT), polyethylene tube (PT), and coagulated human blood. Applies to all panels: each 

group has n =5; ** = p < 0.001; *** = p < 0.0001.
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3. PHOTOACOUSTIC TOMOGRAPHY OF INTACT HUMAN 

PROSTATES AND VASCULAR TEXTURE ANALYSIS IDENTIFY 

PROSTATE CANCER BIOPSY TARGETS 

*All of this chapter and a portion of the previous chapter (Ch. 2) has been previously 

published in Photoacoustics [162]. This work was reformatted for dissertation, and additional 

data has been added to chapter two that were outside of the scope of Bungart et al. [162]. 

 Introduction 

Recent studies have begun applying PAT to the identification of PCa in human 

prostates [163,171,182,186]. Unfortunately, a method of identifying targets for the prostate 

biopsy has yet to be achieved without manual selection of ROI that rely on intensity-based 

thresholding [171,182] or the use of multispectral PAT analysis [163,182,186] that would 

decrease the frame rate. Out of these studies, Rajanna et al. used deep neural networks to learn 

features and then identify pixels representing PCa. This work was completed using a previously 

published PAT dataset of ex vivo human prostates that were sliced into axial sections prior to five 

wavelength PAT imaging [182]. The imaging method ensures uniform light fluence over the 

anterior-posterior axis of the tissue, which is currently not possible for prostate PAT in the 

clinical setting [171]. Additionally, the feature learning method used is based on feature learning 

of gene expression profiles, which can have hundreds of features [229]. Here, we minimize the 

PAT channels to 1064 and 1197 nm and acquire the standard US channel. The rationale for this 

was discussed previously in section 2.1. Since feature learning typically involves 10s to 100s of 

features [186,229], we utilize the “off-the-shelf” K-means clustering feature learning of texture 

patches, which has been shown to be effective in single-layer networks [230], for the purpose of 

identifying targets for PCa biopsy. 

 Materials and methods 

  Prostate specimen inclusion and handling 

All work performed followed the approved Institution Review Board protocol (IUSCC-

0581). A total of 9 prostate specimens were imaged in a room near the Indiana University 



53 

 

Hospital surgical suite directly following radical prostatectomy (Fig. 3.1). After 10 sterile saline 

washes of the external surface, prostates were immobilized using an agar bed and imaged with 

PAT and US as described below. Formalin fixation and whole mount histopathological analysis 

was then performed by urogenital pathologist (L.C.) as previously described [231]. De-identified 

pathology reports were also provided in addition to the annotated whole mount histopathology 

slides. 

  PAT and US imaging  

1064 nm and 1197 nm PAT imaging was performed using a setup (Fig. 2.1) with the 

previously published barium nitrite Raman laser [223] pumped with a 10 Hz Nd:YAG laser 

(Continuum, San Jose, CA). (Fig. 2.4) A bifurcated fiber bundle (Fiber Optic Systems, Inc., Simi 

Valley, CA) delivered the pulsed light at a 30° angle relative to the probe. A C9-5ICT TRUS 

probe (Philips, Andover, MA) was used to collect PAT signal and to perform US imaging with 

an US system (Verasonics, Kirkland, WA). The C9-5ICT TRUS probe was designed to include 

US imaging of the prostate from the rectal cavity, and thus allowed for imaging of the prostate’s 

entire posterior-anterior depth. Experiments were performed at 55 mJ/pulse with a 0.5 mm step 

size while raster scanning. Scanning was performed in 10 minutes with no averaging applied per 

frame. Images were taken in the prostate’s axial plane to match the histopathology slices’ plane.  

  Image and histopathology slice matching 

PAT and US images were matched to histopathology slides (n=40) by using the US 

channel alone. Since the PAT and US imaging were performed in the same plane as the 

histopathology slices, the prostate characteristics from the histopathology slides, which included 

anterior-posterior length, left-right length, urethral position and perimeter shape, along with a 

minimum spacing of 4 mm between each prostate’s histopathology slides, were used to 

determine the best match between the histopathology slides and the US channel. The 

measurements were taken manually from the histopathology slides [145]. Measurements of US 

channel frames were taken using ImageJ [232]. As scanning was performed in 0.5 mm 

increments, the distance between US channels was known to ensure at least 4 mm spacing 

between frames matched to consecutive histopathology slices. 
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  Intensity-based analysis of PAT images 

ImageJ was used to assess the minimum, average, and maximum signal intensities for 

PCa and laterally-matched benign ROIs [232]. The averaged maximum benign ROI signal 

intensity was used as the minimum threshold for PCa-specific signal to determine if intensity 

thresholding can be applied to determine targets for the prostate biopsy. 

  Training and testing datasets 

The training dataset consisted of six prostate specimens comprising of 28 total whole 

mount histopathology slices, while the testing dataset had three prostate specimens of 12 

histopathology slices. Table 3.1 shows the specimens’ clinical and pathological distribution. The 

two datasets were randomly divided, except for the Gleason 6 case that was specifically added to 

the training dataset as there was only one case with this Gleason score.  

  Statistical Analysis 

A minimum of three repetitions were used for all experiments. Values are represented as 

averages with standard deviation of sample for the error. One-way ANOVA was used for 

hypothesis testing with Tukey’s HSD post hoc test. The significance level (p) is < 0.05. 

 Results 

 Thresholding-based analysis is ineffective for identifying PCa biopsy targets 

Intensity thresholding for identifying PCa targets was initially applied due to recent in 

vivo PAT imaging study of prostate angiogenesis which utilized an intensity-based 

analysis [171]. For assessing intensity thresholding for identifying PCa-associated signal, we 

determined the minimum, average, and maximum signal intensities for PCa and depth-matched 

benign PAT ROIs (Fig. 3.2a). To include only PCa-specific signal after thresholding, the 

average maximum signal intensities for the 1064 nm and 1197 nm benign ROIs were used as the 

minimum cutoff for PCa-specific pixel identification. For 1064 nm PAT images, the threshold 

was set at 9.9 (log scale), while 8.8 was the threshold for 1197 nm PAT images. This approach 

results in no signal for identifying prostate biopsy targets in the PCa tissue (Fig. 3.2b,c). This is 

expected as the PCa and depth-matched benign ROIs’ minimum, average, and maximum values 
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are not statistically different (Fig. 3.2a). Based on these results, an alternative approach is needed 

for identifying targets for the prostate biopsy.  

  K-means clustering feature learning of PAT texture patches demonstrates that 1197 

nm PAT does not uniquely contribute to clustering results 

Besides intensity-based analysis, prior work involving PAT of human prostates for the 

purpose of distinguishing malignant versus benign tissue includes applying multispectral 

deconvolution, frequency analysis, and deep neural nets with Greedy feature selection to a 

dataset of axially-sectioned, ex vivo human prostates [163,182,186]. Unfortunately, multispectral 

deconvolution cannot be applied here as two PAT channels are not sufficient as there are at least 

three endogenous PA absorbers present, i.e. hemoglobin, lipid, and water [126]. Additionally, 

with two PAT and one US imaging channel, we are limited in machine learning approaches 

without reformatting the data [229,230]. To reformat the data for k-means clustering feature 

learning, the histopathology slice-matched PAT and US images (Fig. 3.3a-c) were initially 

converted from an image format to a format appropriate for k-means clustering (Fig. 3.3d,e). 

Texture patches were converted to row-wise data with neighborhood features in each column. 

The patches were five-by-five and considered column-wise from left to right. The step size 

between each patch was one. The patch size and step was chosen from prior published 

work [230]. Following reformatting the training dataset was dimensionally reduced using 

principal component analysis for the PAT channels alone. The top 50% of the major principal 

components were included for feature learning. 

After reformatting and dimensionally reducing the data, the feature learning was 

performed using k-means clustering with the open source library VLFeat (0.9.20) [233] with k = 

100. Since strong correlation between 1064 nm and 1197 nm PAT of hemoglobin and lipid was 

present (Fig. 2.4f), feature learning was performed on 1064 nm PAT with US and 1197 nm PAT 

with US (Fig. 3.4) to determine the clustering contribution from each PAT channel. The PCa- 

related features were manually chosen in the training dataset based on overlap with the PCa ROI 

in the ground truth histopathology slices. Next, the learned feature cluster centers were used to 

cluster the reformatted and dimensionally-reduced data in the testing dataset. The testing dataset 

was matched to the closest learned cluster center. The testing data that was clustered into the 

PCa-related feature clusters was then assessed for the clustering contribution.  
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As shown in Figure 3.4, the original 1064 nm and 1197 nm PAT images are strongly 

correlated. For the testing cluster outputs, the PCa-related clusters are also similar except that 

there is more non-specific PCa cluster signal in the 1197 nm with US channel results, which 

could be due to the signal intensity being approximately an order of magnitude lower for the 

1197 nm PAT versus the 1064 nm PAT (Fig. 3.4, Col. 2-3). Therefore, the 1197 nm PAT 

channel does not provide a unique contribution to identifying PCa biopsy targets, and only the 

1064 nm PAT with US channel should be used for training and testing of prostate biopsy targets.  

  1064 nm PAT and US texture analysis identifies biopsies targets 

Since the learned features are not dependent upon the 1197 nm PAT channel, analysis 

was completed using the 1064 nm PAT and US channels. The cluster centers from the training 

dataset (n = 28) were used with the testing dataset (n = 12). As angiogenesis is not a specific 

biomarker [76], the PCa-associated clusters were not specific to PCa nor only prostatic tissue 

(Fig. 3.4). To overcome non-specific results, we apply a ten-by-ten density filter to the PCa 

cluster results. The ten-by-ten density filter is assignment of 0 to 100 to each pixel based on the 

number of pixels assigned to a PCa-related cluster in the nearby 10-by-10 pixels. Then, non-

specific results were removed by thresholding the density level (Fig. 3.3g). Finally, the center of 

mass for groupings of prostatic signal was calculated to determine where the biopsy core would 

be targeted (Fig. 3.5). 

Using center of mass on the density filter of the PCa cluster outputs, targets were 

successfully identified for 100% (3/3 prostates) of the primary PCa tumors in the testing dataset. 

In addition, 67% (2/3 prostates) of the secondary PCa tumors were targeted by this approach. A 

PCa-free histopathology slice was present in the testing dataset (Fig. 3.5). A small amount of 

PCa-associated cluster output was present in this PCa-free image. The signal was located in the 

bilateral peripheral posterior of the prostate. Since signal was present, biopsy targets were still 

included. Ultimately, the number of targets from our approach is ten, eight, and ten targets 

respectively for patient 1, 2, and 3 in the testing dataset. For these targets, the percentage of false 

positive cores was 40% (4/10), 50% (4/8), and 30% (3/10) cores for the three cases. Thus, we are 

able to target multiple locations of each PCa tumor in the cases with at least two fewer cores than 

the current clinical gold standard approach of the systematic 12-core TRUS-guided 

biopsy [15,234]. 
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 Discussion 

Our work presented here shows that k-means clustering feature learning of 1064 nm PAT 

and US texture patches can be used to identify targets for PCa biopsy. For the first time, PAT is 

utilized along with supervised machine learning to independently identify targets for prostate 

biopsy in intact human specimens. Previously, significant work was performed on an axially-

sliced human prostate specimen PAT dataset looking at multispectral deconvolution, frequency 

analysis, and deep neural nets with Greedy feature selection [163,182,186]. While this work 

shows the differences between PCa and benign prostate tissue, the studies’ approaches are still 

based on user-selected ROIs or do not show the locations where targets would be suggested 

compared to ground truth histopathology slides. Additionally, the experimental design with 

sectioned prostate and subsequent transverse plane of imaging does not adequately challenge 

PAT and analysis methods on imaging depth that would be required for clinical translation. Most 

recently, an in vivo pilot study of three patients showed correlation of PAT of blood to vascular 

changes in prostate tissue with known PCa [171]. This work relied on intensity-only 

measurements which are limited over the depth of the prostate (Fig. 3.2). Thus, our work 

presented here provides an important contribution to the field of PAT of prostates for the purpose 

of guiding PCa biopsy.  

 The analysis approach presented here has some inherent advantages as only a 

single PAT and the US channels were utilized. For PAT, pulsed lasers are necessary to stimulate 

the resulting acoustic signal [134]. These lasers are typically 10-20 Hz, with our system 

containing a 10 Hz laser. If multiple wavelengths or averaging was needed, the frame rate would 

then decrease and add more time to the procedure. The advantage of using multispectral PAT 

imaging is that deconvolution of the signal into its endogenous contrast components could be 

performed. Whereas, the benefit of averaging multiple frames at one imaging location is that the 

pSNR could be improved, which would improve the image quality for analysis. As the prostate 

biopsy is performed on awake patients and the urologist is manually controlling the US 

transducer while the patient can simultaneously move [235], issues with individual channels 

overlapping at an imaging location are possible. This alignment of individual channels is 

important for analysis purposes. Our image analysis approach avoids the potential issue of 

channel overlap in each frame as only a single PAT wavelength was ultimately used to determine 

the prostate biopsy targets. The use of one PAT wavelength maximizes imaging speed and will 
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limit added time for the procedure if clinically translated. Additionally, for the first time, we 

identify prostate biopsy targets with an imaging and light delivery scheme that is clinically 

relevant compared to previously published work [163,182,186].  

 For this preliminary study, inherent limitations are present. Ex vivo intact fresh 

prostate specimens were imaged directly after radical prostatectomy and before formalin 

fixation. The 1064 nm PAT images’ signal is primarily from the endogenous absorber 

hemoglobin. The absorption coefficient of hemoglobin is different for oxy- versus 

deoxyhemoglobin [126]. As the prostate no longer has normal perfusion, we expect the feature 

learning of in vivo prostate 1064 nm PAT to provide different cluster centers than in the 

presented work. Additionally, an anatomical barrier that is not included in this study is the rectal 

wall, which is a highly scattering tissue [197]. Thus to ultimately prove the utility of this 

approach, in vivo imaging is necessary to see the analysis method’s performance with normal 

anatomy and perfusion.  

 Another limitation in this study is the use of histopathology slices as ground truth 

for the biopsy targets. Differences in the thickness of the histopathology slides and the PAT/US 

image frames exist—histopathology slices are typically only a few microns thick, while the 

elevation resolution for TRUS transducers cannot achieve this thickness [236]. Also, our 

approach to matching was performed based on manual measurements [145]. Thus, exact 

matching for all of the histopathology slice to the appropriate PAT/US image frame is difficult to 

achieve. 

 A final consideration for this work is the light delivery and US transducer 

designs [134]. Here we utilize a bifurcated fiber bundle array at a 60 degree angle mounted to the 

US transducer. This design allows for the least amount of distance from the fiber bundle to the 

prostate tissue to limit light divergence and water absorption. However, a pitfall exists with this 

setup: an inherent focus of the light at approximately 1 cm from the fiber bundle and US 

transducer array (Fig. 2.4a). For this reason, we believe that the secondary lesion that was not 

targeted in these results was due to the tumor’s close proximity to the fiber bundle and US 

transducer. This issue could be overcome if an additional imaging scan was performed with the 

fiber bundle and TRUS probe farther from the tissue so that the most posterior tissue would be in 

the beams’ focus. If this imaging modality and analysis were used clinically, the urologist could 

adjust the probe position in real-time to visualize the location.  
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 Conclusions 

1064 nm PAT and US texture-based k-means clustering feature learning successfully 

provided tumor cluster centers that were validated in the testing group. The resulting targets 

delivered a 100% (3/3) and 67% (2/3) sensitivity respectively to primary and secondary lesions 

while maintaining a total number of biopsy targets per prostate that is lower compared to the 

number of core biopsies acquired during current prostate biopsy protocols. Therefore, this real-

time multimodal imaging technique with target identification method should be explored further 

in vivo to determine its clinical value for improving the sensitivity of prostate biopsies for the 

purpose of PCa diagnosis. 
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Figure 3.1. Prostate specimen handling during data collection. (a) Prostate specimen handling 

procedure from radical prostatectomy to whole mount histopathology. (b) Image of prostate 

specimen during PAT and US imaging. UST + BFB: ultrasound transducer with bifurcated fiber 

bundle. (c) Image of prostate specimen depicting position during imaging and the raster scanning 

pathway. (d) Representative whole mount histopathology slide. An experienced urogenital 

pathologist marked the tumor margins and completed the corresponding histopathology report. 

These slides are considered ground truth for image analysis. 
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Table 3.1. Patient characteristics of training and testing datasets 
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Figure 3.2. Thresholding-based analysis is ineffective for identifying PCa biopsy targets. (a) Signal 

intensity characteristics for tumor and matched benign ROI. Tumor and benign ROI were not 

statistically different. Each data point consists of at least n = 12. (b) 1064 nm and (c) 1197 nm 

representative PAT images that have been thresholded with the maximum average benign ROI 

measurement. Prostatic (green) and tumor tissue (red) are outlined. No biopsy targets were 

identified with this method of analysis. Applies to all panels: scale bar = 1 cm.  
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Figure 3.3. Texture-based K-means clustering feature learning. (a) Example whole mount 

histopathology slide with demarcated tumor margins (red line). (b) US and (c) 1064 nm PAT 

images that best match the whole mount histopathology slide in A are shown. (d) Texture patch 

(x) generation involves determining optimum patch size (w) and step size between patches (s). 

Patches are sequentially created from left to right and then top to bottom of the US and PAT images. 

(e) The patches are processed to a format that is appropriate for k-means clustering. (f) Raw PCa-

related cluster output from k-means clustering feature learning of training set for US and PAT 

images in B and C. (g) Raw PCa-related cluster output converted to density heat map with 

thresholding. Signal corresponds to left posterior tumor foci in A. Applies to all panels: scale bar 

= 1 cm; Prostate margin: green line; Posterior tumor foci: red line.  
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Figure 3.4. 1197 nm PAT does not uniquely contribute to clustering results. Each PAT channel 

was tested for its contribution to PCa feature learning by viewing the results of the testing dataset. 

Whole mount histopathology slides with the major tumor’s largest dimension from each case in 

the testing dataset are shown in the left-most column. The PCa tumor margins are outlined (green) 

on the histopathology slides by a urogenital pathologist. 1064 nm and 1197 nm PAT images in log 

scale corresponding to the histopathology slides are displayed in the second and third column with 

the prostate (green) and tumor margin (red) outlines matching the histopathology slides. The raw 

testing results are exhibited in the two right-most columns with the same prostate tissue (red) and 

tumor (red) outlines for reference. Applies to all panels: scale bar = 1 cm.  
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Figure 3.5. Prostate biopsy targets identified in testing dataset. The PCa tumor margins are outlined 

(green) on the whole mount histopathology slides in the left-most column. A cancer-free slide was 

present in patient 1 of the testing dataset. US and 1064 nm PAT images in log scale corresponding 

to the histopathology slides are displayed in the second and third column with the prostate (green) 

and tumor margin (red) outlines matching the histopathology slides. The raw testing results are 

exhibited in the fourth column with the same prostate tissue (red) and tumor (red) outlines for 

reference. The raw data is then shown as a density heat map in the fifth column. Center of mass 

(green circle) of the density signal marks the targets for hypothetical prostate biopsy core 

acquisition. In the right-most column, the location of these targets is displayed on the 

histopathology slides’ ROI: prostatic tissue (black), PCa (grey), and background (extraprostatic 

tissue and saline; white). Applies to all panels: scale bar = 1 cm. 
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4. PRELIMINARY TRANSURETHRAL LIGHT DELIVERY DEVICE 

DESIGNS AND TESTING 

*A portion of the contents of this chapter and all of the next chapter (Ch. 5) were 

published in Biomedical Optics Express [237], and were reformatted for dissertation. Additional 

data has been added to this chapter that were outside of the scope of the submission to 

Biomedical Optics Express. 

 Introduction 

PCa is the most incident cancer in men with an estimated 164,690 new cases to be 

diagnosed in 2018 [210]. To confirm the presence of PCa after prostate specific antigen 

screening, initial tissue biopsies are now acquired using the MRI fusion-guided prostate biopsy 

protocol. For this approach annotated MRI images are overlaid on real-time US imaging to guide 

sampling of suspicious regions marked by uroradiologists, and additional biopsy samples are 

acquired via the previous templated biopsy protocol [1–5]. While this approach improves the 

sensitivity of the prostate biopsy, a real-time imaging method of identifying suspicious regions to 

biopsy could help overcome some of the pitfalls of the MRI fusion- guided prostate biopsy [28–

30]. 

PAT, a hybrid optical imaging technique, has great clinical translatability due to its 

increased imaging depth compared to pure optical imaging modalities. The PA signal is 

generated by photon absorption in biological tissue, which is subsequently released as heat. The 

resulting localized thermoelastic expansion generates an acoustic wave, which can then be 

detected by traditional clinical US transducer arrays [134,238–241]. In recent years, PAT has 

been applied to many clinical topics, such as neurological system [138–141], breast cancer [145–

149], female reproductive tract [142–144], gastrointestinal system [150,151], 

atherosclerosis [157–161], PCa [162–171], urological system [172–178], melanoma [152–156], 

and fibrosis [136,137]. 

PAT can provide real-time imaging for the PCa biopsy since the same US transducers 

used for the current biopsy protocol can be used to collect the PAT signal. The combination of 

PAT and US imaging can then provide spectroscopic and anatomical information [162–
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168,170,171]. Angiogenesis and lipid accumulation have been shown to be increased in PCa 

tumors [76,191]. In vivo [171] and ex vivo [162,163,169] imaging of human prostates have 

shown differences between malignant and benign prostate tissue using endogenous contrast. We 

have recently shown that successful PCa biopsy targeting in ex vivo human prostates is possible 

using hemoglobin PAT at 1064 nm and US imaging [162].  

While PAT has the potential to provide biopsy targets to under-sampled regions of the 

prostate, current PAT setups have not yet demonstrated the ability to image the full posterior-

anterior depth as observed from the rectum with the US transducer [162,163,169–171]. Two 

locations for the placement of the light delivery source for PAT have been investigated. The first 

location is placing the light delivery mechanism with the US transducer in the rectum. 

Simulation studies [188] along with in vivo [170,171] and ex vivo [162] PAT of human prostates 

have shown that the anterior regions of the prostate do not receive adequate light fluence to 

detect malignant and benign signal contrast when a rectally-located illumination source is used. 

The second location, which shows improved potential for PAT of the anterior prostate [188], is 

to deliver light via the prostatic urethra. A couple of transurethral light delivery designs have 

been employed for transrectal prostate PAT imaging, including a bevel-tipped fiber [190] and a 

fiber with a diffuser end [165]. While the recently published transurethral illumination device 

with diffuser end improved the illumination volume [165], neither of these transurethral light 

delivery designs has demonstrated the ability to deliver sufficient light for whole axial PAT of 

the prostate without rotating the illumination source, which can cause pain for the patient. To fill 

this gap, we investigate two transurethral illumination designs that provide 360° of radial 

illumination for the purpose of illuminating the whole axial plane of the prostate. The first is a 

fiber bundle of side firing, bevel-tipped fibers, and the second is a cone-tipped fiber design. 

Using 1064 nm we test the performance of these transurethral illumination sources to determine 

the ability of designs to fill the gap in transurethral illumination for prostate PAT. 

 Methods 

 Bevel- and cone-tipped fiber and fiber bundle fabrication 

To fabricate the bevel-tipped fibers, 1.0  mm core MMF (FP1000ERT, Thorlabs, 

Newton, NJ, USA) were cleaved and polished using a NanoPol Polisher (Ultra Tec 
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Manufacturing, Inc., Santa Ana, CA, USA) with 30 μm to 0.02 μm grit diamond lapping sheets 

(Thorlabs, Newton, NJ, USA). The jacket and cladding were removed from the fiber’s ends with 

a razor blade. For the coupling end, the fiber was polished flat with the NanoPol Polishers set to 

0° polishing angle. The emission end of the fibers were polished with angles from 42° to 46° in 

1°. The bevel-tipped fibers were capped with glass capillary tubes and were arranged in a 6 + 1 

pattern for the fiber bundle. The fibers were aligned so that the light fired perpendicular to the 

fiber bundle and held in place with epoxy. The cone-tipped fiber was provided by a collaborator 

and was fabricated with 0.4 mm core MMF. It was similarly capped with a glass capillary tube to 

protect the fiber’s cone tip.   

 Measurement of fiber emission 

For the bevel-tipped fibers and fiber bundle, the light energy emission was measured 

using a power sensor and corresponding power meter (Coherent, Santa Clara, CA, USA). The 

energy firing forward and to the side was determined. After the fiber bundle was assembled, the 

output was tested for each fiber to determine the output uniformity around the fiber bundle.  

 1064 nm PAT and US imaging performance testing 

The bevel-tipped fiber bundle transurethral illumination device was tested by imaging ex 

vivo human prostates directly after radical prostatectomy with 1064 nm PAT and US. The US 

system and 1064 nm laser (Section 3.2.2) along with tissue handling protocol (Fig. 3.1) was the 

same as previously published [226]. The illumination device used was the bevel-tipped fiber 

bundle. Light was coupled into the fiber bundle by using a 25 mm focal length plano-convex 

lens. The laser was set to output 100 mJ/pulse, and the output from the fiber bundle was tested 

directly before prostate imaging. The illumination device was inserted into the prostatic urethra 

and held in place while the C9-5ICT transrectal US (TRUS) probe (Philips, Andover, MA), 

which did not have any illumination device mounted, scanned the prostate specimen.  

To test the imaging performance of the cone-tipped fiber, a phantom was used with 

pencil leads embedded in 1% agarose gel (CN: 16500500, Invitrogen, Carlsbad, CA, USA). The 

cone-tipped fiber was centered between the pencil leads. 1064 nm PAT and US imaging was 

performed in scanning mode to find the peak PA signal location along the phantoms length. 

Frame images of 1064 nm PAT and US was taken every one mm for seven mm with the images 
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centered at the location of peak PA signal. 10 frames were averaged per image. A minimum of 

three images were taken per location. The images were analyzed using ImageJ [232]. 

 Results 

 Side-firing conversion efficiency of bevel-tipped MMFs 

The forward- and side-propagating fractions of the total coupled energy were measured to 

determine the critical angle for the total internal reflection required to convert the forward-

propagating light to side-firing. The theoretical critical angle for the fiber to achieve total internal 

reflection is 44.5°. This is near the approximate angle (44°) that was simulated (not presented 

here) by a colleague to achieve a 90° emission angle relative to the long axis of the fiber. Fibers 

with beveled tips from 42° to 46° were tested (Fig. 4.1). The angle that initially achieved a 

greater than 90% side-firing conversion efficiency was 44°. Fibers with 45° and 46° beveled tips 

similarly had 95% or better side-firing conversion efficiencies. For the 43° and 42° bevel-tipped 

fibers, the conversion efficiency dropped off steeply as the efficiencies were 78% and 55% 

respectively. Based on this data, 44° was chosen for the bevel tip angle for the individual fibers 

that will comprise the transurethral fiber bundle. 

 Transurethral side-firing fiber bundle characterization 

The side-firing transurethral fiber bundle was created as a 6 + 1 design (Fig. 4.2a). The 

six side-firing fibers were epoxied to the central spacer fiber, which had no energy coupled into 

it. The diameter of the fiber bundle was approximately 6 mm (Fig. 4.2b). The illumination 

profile is shown using visible light in Fig. 4.2c,d. The light is emitted at 90° relative to the long 

axis of the fiber. The radial emission from the six fiber is evenly distributed, but inherent peaks 

are present. 

The side-firing transurethral fiber bundle was installed on the optical table and aligned 

for maximum coupling possible coupling efficiency. The estimated surface area of the energy at 

the glass-tissue interface is 0.02 cm2. Since the damage threshold for the laser used is 

100mJ/cm2/pulse [228],  no more than 2 mJ/pulse should be output from each fiber to avoid 

tissue damage. The laser output was tuned until the energy output from each fiber was 

approximately 1 mJ/pulse. Each fiber’s energy output was measured to determine the radial 

emission uniformity. The output ranged from 0.8 to 1.1 mJ/pulse/fiber (Fig. 4.3a). Since the fiber 
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bundle has a peak in the radial emission every 60°, the fiber bundle was rotated 30°. The energy 

emission from each fiber was measured again. The output ranged from 0.8 to 1.15 mJ/pulse/fiber 

(Fig. 4.3b).  

 1064 nm PAT and US imaging of phantom with cone-tipped fiber 

To improve the radial illumination uniformity while decreasing the outer diameter of the 

side-firing transurethral illumination device, a cone-tipped fiber was fabricated. This reduces the 

outer diameter of the device by at least three times if the same one mm diameter core fiber was 

used. The cone-tipped fiber tested here was made using 0.4 mm diameter core fiber with a glass 

capillary tube used to protect the tip (Fig. 4.5a). A simple imaging phantom was made using 

pencil lead embedded in agarose gel (Fig. 4.5b). The pencil leads were placed evenly in a circle. 

The cone-tipped fiber was then inserted in the middle of the circle of pencil leads. 1064 nm PAT 

and US imaging was performed similarly as for the fiber bundle. The cone-tipped fiber was held 

in place while the TRUS probe was translated during imaging. The peak 1064 nm PA signal was 

measured for each pencil lead and the cone-tipped fiber location (Fig. 4.5c) in the PAT channel. 

Plotting the peak 1064 nm PA signal intensities along the fiber axis shows that the 1064 nm PA 

signal from the pencil lead is detectable 1 mm in front of and behind the peak PA signal location 

(Fig. 4.5d). In addition, the signal is not uniform radially in each frame.  

 1064 nm PAT and US imaging of human prostates with transurethral fiber bundle 

Following testing of the side-firing transurethral fiber bundle emission, the device was 

tested by imaging an ex vivo human prostate directly following radical prostatectomy. 1064 nm 

and US imaging was performed by placing the side-firing transurethral fiber bundle in the 

prostatic urethra. The fiber bundle did not move during imaging while the TRUS probe raster 

scanned the tissue. The imaging frame with the highest PA signal is shown in Fig. 4.4. The 

whole prostate can be seen in the US channel. The urethra is shown with the yellow circle. The 

PA signal in the 1064 nm PAT channel is not detectable to the exterior regions of the axial 

prostate. Peaks can be observed that correspond to the radial emission peaks from the individual 

fibers.  
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 Discussion and conclusions 

Two side-firing transurethral illumination device designs were explored in this study to 

achieve whole axial prostate illumination. The fiber bundle design comprised of bevel-tipped 

fibers provided 360° radial illumination, which has yet to be reported [165,190]. Unfortunately, 

the radial profile of the side-firing fiber bundle presented here had a non-uniform illumination 

profile with peaks corresponding to the fiber locations. This is non-ideal as the fluence rate is 

directly related to the PA signal intensity [126,129]. Therefore, the ideal radial illumination 

profile is uniform to reduce the changes in PA signal intensity due to inherent properties of the 

transurethral illumination device.  

Other pitfalls of the side-firing transurethral fiber bundle design is that the location of the 

bevel-tipped fibers is close to the glass-tissue interface. Due to this the effective illumination 

surface area was calculated to be 0.02 cm2. The illumination area, along with the laser 

specifications, limits the maximum permissible energy that can be emitted from each fiber before 

tissue damage occurs [228]. Additionally, the overall diameter of the side-firing transurethral 

fiber bundle is approximately 6 mm and close to the maximum that can be used clinically [242]. 

The second side-firing transurethral illumination device explored here has an improved 

uniform radial emission profile while reducing the device from seven fibers to one fiber. This 

can reduce the diameter of the device by three times. While the radial illumination profile was 

improved with this more compact design, the device has a pitfall of a limited longitudinal 

emission profile. As shown in Fig. 4.5, 1064 nm PA signal has a peak at the cone tip of the fiber 

and abruptly reduces before and after the cone tip. This reduces the translatability in the case of 

prostate PAT as the TRUS probe is manually controlled by the surgeon and may or may not be in 

the axial plane at all times. Thus, transurethral illumination device with a significant longitudinal 

emission profile is needed in addition to having the uniform radial profile. The recent work by Ai 

et al. has shown that a fiber with a 3 cm long cylindrically-diffusing end can be made and used 

for deep PAT. This was achieved by using a mirror to direct the energy to one side [165]. This 

work demonstrates that whole prostate illumination may be possible with further engineering 

improvements, which is the focus of chapter 5. 



72 

 

 

Figure 4.1. Side-firing conversion efficiency of bevel-tipped MMFs. (A) Picture of illumination 

profile from side- and forward-fired light. (B) Side conversion efficiency with increasing tip 

polishing angle.  
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Figure 4.2. Fiber bundle design and illumination profile with bevel-tipped MMFs. (A) Schematic 

of the front view of the fiber bundle. Fibers 1-6 have bevel tips while the fiber labeled with “S” is 

a spacer. (B) Picture of fiber bundle from the front with ruler. The spacing is one mm between 

each line. (C) Side and (D) front view of the fiber bundle’s illumination profile with white light.  
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Figure 4.3. Relative fiber energy output before and after rotation. (A) Side-fired energy output per 

pulse from each fiber in the fiber bundle numbered 1-6, which matches the schematic. (B) Side-

fired energy per pulse from each fiber after the fiber bundle rotated 30° clockwise. The fiber bundle 

schematic reference is similarly rotated 30° clockwise compared to the schematic in A. 
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Figure 4.4. 1064 nm PAT and US imaging of human prostates with transurethral fiber bundle. (A) 

1064 nm PAT and (B) matching US image of human prostate following radical prostatectomy. 

Side-firing fiber bundle is placed in the prostatic urethra (yellow circle). Scale bar: 1 cm. 
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Figure 4.5. Cone-tipped MMF design and 1064 nm PA signal from phantom. (A) Schematic of 

cone-tipped MMF. (B) Picture of phantom with pencil leads (PL) located radially around fiber 

insertion location. (C) US image at fiber’s cone tip. Labels from 1-8 correspond to the (D) graphed 

data of the peak PA signal intensity from pencil leads long the longitudinal axis of the fiber. 
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5. CYLINDRICAL ILLUMINATION WITH ANGULAR COUPLING FOR 

WHOLE PROSTATE PHOTOACOUSTIC TOMOGRAPHY  

*The contents of this chapter and a portion of the previous chapter (Ch. 4) were published 

in Biomedical Optics Express [237], and were reformatted for dissertation.  

 Introduction 

To illuminate the entire prostate via the prostatic urethra, cylindrical illumination is 

needed compared to light delivery methods that have limited axial thickness, for example bevel-

tipped fibers [190], due to the uncoupled nature of the US transducer array’s acceptance plane, 

which is manually controlled by the urologist during the biopsy procedure [4], and the region 

from which the PA signal is generated. In addition, since the patient is awake for the prostate 

biopsy procedure, any rotation and/or pullback of the fiber-optic device may cause patient 

discomfort. For these reasons a light delivery source with a cylindrical diffuser is needed.  

While cylindrical diffusers have been used for photodynamic therapy for 

decades [243,244], their application in PAT is just emerging [165,169,245]. The process of 

fabricating a cylindrical diffuser typically entails methods that use acid etching [165,245] or laser 

micro-machining with a uniform pattern created on the fiber surface [246]. Using the acid 

etching method, Ai et al. created a 3.0 cm long diffuser on the end of a 1.0 mm core MMF. A 

maximum coupling energy of 40 mJ/pulse was demonstrated with two-thirds of the energy 

converted from forward firing to side firing. To increase the energy fluence to enable deep PAT, 

a parabolic mirror was incorporated to achieve an estimated 10 mJ/cm2 energy fluence at the 

tissue surface. The final diameter of the transurethral light delivery device was 25 French or 8.33 

mm, which includes the 1.0 mm core MMF diffuser, parabolic mirror, and rigid cystoscope 

sheath. This design illuminates roughly one-fourth of the axial plane along the whole caudal-to-

cranial axis of the prostate, which is an improvement over the bevel-tipped MMF [190]. 

Similarly, the laser micro-machining method used to create a diffusing fiber for treatment of 

urethral stricture demonstrated forward energy leakage from the end of the diffuser end, while 

the majority of the energy was converted to side firing [246]. Most recently, Li et al. 

demonstrated the ability to detect PA signal generated 1 cm from diffusing MMF end made with 
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acid etching. While the forward propagation to side firing energy conversion was not evaluated, 

this study shows that deep PAT imaging is possible using a cylindrically diffusing fiber end. 

Based on this prior literature, the efficient conversion of forward to side firing energy in 

cylindrically diffusing MMFs needs to be improved to enable illumination of the whole prostate 

for PAT. 

A commonly used approach to couple photons into a fiber is through a collinear 

geometry. Instead, we found that deviating the coupling from the collinear geometry 

significantly improves the conversion of forward propagation to side illumination, while not 

reducing the light-fiber coupling efficiency. Based on this counter-intuitive finding, we 

developed a simple and efficient method of cylindrical illumination by sandpaper machining of a 

MMF end and angular coupling of light into the MMF. After characterization of the angular 

coupling effect on the emission profiles, we demonstrate the potential of our device for whole 

prostate PAT by volumetric imaging of a prostate-mimicking tissue phantom with a single laser 

shot.  

 Methods 

 PAT setup with angularly coupled transurethral light delivery 

For this study a 1064 nm PAT device with transrectal US (TRUS) and transurethral light 

delivery was employed (Fig. 5.1). This 1064 nm PAT imaging setup is similar to our previous 

published work [162] with a couple minor changes. A highly compact, 6 W Nd:YAG laser with 

8 ns pulse width (CFR300, Quantel-USA, Bozeman, MT, USA) was incorporated with our US 

system (Verasonics, Kirkland, WA, USA). The laser’s 10 Hz repetition rate was externally 

controlled, and the laser’s beam diameter was 12 mm. A Galilean beam reducer was installed 

before MMF coupling achieve a 2 mm beam diameter. A C9-5ICT transrectal US transducer 

(Philips, Andover, MA, USA) was used for US imaging and collection of the PA signal. 

 Diffusing fiber fabrication 

To test a sandpaper abrasion method for creating a MMF diffuser, the ends of 1.5 mm 

core MMF (FP1500ERT, Thorlabs, Newton, NJ, USA) were cleaved and polished using a 

NanoPol Polisher (Ultra Tec Manufacturing, Inc., Santa Ana, CA, USA) with 30 μm to 0.02 μm 

grit diamond lapping sheets (Thorlabs, Newton, NJ, USA). The jacket and cladding were 
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removed from the fiber’s end with a razor blade (Fig. 5.2a), which was the last 3.0 cm of the 1.5 

mm core MMF for the initial test. Following removal of the jacket and cladding, the proximal 

1.0 cm of the MMF’s bare core was abraded in a multidirectional manner using a 30 μm grit 

fiber polishing sheet (LF30D, Thorlabs, Newton, NJ) until the abrasion appeared uniform under 

10X magnification and no smooth regions of glass were observed (Fig. 5.2c). 30 μm grit size 

was chosen since 30 μm is similar to the groove width for a previously published laser micro-

machined fiber diffuser [246]. To qualitatively observe the light diffusion, 405 nm was coupled 

to the fiber (Fig. 5.2c). 

For the final diffusing fiber design, a 2.0 mm core MMF (APC2000, Fiberguide 

Industries, Stirling, NJ) with a numerical aperture of 0.37 was used to create a fiber with a 5.0 

cm diffuser end. Similarly, the ends of the fiber were cleaved and polished. The jacket and 

cladding were then removed with a razor blade (Fig. 5.2a). The diffuser was then fabricated 

using 320 grit sandpaper (Miady, Amazon) to abrade only the side of the bare fiber end (Fig. 

5.1b). The fiber was sanded until it appeared uniform under 10X magnification. The end surface 

of the diffuser was kept polished to measure forward-leaking energy. 

 Measurement of fiber coupling and side firing efficiency 

Energy measurements were acquired using a 1064 nm calibrated energy sensor (QE25SP-

S-MT-D0, Gentec-EO, Lake Oswego, OR,USA) in combination with the Maestro console 

(Gentec-EO, Lake Oswego, OR,USA), which can connect to a computer for data acquisition. 

The MMF was mounted using a large core fiber holder (HFS001, Thorlabs, Newton, NJ, USA) 

that was clamped to a 3-D stage (MBT621D, Thorlabs, Stirling, NJ, USA). This setup was then 

mounted onto a manual rotational stage (RP03, Thorlabs, Stirling, NJ, USA) such that the 

coupling from 0° to the maximum coupling angle of the fiber, which was 21.7° based on the 

numerical aperture, could be tested. 

Fiber coupling stability when removing and reinstalling a MMF was determined by 

measuring the pulse energy before and after a non-diffusing MMF with polished, cleaved ends. 

A non-diffusing MMF was used as it is difficult to ensure all energy is measured from the 

diffuser end. An iris was mounted on the energy sensor so that 1064 nm energy not propagating 

out the fiber end could be blocked from the sensor. Between each set of measurements from 5° to 

20°, the fiber was removed from the fiber holder and placed back in the fiber holder without 
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realignment, i.e. repositioning of the multidirectional stage. Three sets of measurements were 

collected of 50 pulses per coupling angle. The average and standard deviation of the three 

measurements were plotted. 

After determining that fiber coupling was stable when switching fibers, the percentage of 

energy converted to side firing emission was studied by initially measuring the coupling 

efficiency of a non-diffusing MMF as described in the previous paragraph. Coupling angles from 

0° to beyond the MMF’s maximum acceptance angle were used. A MMF with a diffusing end 

then replaced the non-diffusing MMF in the optical pathway. The forward firing energy from the 

diffuser end was measured with an iris used to block the side-fired energy from the diffuser end. 

A total of 50 pulses were measured and averaged for each data point and plotted with the error 

bars representing the standard deviation of the data points. 

 Fiber emission profile measurement 

The same Gentec-EO energy sensor and console was used for all energy measurements to 

determine emission profiles. A one mm wide slit was created using razor blades This slit was 

then attached to the energy sensor, which resulted in 1 mm by 25 mm slit, with the slit parallel to 

the MMF’s long axis. The sensor with slit was mounted to a motorized rotational stage 

(PRM1Z8, Thorlabs, Newton, NJ, USA), which as then attached to two overlapping 25 mm 1-

dimensional stages (423 Series, Newport Corporation, Irvine, CA, USA). The MMF’s diffuser 

end was positioned so that the energy sensor would be equidistant during for all measurements. 

The radial emission profile was measured every 15°. To measure the longitudinal emission 

profile, the slit was oriented perpendicular to the MMF’s long axis. The longitudinal emission 

was measured every two mm along the diffuser end. The plotted data is the average of 50 pulses. 

 Determining energy fluence at the capillary tube-tissue interface 

First, the stability of the diffuser end’s longitudinal emission profile was determined. The 

pulse energy was modulated with neutral density (ND) filters (Thorlabs, Newton, NJ, USA), and 

then, the longitudinal emission profiles were measured as described above. The curves with ND 

filters applied were divided by the non-filtered emission curves. The profile of this curve was 

predicted to have no slope if the longitudinal emission profile does not change with pulse energy 



81 

 

coupled. The y-intercept can then be compared to the 1064 nm transmission data from the ND 

filters product information.  

After confirming the longitudinal emission profile stability, the area under the diffuser 

end’s longitudinal emission curves in addition to the side firing conversion efficiencies were 

used to determine the average energy per pulse that needs to be coupled at each launch angle into 

the MMF to meet the ANSI tissue damage threshold [228], which is 100 mJ/cm2/pulse for 1064 

nm and our laser’s pulse characteristics. 

 Prostate-mimicking phantom design, validation, and fabrication 

To create a PA tissue mimicking phantom, the optical and acoustic properties need to be 

considered. For human prostate tissue, the optical properties at 1064 nm are 0.78 cm-1 for the 

absorption coefficient and 6.3 cm-1 for the reduced scattering coefficient [247]. For the acoustic 

properties, the speed of sound in human prostates is 1529 m/s, while the attenuation coefficient 

and slope at 5.0 MHz is 2.35 dB/cm and 0.72 dB/cm [248]. Based on these properties, 8% type 

A, 300-Bloom porcine gelatin (G2500, Sigma-Aldrich, St. Louis, MO, USA) was chosen for its 

similar acoustic properties, while being optically transparent [249,250]. To modify the optical 

properties of the phantom, Intralipid fat emulsion solution and black India ink have been well 

studied for tuning the optical properties of tissue-mimicking phantoms [249,251]. 

To determine the concentration of black India ink and Intralipid-20% fat emulsion 

solution to achieve optical properties similar to human prostate tissue, a spectrophotometer (DU 

530, Beckman Coulter, Brea, CA, USA) was used to measure 1064 nm transmittance through 

phantom components. Three independent measurements per phantom component concentration 

were collected. The sample volume loaded into the cuvette (14-955-129, Fisher Scientific, 

Hampton, NH, USA) was 300 μL and was kept constant over all measurements to minimize 

error. An air-filled cuvette was used as a blank reference to obtain a measurement value for 

ultrapure water to compare to literature. To correct for reflection differences between an air- and 

a water-filled cuvette, the Fresnel equations were employed with the light’s angle of incidence 

perpendicular to the interfaces [252]. The refractive indexes used were 1.00, 1.51, and 1.33 for 

air, the cuvette [253], and water respectively. The ratio of the theoretical transmission through an 

air-filled cuvette to a water-filled cuvette was calculated to be 0.92, which was then multiplied to 
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the transmission data to correct for the reflection differences. The corrected transmission data 

was then used to calculate the reduced optical extinction coefficient (μ’t) as 

𝜇′
𝑡 =

1

𝑧
𝑙𝑛[𝐼], 

 where z is the path length through the cuvette in cm and I is the corrected fraction of light 

intensity transmitted through sample over light intensity transmitted through air in a 1 cm 

cuvette [249]. This calculation is valid for a highly scattering media with little absorption if the 

inverse mean free path is equal to or less than the sample length [249,254]. 

For the concentrations of black India ink and Intralipid-20% fat emulsion solution that 

give optical properties similar to human tissue, the optical extinction coefficient, which is a 

summation of the reduced scattering (μ’s) and the absorption coefficient (μ’a), reduces to the 

absorption coefficient for black India ink’s values and primarily to the reduced scattering 

coefficient for Intralipid-20% fat emulsion solution’s values [251]. Therefore, the optical 

extinction coefficient values for black India ink were plotted as absorption coefficient over 

concentration. For Intralipid-20% fat emulsion solution, the optical extinction coefficient value 

of water was subtracted from the data since this value is primarily comprised of absorption. The 

resulting values that had a mean free path less or equal to 1 cm, were then plotted as the reduced 

scattering coefficient over concentration. The linear fitting of these two plots were used to 

calculate the phantom components’ concentration to achieve optical properties that match human 

prostate tissue’s optical properties. 

The mold for the prostate phantom comprised of a 5 cm by 11 cm plastic container with 7 

cm depth (Ziploc medium rectangle, S. C. Johnson & Son, Racine, WI, USA). Holes were drilled 

into the sides of the container for the 4 mm outer diameter glass capillary tube (246 040 080, 

Friedrich & Dimmock, Inc., Millville, NJ, USA) and 0.5 mm pencil leads, which were placed 1.5 

cm from the surface of the capillary tube. After insertion of the capillary tube and pencil leads, 

epoxy was used to create a waterproof seal. The phantom mixture was prepared as previously 

described [249]. Then, the mixture was poured into the mold and allowed to incubate overnight 

in 4°C before imaging. The phantom was used within 3 days to ensure stability. 
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 Results 

 Angular coupling enhances front propagation to side emission conversion efficiency  

After aligning the coupling plane of the MMF to the axis of the rotational stage, the 

coupling stability when removing and reinstalling a MMF was confirmed to be stable between 

independent measurements without adjusting the stage position (Fig. 5.3a). The coupling 

efficiency between each installment of the MMF on the holder was consistent as the standard 

deviation was at most 1.1% for coupling angles from 5° to 20°. The coupling efficiency was then 

examined for coupling angles that covered all of the MMF’s acceptance angles, which is from 0° 

to 21.7° (Fig. 5.3b). The coupling efficiency is between 73.6% and 81.7% for the angles up to 

the maximum acceptance angle. After a coupling angle of 22°, the coupling efficiency drops to 

38.8%. 

The efficiency of the coupled light to emit from the side of the diffuser end as opposed to 

leaking out the end is shown in Fig. 5.3b. When the coupling angle is 0°, most of the energy per 

pulse is observed to emit from the MMF end with only 25.7% of the energy emitting from the 

diffuser’s side. The conversion to side firing steeply improves to 92.8% as the coupling angle is 

increased to 8°. Then, the side firing conversion efficiency gradually increases to 98.8% by the 

maximum accepting angle of the MMF. 

 Peak of side emission profile can be longitudinally tuned by varying the coupling 

angle 

Since the side firing conversion efficiency for the MMF’s diffuser end is affected by 

coupling angle, the emission profiles were also evaluated. To measure the radial emission profile 

from the MMF’s diffuser end, the slit was oriented parallel to the MMF’s long axis (Fig. 5.4a), 

while the slit was oriented perpendicular to the MMF’s long axis to characterize the longitudinal 

emission profiles (Fig. 5.4c). The radial profile is shown to be uniform, but the relative energy is 

affected by the coupling angle (Fig. 5.4b). The relative energy for the 0° coupling angle’s radial 

profile ranged from 0.10 to 0.13, while the 10° and 20° have relative energy ranges of 0.74 to 

0.97 and 0.88 to 1.0 respectively. In contrast to the radial emission profile, the longitudinal 

emission profile does not have the same relative shape over the coupling angles tested (Fig. 

5.4c). The longitudinal emission profiles contain a peak, which shifts from the distal to proximal 
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end of the MMF’s diffuser end as the coupling angle is increased. The broadness of the peak also 

shortens when the coupling angle is increased.  

 Longitudinal emission profiles can be used to determine the maximum acceptable 

coupling energy  

Longitudinal emission profiles collected with 10° and 20° coupling angles are constant 

when neutral density filters were applied to attenuate the coupled pulse energy (Fig. 5.5a,b). 

With the known longitudinal emission profiles and the relatively uniform radial emission 

profiles, the energy fluence at the capillary tube-tissue interface can be estimated if the 

longitudinal emission profiles are stable when the pulse energy is modified. The area under the 

curve (AUC) for the normalized longitudinal emission profiles is shown in Fig. 5.5c. The AUC 

decreases as the coupling angle increases, which equates to a sharpening of the peak found in the 

longitudinal emission profile. To determine the maximum coupled pulse energy based on the 

ANSI guidelines, a uniform longitudinal emission profile was initially assumed. For a maximum 

energy fluence of 100 mJ/pulse/cm2, the coupled pulse energy was then calculated to be 628.3 

mJ/pulse based on a glass-capped diffuser end with 2 mm radius and 50 mm length. Then, this 

value was divided by the ratio of side firing energy to total energy coupled for each coupling 

angle (Fig. 5.3c) to account for energy emitting from the tip of the diffuser end. These values 

were then multiplied by the AUC (Fig. 5.5c) for the longitudinal emission profiles (Fig. 5.4d) 

after normalization. The resulting coupled energy per pulse is the theoretical maximum at which 

the tissue damage threshold will be reached at each coupling angle (Fig. 5.5d). The maximum 

coupled pulse energy ranges from 320 mJ/pulse when using a coupling angle of 20° up to 476 

mJ/pulse when an 8° coupling angle is used. 

 Prostate-mimicking phantom for testing the 1064 nm PAT device  

To confirm the radial and longitudinal PA signal generated from the cylindrically-

diffusing fiber, a prostate-mimicking phantom with optical properties tuned for 1064 nm PAT 

needed to be determined. Black India ink and Intralipid-20% emulsion solution are known to 

primarily tune the absorption and reduced scattering coefficient independently at 1064 nm [251]. 

Here, we confirm the change in optical coefficients over varying concentration of each 

component for tuning the phantom’s optical properties (Fig. 5.6a,b). The linear fit of the black 

India ink’s absorption coefficient (Fig. 5.6c) resulted in a slope of 32.9 cm-1/% and y-intercept of 
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0.149 cm-1. This linear fit can be used to determine the concentration of black India ink needed 

for the prostate-mimicking phantom to have an absorption coefficient that approximates human 

prostate tissue, which is 0.78 cm-1 [247]. After subtracting the value of water’s absorption 

coefficient from Intralipid-20% fat emulsion solution’s optical extinction coefficient at each 

concentration, the data was fit with a linear curve for the reduced scattering coefficient (Fig. 

5.6d). The slope is 2.57 cm-1/% while the y-intercept is 0.02 cm-1, which can be used to control 

the phantom’s reduced scattering coefficient to match human prostate (e.g. 6.3 cm-1). Based on 

this data, the Intralipid-20% fat emulsion solution’s final concentration in the phantom is 2.44%. 

At this concentration of Intralipid-20% fat emulsion solution some absorption is present. The 

contribution to the absorption coefficient is 0.054 cm-1/% for Intralipid-10% fat emulsion 

solution [251]. After accounting for the 2.44% of the Intralipid-20% fat emulsion solution and 

water’s contribution to the absorption coefficient, the final concentration for black India ink in 

the phantom is 0.011%. After the pencil lead targets and capillary tube were epoxied into the 

plastic mold (Fig. 5.6e), the prostate-mimicking phantom was prepared with 8% gelatin and 

poured into the mold to incubate overnight (Fig. 5.6f).  

 PA signal from pencil leads in a prostate-mimicking phantom generated over the 

length of the diffusing fiber  

The prostate-mimicking phantom was allowed to warm to room temperature directly 

before imaging. The phantom was placed on a sample stage as shown in Fig. 5.1b. The diffusing 

end of the transurethral MMF was inserted in the capillary tube until all 5 cm of the diffuser end 

was centered in the 5 cm long phantom. Collimated light was coupled into the MMF at 10° and 

then 20°. Maximum coupled energy into the MMF was approximately 50 mJ/pulse. PAT and US 

imaging of the prostate-mimicking phantom was performed from the “posterior” side of the 

phantom in scanning mode with a 0.2 mm step size between imaging frames (Fig. 5.7a). Five 

imaging scans were completed per fiber coupling angle. No frame averaging was performed. 

Average pSNR of the pencil lead was measured and plotted with error bars representing standard 

deviation. 

The prostate-mimicking phantom with pencil lead targets underwent 1064 nm PAT and 

US imaging as depicted in Fig. 5.7a. For US and PAT pSNR, the signal is radially-uniform as 

demonstrated by the error bars representing the standard deviation (Fig. 5.7b). The pencil leads’ 

US pSNR is relatively constant over the length of the diffuser end, while the PAT pSNR is 
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affected by the coupling angle. The PAT pSNR of the pencil lead is strongest for the 20° 

coupling angle, which correlates to the longitudinal emission profile (Fig. 5.4d). While the 10° 

coupling angle yields a maximum PAT pSNR that is approximately 25% lower than the 

maximum PAT pSNR for the 20° coupling angle, the peak is broader for the 10° coupling angle, 

allowing PAT signal to be more uniform over the length of the pencil leads. The 3-D renderings 

of the PAT and US scans demonstrate the radially-uniform PA signal coinciding with the US 

signal from the pencil lead (Fig. 5.7c-f). The PAT signal around the capillary tube is generated 

from the prostate-mimicking phantom.  

 Discussion 

 Design of the transurethral illumination source and light coupling method 

The cylindrically-diffusing fiber end designed here was inspired by a laser micro-

machined design [246]. The benefits of sandpaper abrasion compared to laser micro-machining 

are that the sensitive alignment of a laser is not needed, and the only equipment needed to make 

the diffuser fiber here is sandpaper. This fabrication method is also safer and faster compared to 

the use of etching agent for abrading the surface or creating a tapered fiber ends [165,245].  

With regard to performance, the sandpaper-abraded fiber diffuser presented here has a 

radially-uniform emission profile similar to the laser micro-machined fiber diffuser [246]. 

Additionally, the radial emission profiles of the acid-etched fiber diffusers qualitatively appear 

uniform, while the longitudinal emission profiles also appear to have a peak [165,245]. Based on 

these results, our cylindrically-diffusing MMF design has a similar performance regarding the 

emission profile at a low coupling angle. After considering ray optics, the improved forward to 

side propagation of light when the coupling angle is increased can be explained by a higher 

percentage of light interacting with the core surface at the diffuser end [255]. Therefore, we 

expect other cylindrically-diffusing MMF designs to have an improved forward propagating to 

side firing energy conversion when the coupling angle is increased. For example, incorporating 

angular coupling into Ai et al.’s transurethral illumination device could allow for reduction of 

the device’s diameter from 8.33 mm to 4 mm. This diameter reduction would reduce the acoustic 

shadowing of the anterior prostate. 
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A pitfall to this current study is the rigidity of the MMF, which has minimum short-term 

bend radius of 200 mm and minimum long term bending radius of 400 mm. A more flexible fiber 

would be ideal, but does not limit clinical translation as rigid urological instrumentation with 

diameters up to 27 French or 9 mm is commonly used [242]. The 2 mm core diameter MMF was 

chosen to allow for more energy per pulse to be delivered to the prostate phantom as up to 476 

mJ/pulse can be delivered by our transurethral illumination source before tissue damage occurs. 

Besides increasing MMF core diameter, other methods exist to increase the pulse energy before 

fiber damage occurs. One method is to optimize the fiber end polishing method and incorporate 

“front face conditioning” [256]. Another method to reduce damage to the MMF is to reduce the 

“hot spots” in the spatial profile of the laser beam, which can be done using a beam 

homogenizer, which must be carefully aligned and designed to minimize diffraction 

effects [257], or by adjusting the laser’s internal alignment [258]. Lastly, the coupled energy can 

be increased by reducing the peak energy per pulse by using a laser with a longer pulse width, 

which can range from a few ns to 10s of ns for PA signal generation [259]. 

If a less rigid MMF is used with the angular coupling approach presented here, increased 

fiber bending may result in energy loss [255]. During the experiments in this study, fiber bending 

at or above the minimum long-term bending radius was present. No loss in coupled energy was 

observed, but the effect of fiber bending on the coupling energy and illumination profiles was not 

studied. Energy loss can be expected when higher coupling angles that approach the numerical 

aperture of the MMF and fiber bending is present [255]. If fiber bending results in energy loss, a 

couple approaches can be taken to minimize the energy loss. One method is to choose the 

minimum coupling angle that maximizes the forward propagating to side firing conversion of 

energy at the diffuser end. Here, we show that a 10° coupling angle, which is 11.7° lower than 

the MMF’s maximum acceptance angle, fulfills the energy conversion requirement while 

providing longitudinal emission across the length of the fiber for prostate PAT. Another method 

to overcome the loss of energy due to fiber bending would be to choose a fiber with a higher 

numerical aperture, which equates to a larger angle to achieve total internal reflection for energy 

propagation within the MMF [255]. Large core MMFs with higher numerical apertures of are 

available, such as Thorlab’s product number FP1500ERT. 

Another pitfall to the cylindrically-diffusing fiber presented here is inherent to 

transurethral light delivery. As the light penetrates the tissue in the radial direction from the 
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diffuser end, the effective surface area increases. Therefore, the energy fluence attenuates over 

depth due to absorption and this increase in surface area. The maximum possible energy should 

be used to overcome this pitfall. 

 Broader applications of angle-coupled transurethral light diffuser 

The coupling angle-modulated cylindrical light diffuser presented here is optimized for 

transurethral light delivery for whole prostate PAT. While the primary interest in for use during 

the prostate biopsy procedure, another prostate-specific use could be intra-operative PAT with da 

Vinci robotics [260]. Beyond illumination of the prostate for PAT, the light delivery device 

could be used or altered for other minimally-invasive applications. For instance, this MMF 

diffuser could be used for PAT of lower gastrointestinal diseases in animal models [137]. This 

MMF diffuser could also be applied for therapeutic purposes, such as re-sensitization of bacteria 

with phototherapy in urinal tract infections [261].  

 Conclusions 

We developed a transurethral light delivery approach for whole prostate illumination with 

sandpaper micro-machining of a multi-mode fiber end. By controlling the coupling angle into the 

fiber, the energy is efficiently converted and distributed along the length of the diffuser end. The 

device is kept to 4 mm outer diameter, which minimizes anterior prostate acoustic shadowing. 

The whole prostate illumination could potentially allow a urologist to freely move the US 

transducer to identify the biomedical target while the illumination device is statically kept in 

place. 
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Figure 5.1. PA and US tomography with angle-coupled transurethral light delivery setup. (a) 

Transurethral light delivery with transrectal US imaging and PA signal collection is depicted. (b) 

A schematic is shown of the PA and US tomography setup used for this study. DE: diffuser end; 

ACL: angularly-coupled light; MMF: multimode fiber; UST: ultrasound transducer; DAQ Trig: 

data acquisition system trigger; M: Nd:YAG laser line 45° mirror; HWP: half wave plate; PBS: 

polarized beam splitter; GBR: Galilean beam reducer; 3-DS on RS: 3-dimensional stage on 

rotational stage; DE+P: diffuser end + phantom.  
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Figure 5.2. Fabrication of fiber with sandpaper-abraded diffuser end. (a) The jacket and cladding 

are removed from the end of a 2 mm core MMF. (b) The fiber core’s surface underwent abrasion 

with sandpaper. A blue sine wave is drawn on the paper behind part of the abraded and unabraded 

fiber. (c) Light diffusion is shown at the end of a 1.5 mm core MMF with abrasion from sandpaper 

located left of the white dashed line. The surface of the sandpaper-abraded fiber core (orange box) 

is shown under 10 times magnification.  
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Figure 5.3. Coupling angle affects side emission conversion efficiency of the diffuser-ended fiber. 

(a) Fiber coupling efficiency shown from 0° coupling angle to past the numerical aperture of the 

fiber. (b) The percent of energy fired cylindrically from the fiber’s diffuser end while increasing 

the coupling angle of the light. Error bars are plotted on a and b.  

  

(b)(a) (c)
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Figure 5.4. Diffuser’s longitudinal emission profile is controlled by coupling angle. (a) Photograph 

of sensor with horizontal slit mounted on a rotational stage for radial emission profile data 

collection. (b) Relative radial emission profile with increasing angular coupling is graphed. (c) 

Photograph of sensor with vertical slit mounted on a linear stages for longitudinal emission profile 

data collection. (d) Relative longitudinal emission profiles are shown with angular coupling from 

0° to 20°. CA: coupling angle.  
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Figure 5.5. Longitudinal emission profiles can be used to determine maximum coupling energy 

based on the tissue damage threshold. (a) Relative longitudinal emission profiles are plotted with 

varying coupling angles and coupled energy into the fiber. Figure legend also applies to b. (b) 

These longitudinal emission profiles are shown after normalization. (c) AUC ratio for longitudinal 

emission profiles are illustrated over increasing coupling angle. (d) Based on the AUC ratio and 

the side conversion efficiency at increasing coupling angles, the maximum coupling energy is 

shown based on 100 mJ/cm2 light fluence at 1064 nm. CA: coupling angle; ND: neutral density 

filter; NE02A: 0.2 ND filter; NE05A: 0.5 ND filter. AUC: area under the curve.  

  

(d)(c)

(a) (b)
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Figure 5.6. Controlling the concentration of tissue-mimicking phantom components enables direct, 

independent tuning of absorption and scattering for single wavelength PAT device testing. (a) 

Black India ink and (b) Intralipid-20% fat emulsion dilutions are shown that were used to 

determine μa and μs’ respectively. The background for the ink dilutions is white, while the fat 

emulsion dilutions’ background is white with curved black lines. (c) The calculated μa from the 

black India ink’s corrected transmission data is plotted over concentration with a linear-fitted curve. 

(d) Similarly, a linear fitted-curve of Intralipid-20% fat emulsion’s μs’ over concentration. For 

comparison the linear fit of Intralipid-10% fat emulsion’s μs’ over concentration from Royston, 

Poston, and Prahl is plotted. (e) Top-down view of the phantom mold with capillary tube and pencil 

lead targets epoxied into place. (f) Front view of phantom mold with prostate-mimicking mixture 

added. BII: black India ink; LF: linear fit curve; IL-20%: Intralipid-20%; IL-10%: Intralipid-10%; 

CT: capillary tube; PL: pencil lead; PPM: prostate phantom mixture.  
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Figure 5.7. PA and US signal generated over whole prostate-mimicking phantom without moving 

the illumination source. (a) Schematic shown of experiment. (b) PA and US pSNR from pencil 

lead targets embedded in prostate-mimicking phantom is graphed over the position along the fiber 

diffuser from the proximal to distal end. (c-f) Snapshots of 3-D composites comprised of both the 

US channel (gray) and PAT channel (red) are displayed with 1 cm axis scale bars (white). 

Snapshots in c and d subpanels have a top-down view, while e and f subpanels’ view is of signal 

from distal to proximal the diffuser end. CM: coupling medium; UST: ultrasound transducer; 

MMF: multimode fiber; PPM: prostate phantom mixture; PL: pencil lead; CT: capillary tube; CA: 

coupling angle.  

(a)

(c)

(b)
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6. CONCLUSIONS AND FUTURE DIRECTIONS 

 Conclusions 

The MRI fusion-guided biopsy has been recently incorporated for initial prostate 

biopsy [1–3]. This approach, which includes acquiring biopsy cores from suspicious regions plus 

the standard templated TRUS-guided biopsy protocol, has greatly improved the sensitivity of the 

prostate biopsy [1,2]. This increased sensitivity reduces the need for repeat biopsy following a 

false negative result. The gains in sensitivity come with some pitfalls though, which include 

needing an expensive mpMRI [29], nephrotoxic contrast agents [30], and potential distortion 

artifacts due tissue movement during the biopsy procedure [28]. Therefore, further improvements 

in the prostate biopsy can be made by developing a method to provide suspicious regions in real-

time. 

In Chapter 1 many US-based targeting methods were reviewed [50,53,56–58,63,64,70–

75,78–80,85], but have yet to provide the improvement in sensitivity that the MRI fusion-guided 

prostate biopsy has [1,2]. Pure optical-based methods have suffered from limited imaging 

depth [130]. A hybrid imaging technique that combines diffuse optics with US is called PAT. In 

this method photons interact with the tissue until their ultimate absorption. The absorbed energy 

is in turn converted to heat, which thermodynamically expands the tissue. The resultant acoustic 

wave is detectable by clinical US transducer arrays, such as the ones currently used for the 

prostate biopsy [134,238–241]. The combination of spectroscopic information from PAT and 

anatomical information from US provides the potential to develop a real-time targeted prostate 

biopsy that could be seamlessly integrated into the clinic.  

Significant work by Dogra and colleagues has shown that differences in endogenous 

contrast can be observed in human prostates with PAT. This work was performed on ex vivo 

human prostates specimens that were axially sliced, allowing uniform imaging of the entire 

anterior-posterior prostate [163,186,196]. In the clinical scenario, uniform illumination of the 

anterior-posterior axis of the prostate is difficult to achieve with the non-invasive access to the 

prostate being the rectum [165,170,171,190,200] and urethra. To determine if PAT and US 

imaging in a more clinically-relevant manner of intact human prostates could be used to identify 

targets for the prostate biopsy, we first developed a device for ex vivo human prostates using a 
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curved array TRUS with bifurcated fiber bundle (Ch. 2). The PAT/US imaging device was 

optimized for imaging 1064 nm and 1197 nm PAT, which corresponds to the endogenous 

contrast of hemoglobin and C-H bond [126,134]. These biomarkers were used as 

angiogenesis [76] and lipid accumulation [191] have been shown to be present in PCa. After 

optimizing the PAT/US imaging device, human prostates were imaged following radical 

prostatectomy. Subsequent image processing and machine learning showed that 1197 nm PAT 

did not provide a unique contribution to the feature learning (Ch. 3) [162]. With the 1064 nm 

PAT and US images, texture-based features learned from the training data set were able to 

provide targets that identified 100% of the primary and 67% of the secondary prostate tumors in 

the testing data set [226]. This preliminary study shows a potential for PAT/US to provide targets 

for the prostate biopsy 

A limitation was found in the prostate imaging study—the anterior prostate, which was 

furthest from the light source, had a low PA signal [162]. Other recent studies imaging in vivo 

human prostates has shown a similar limitation of PAT imaging depth when a transrectal 

illumination source was used [170,171]. Simulation results have compared the transrectal 

illumination with transurethral illumination for prostate PAT [188] and suggest that transurethral 

illumination could improve the PAT imaging of the anterior prostate, which is important for 

biopsy guidance as the templated TRUS-guided prostate biopsy under samples this region of the 

prostate [262]. 

Transurethral illumination devices have improved from bevel-tipped side firing 

fibers [190] to cylindrically-diffusing fibers with sideways reflected emission [165]. After 

investigating the performance of 360° side-firing transurethral illumination devices (Ch. 4), the 

most ideal transurethral illumination device was determined to be one that illuminates the whole 

prostate with each pulse to eliminate the need to rotate the illumination device. The 2018 study 

by Ai et al. developed a cylindrically-diffusing fiber that showed potential for whole prostate 

illumination, which may be realized if the one-third of coupled light that forward propagates 

from the fiber end was converted to side-fired emission [165]. In Chapter 5 a method to control 

the conversion efficiency of forward propagating energy to side-fired energy was elucidated. By 

tuning the launch angle of the energy coupled into a MMF, the side-firing conversion efficiency 

can be optimized and the longitudinal emission profile can be controlled for transurethral 

illumination of the whole prostate. 
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 Future directions 

Engineering improvements and testing are still needing to be made to translate PAT/US 

imaging into the clinic for targeting the prostate biopsy. The transurethral illumination device 

with angular coupling method (Ch. 5) was tested using a tissue-mimicking phantom and not in a 

biological sample. Ex vivo human prostates could be used to confirm the PAT imaging depth 

before progressing to in vivo imaging. In addition, the transurethral illumination device was 

fabricated using a 2 mm diameter core MMF that has a high rigidity. After adding a glass 

capillary tube to protect the cylindrical diffuser end, the final outer diameter was 4 mm. While 

these specifications can work for the application [242], a more ideal design would be one that is 

more flexible and has a diameter that is as compact as possible.  

Another design addition that could improve prostate PAT would be to include a second 

illumination source incorporated into the TRUS probe. The prostate location with the highest 

frequency of tumor occurrence is the posterior peripheral area [201], which is furthest from the 

urethra and increases in the cranial prostate as the prostatic urethra has a 35° anterior bend in the 

middle [38]. If needed the system used in Chapter 5 included a 6 W laser that has sufficient 

energy for a transurethral and a rectal illumination source. In fact, this setup already includes a 

polarizing beam splitter for eliminating excess energy. This excess energy could be rerouted to a 

fiber bundle or fibers that would be incorporated into a TRUS probe, as done by other recent 

studies. With the incorporation of the illumination source in the TRUS probe, the light emission 

should be oriented in such a way that the fluence corresponds to the acceptance area of the US 

transducer array. Therefore, manual manipulation of the TRUS probe would be acceptable for 

PAT, and studies have shown that the posterior peripheral area can have sufficient energy 

fluence for PAT imaging [170,171].  

After optimization of the prostate PAT/US imaging device, imaging may be performed in 

vivo. Machine learning methods for identifying suspicious regions for biopsy targeting can then 

be tested in a living sample compared to ex vivo human studies, such as the one presented in Ch. 

3 [162] and by Dogra and colleagues. In vivo studies are especially important since hemoglobin’s 

absorption coefficient is different between the oxy- and deoxygenated state [126,134] and if 

blood is coagulated [263], which occurs within minutes after the prostate is removed from the 

body. Therefore, in vivo studies are needed to ultimately test the ability for endogenous PA 

contrast to help guide prostate biopsy.  



99 

 

If the endogenous PA contrast is not sufficient, having an optimized in vivo human 

PAT/US prostate imaging system enables the testing of exogenous contrast agents. PSMA, 

which is a target for positron emission tomography contrast agents for PCa [207,208], is also 

being targeted for PAT. In vitro [264] and animal [192] studies have shown that PAT/US 

imaging of exogenous PSMA contrast agents have the potential to provide a specific PA 

biomarker for detecting suspicious regions for biopsy sampling.  

Finally, a couple additional features would be useful for a clinical product. One of which 

is the ability to save the biopsy locations on the images as a reference. Knowing the exact 

location of the biopsy core could be helpful for patients who are opting for surveillance over 

surgical treatment since repeat biopsies are typically performed as a component of active 

surveillance [265]. In addition to tracking the core location, a three-dimensional reconstruction 

of the prostate that includes the suspicious regions with boundaries would be useful for 

comparing to pathology results, which could give insights into the accuracy of the PCa detection 

method. 
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