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ABSTRACT 

Recent clinical studies have demonstrated that photoacoustic imaging (PAI) provides 

important diagnostic information for breast cancer staging. Despite these promising 

studies, PAI remains an unfeasible option for clinics due to the cost to implement, the 

required large modification in user conduct and the inflexibility of the hardware to 

accommodate other applications for the incremental enhancement in diagnostic 

information. The research described in this dissertation addresses these issues by 

designing attachments to clinical ultrasound probes and incorporating custom detectors 

into commercial ultrasound scanners. The ultimate benefit of these handheld devices is to 

expand the capability of current ultrasound systems and facilitate the translation of PAI to 

enhance cancer diagnostics and neurosurgical outcomes. 

Photoacoustic enabling devices (PEDs) were designed as attachments to two 

clinical ultrasound probes optimized for breast cancer diagnostics. PAI uses pulsed laser 

excitation to create transient heating (<1°C) and thermoelastic expansion that is detected 

as an ultrasonic emission. These ultrasonic emissions are remotely sensed to construct 

noninvasive images with optical contrast at depths much greater than other optical 

modalities. The PEDs are feasible in terms of cost, user familiarity and flexibility for 

various applications.  

Another possible application for PAI is in assisting neurosurgeons treating 

aneurysms. Aneurysms are often treated by placing a clip to prevent blood flow into the 

aneurysm. However, this procedure has risks associated with damaging nearby vessels. 

One of the developed PEDs demonstrated the feasibility to three-dimensionally image 
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tiny microvasculature (<0.3mm) beyond large blood occlusions (>2.4mm) in a phantom 

model. The capability to use this during surgery would suggest decreasing the risks 

associated with these treatments.  

However, clinical ultrasound arrays are not clinically feasible for microsurgical 

applications due to their bulky size and linear scanning requirements for 3D. Therefore, 

capacitive micromachined ultrasound transducer (CMUT) two-dimensional arrays 

compatible with standard ultrasound scanners were used to generate real-time 3D 

photoacoustic images. Future probes, designed incorporating CMUT arrays, would be 

relatively simple to fabricate and a convenient upgrade to existing clinical ultrasound 

equipment. Eventually, a handheld tool with the ability to visualize, in real-time 3D, the 

desired microvasculature, would assist surgical procedures. 

 The potential implications of PAI devices compatible with standard ultrasound 

equipment would be a streamlined cost efficient solution for translating photoacoustics 

into clinical practice. The practitioner could then explore the benefits of the enhanced 

contrast adjunctive to current ultrasound applications. Clinical availability of PAI could 

enhance breast cancer diagnostics and cerebrovascular surgical outcomes. 
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GLOSSARY 

Analytical signal – the complex-valued signal created by discarding the negative 

frequency components of a real-valued signal with no loss of information. The 

analytical signal requires less memory and clock speed to record an RF signal 

with no loss of relevant information by using an IQ modulator. 

B-mode – A two-dimensional image produced by a linear ultrasound array. The vertical 

axis of the image is depth with the top of the image being closest to the 

transducer. The horizontal axis relates to distance in the same plane as the 

ultrasound array. The two-dimensional image produces a cross-section of the 

tissue in contact. 

Elevational direction – the axis perpendicular to a linear array ultrasound transducer. 

IQ-data – The amplitude and phase of a sin wave converted from polar coordinates into 

Cartesian coordinates. The resulting two components are called the real and 

imaginary components or the in-phase and quadrature components. The in-phase 

and quadrature data are the results of an IQ modulator. 

Lateral direction – the axis parallel to a linear array ultrasound transducer. 

Pulse-echo imaging – refers to conventional ultrasonography where an ultrasound 

transducer emits and detects ultrasound pulses to create an image. 
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ABBREVIATIONS 

3D – three-dimensional, referring to a volume 

2D – two-dimensional, referring to a conventional image plane 

CMUT – capacitive micromachined ultrasound transducer 

DC – direct current, where current polarity is maintained (as opposed to alternating 

current where the current oscillates its polarity) 

MAP – Maximum Amplitude Projection 

MEMS - Microelectromechanical systems (or Micro-electro-mechanical systems) 

PA – photoacoustic 

PAI – photoacoustic Imaging 

PC – a computer, usually running a windows operating system 

PE – pulse echo 

PED(s) – photoacoustic enabling device(s) 

SNR – signal-to-noise ratio 

US - ultrasound 
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CHAPTER 1: INTRODUCTION 

1.1 Background on medical imaging  

Medical imaging plays an important role in medical procedures seeking to reveal, 

diagnose or examine disease. It strives to extract information about the inner workings of 

the human body that is not readily visible. The discipline began with the discovery and 

formation of the first X-ray image. Mathematically, medical imaging is often an inverse 

reconstruction problem dependent on remote measurements to estimate the original 

object [1]. Today, vast varieties of fields and techniques exist to accomplish this aim 

including x-ray, magnetic resonance, nuclear, optical, radiofrequencies and ultrasound.  

Each imaging technique has its own advantages and disadvantages making some 

better suited for a particular application then others. Optical methods generally make use 

of the visible and near infrared region of the electromagnetic spectrum. These methods 

excel in applications to image topical surfaces but degrade with increasing depth beneath 

the surface. Due to scattering, most optical techniques have a fundamental depth limit of 

one mean-free optical path length [2]. Ultrasound is another imaging technique, but 

which depends on the mechanical properties of the object, such as density and the speed 

of sound, to form an image. It can image much deeper than optical methods because it 

exhibits much less scattering as it propagates through tissues and liquids. 

Investigations and applications of various discoveries made in science along with 

technological advancements have spurred medical imaging to progress very rapidly in the 

past half century. Most importantly, with the invention and advancement of computers, 

researchers now have ability to process large amounts of data in a short amount of time. 
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Investigators now focus their efforts on collecting large amounts of data and then use 

computers to transform this data into a simplified form for a human observer to interpret. 

The most common and preferred form to present data to human observers is a two-

dimensional image. Another technological accomplishment that has created the potential 

for improved medical images is the invention and advancements of lasers. Lasers have 

enabled new imaging modalities such as two-photon microscopy and enhanced many of 

the optical image modalities with a high power efficient source of illumination. 

1.2 An introduction to photoacoustic imaging 

One of the more recent imaging modalities made possible by the advancement of 

computers and lasers is photoacoustic imaging. Photoacoustic imaging uses pulsed laser 

excitation to create transient heating and thermoelastic expansion that is detected as an 

ultrasonic emission by modern ultrasound transducers. This energy conversion process, 

first discovered by Alexander Graham Bell, is the photoacoustic effect [3-5]. Equation 1,  

( ) = ( ) ( ), (1) 

describes the energy conversion process where 	is the local pressure distribution,  is 

the isobaric volume expansion coefficient,  is the speed of sound,  is the heat 

capacity,  is the local absorption coefficient and  is the local fluence at position  [6-

9]. For a given material and environment, the heat capacity, speed of sound and 

expansion coefficient are relatively constant and thus Equation 1 is simplified by using 

the Grüneisen coefficient, Γ = / . Defining the absorbed energy	 ( ) as ( ) =( ) ( ) simplifies the photoacoustic effect to 
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( ) = Γ ( )          [10-11]. (2) 

Equation 2 clearly describes the induced photoacoustic pressure distribution proportional 

to the absorbed energy. The ensuing pressure distribution is composed of frequencies 

inversely related to the temporal duration of the illumination fluence and is succinctly 

described using Fourier transforms. Accordingly, pulsed illumination shorter than 50 ms 

in duration will produce ultrasound frequencies. In photoacoustic imaging, an ultrasound 

transducer detects these waves to produce an image.  

Photoacoustic imaging is a hybrid of optical and ultrasound techniques, with 

characteristics from each modality. Optical imaging relies on the unique interaction 

between light and matter to produce image contrast. Most often, reflectance, 

transmittance or fluorescence of the object is the measure of this interaction, which is 

wavelength dependent. Photoacoustic imaging is similar in that its contrast also depends 

on the characteristics of light-matter interaction except its contrast arises from light that is 

absorbed and not re-emitted electromagnetically but absorbed thermally. Consequently, 

by varying the illumination wavelength photoacoustic imaging maps the absorption 

spectrum of the object. However, contrary to optical imaging techniques which are 

limited by scattering of light traveling from the source to the object and then from the 

object to detector(s), only illumination limits the penetration depth of photoacoustic 

imaging. Since detection occurs in the form of acoustic waves, the resolution of 

photoacoustic images is similar to that of traditional pulse echo ultrasound. Furthermore, 

optical images focus on a particular depth while pulse echo ultrasound and photoacoustic 

imaging use time-of-flight to locate objects spatially in the depth direction. Consequently, 
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photoacoustic imaging creates three-dimensional spectral absorption mappings with 

depth limits greater than that of optical methods. 

1.3 Clinical applications for photoacoustic imaging 

The functional characteristics of photoacoustic imaging are of general interest in many 

areas of medicine and physiology with clinical applications extending from diagnosis and 

staging to guiding therapy. An important diagnostic use of photoacoustic imaging is 

angiography, which helps diagnose several kinds of diseases, such as tumors, indicative 

of cancer. Moreover, in conjunction with contrast agents, photoacoustic molecular 

imaging paves the way for emerging patient-specific and disease-specific medicine [12-

13]. Common molecular imaging targets are integrins, vascular endothelial growth factor 

and reporter genes whose physiological roles are understood and relate to pathologies 

such as angiogenesis and hypoxia [14-18]. Today, one of the most investigated 

applications for photoacoustic imaging is blood oxygenation saturation mapping, which 

relates to reprogramming energy metabolism, a hallmark of cancer [19]. This modality 

has even shown potential for sentinel lymph node mapping to guide fine-needle 

aspiration biopsy in breast cancer staging [20]. However, photoacoustic imaging is not 

limited to diagnostic applications because it can aid in therapy as well. One of the 

targeted applications explored in this dissertation is real-time three-dimensional vascular 

mapping for improved accuracy in aneurysm clip placement during neural surgery. It can 

also be used to monitor nanopartical delivery for photothermal therapy. These 

applications have just begun to emerge as a tool for clinical practice and more 

applications should appear as the technique is commercialized. 
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1.4 Clinical need for photoacoustic imaging devices 

Researchers are currently investigating a variety of applications for spectral three-

dimensional absorption mapping while simultaneously developing the technology and 

instrumentation. Today, most photoacoustic instruments are built for a particular 

application and tend to be isolated solely to the laboratory conducting the experiments. 

Although companies producing commercial photoacoustic instruments have emerged in 

the past decade, they are still limited and costly (Endra Life Sciences, Inc. Ann Arbor, 

MI, OptoSonics, Inc., Oriental, NC, VisualSonics, Inc. Toronto, Ontario, Canada). 

Access to feasible standardized photoacoustic imaging instrumentation is limiting the 

growth and development of the technology for clinical practice. To address this problem, 

devices were designed to be compatible with existing ultrasound hardware to increase 

access to photoacoustic imaging techniques. 

1.5 Overview of dissertation 

This dissertation targets the problem of a lack of standardized photoacoustic instruments 

to explore biomedical applications for addressing pathologies. Chapter 2 details the 

development of a product that incorporates a photoacoustic imaging instrument with 

standard clinical ultrasound equipment. The product’s initial primary target application is 

breast cancer diagnosis using handheld probes. Chapter 3 explores using photoacoustic 

imaging to assist surgeons during cerebrovascular surgeries. The ability to map the 

microsurgery environment with real-time 3D visualization of the microvascular 

architecture could prevent major vessel occlusions or incomplete obliteration for clipped 

aneurysms. The proof-of-concept experiments aim to image small ‘vessels’ through large 
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‘aneurysms’ in a phantom model. The complete vision of a small intraoperative tool for 

real-time 3D vasculature visualization relies on the development of miniature ultrasound 

detector arrays. Chapter 4 investigates newly developed capacitive micromachined 

ultrasonic transducer arrays, required for real-time 3D photoacoustic imaging. Chapter 5 

concludes the instrumentation concepts detailed in this dissertation and suggests future 

work. Designing photoacoustic devices compatible with standard ultrasound equipment 

could introduce innovative tools to improve diagnostics and enhance surgical outcomes. 
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CHAPTER 2: A SIMPLE ADAPTER TO INTEGRATE PHOTOACOUSTIC 

IMAGING INTO A CLINICAL ULTRASOUND SYSTEM LINEAR ARRAYS 

This chapter describes the evolution of the photoacoustic enabling device (PED), an 

attachment designed to facilitate PAI using a standard linear ultrasound array. The initial 

motivation for this device is to explore using a handheld photoacoustic probe for breast 

cancer diagnostics. 

2.1 Photoacoustic imaging for breast cancer applications 

Photoacoustic imaging (PAI) is a promising, emerging modality in the medical field with 

implications for early cancer detection. A photoacoustic image has contrast proportional 

to the absorption of light – a parameter varying several orders of magnitude depending on 

the tissue type and optical wavelength [21]. In soft tissue, the primary intrinsic optical 

absorber is hemoglobin, which is detectable up to several centimeters into the body at 

near infrared wavelengths. For diagnostic breast imaging, PAI maps blood vessels near 

suspicious lesions identified by x-ray mammography or ultrasound imaging. Initial 

clinical trials suggest that PAI can assist mammography for identifying cancer and aid the 

decision to biopsy [22-23]. In these studies, blood vessel clusters near a lesion can 

indicate potential neovasculature or angiogenesis associated with common types of breast 

cancer. 

Despite the promise of PAI for providing complementary information during a 

breast exam, existing systems have limitations. Initial systems implemented during 

clinical trials were not compatible with conventional ultrasound scanners [22, 24]. They 
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required expensive custom hardware, a special imaging platform with the patient prone, 

or long scan times. Although real-time PAI has been demonstrated using handheld 

platforms, efficient light delivery to the region of interest remains a challenge [25-31]. 

Photoacoustic (PA) signals are proportional to local energy deposition; thus, the control 

of the illumination pattern is paramount for imaging the entire tissue volume at an 

optimal signal-to-noise ratio (SNR) and compensating for the optical scatter and 

absorption of superficial tissue. Early designs [25-26, 30] exploited similar approaches of 

directing light around the ultrasound probe so that light enters the tissue at oblique angles 

and intersects the imaging plane in the tissue (Figure 2.1, left). Such geometry confines 

the illumination pattern to specific depths, which is suboptimal for imaging the entire 

region of interest, especially near and far field structures. Other options involve an 

ultrasound probe with a hollow central bore [32] or an optically transparent acoustic 

detector [33], both of which provide reflection-mode illumination. However, this 

approach requires an extensive redesign of the ultrasound probe and cannot be easily 

integrated into standard clinical scanners. These designs also fail to provide ideal 

illumination into tissue. 

2.2 Design goals for photoacoustic imaging devices 

Even though ultrasonography and photoacoustic imaging have many similarities, the core 

feature lacking in traditional ultrasonography to enable photoacoustic imaging is an 

adequate illumination system. Current state-of-the-art clinical ultrasound transducers are 

detector arrays composed of more than a hundred individual receive elements. Breast 

applications typically implement wide linear arrays, which must be acoustically coupled 
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to tissue using a thin layer of ultrasound gel. The physical size of clinical arrays along 

with the close proximity of the array to the tissue presents an obstacle to illuminate the 

imaging region. Solving the problem of illuminating deep tissues, simultaneously coupled 

to ultrasound transducers, is essentially the solution to building efficient photoacoustic 

systems. 

In spite of the fact that PAI provides functional and complementary information, 

ultrasonography and photoacoustic imaging have many commonalities from signal 

propagation and beam forming to the detection hardware and electronics that make up the 

system. Therefore, it is not a stretch to envision photoacoustic imaging employed 

clinically much like ultrasonography today. Current ultrasonography often relies on a 

handheld probe, a coupling media, an anatomical awareness of the tissue being imaged 

and careful user manipulation to position the probe and ascertain the desired biomedical 

image in real-time. Real-time imaging is crucial because the technician uses the displayed 

image to reposition the probe in a continuous reiterative process. This method extends 

universally from applications involving external probes to endoscopic and micro-Doppler 

probes. Similarly, handheld real-time photoacoustic imaging probes are advantageous, 

albeit with potentially different applications or complementary information. 

A handheld photoacoustic-imaging device is a resolution to the conundrum of 

progressing photoacoustic technology into clinical practice. Therefore, the following 

translational design goals were set: 

1. Handheld availability 

2. Dual modality: photoacoustic and conventional ultrasonography 
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3. Maintain the integrity of the ultrasound signal (no new artifacts) 

4. Maximize illumination penetration noninvasively (1-25 mm deep) 

5. Interface with commercial ultrasound equipment 

6. Functional flexibility to adapt to future applications 

These design goals would facilitate access to photoacoustic imaging for routine breast 

cancer screening and other medical applications. 

2.3 Design and development of the Photoacoustic Enabling Device 

A manner of overcoming the handheld illumination challenge compatible with standard 

linear ultrasound arrays by means of an attachment was developed and is referred to as a 

Photoacoustic Enabling Device (PED). The PED features an optically transparent 

acoustic reflector that redirects the acoustic imaging path with the illumination path 

(Figure 2.1, right). The illumination path is not necessarily restricted to the acoustic path, 

it can enter the image space from wider or more remote locations, however, the 

ultrasound transducer no longer limits the proximal acoustic space, similar to previous 

work with a single element [34-37]. 
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Figure 2.1. Two illumination schemes for PAI. (left) Common dark-field illumination in 
a scattering medium using angled fiber bundles. (right) A direct illumination scheme 
using the PED. The first method has a longer optical path length to the acoustic imaging 
plane (tan) and contains undesirable dark regions (i). The PED (see Figure 2.5 for more 
details) illuminates the entire imaging plane of the ultrasound linear array (LA) using the 
shortest optical path, which reduces loss due to scatter. 

The design was generated using SolidWorks™ (Dassault Systèmes SolidWorks, 

Concord, MA), which allowed for rapid prototyping using a 3D printer (Connex350™; 

Objet, Billerica, MA) and a compatible rigid material (FullCure®720; Objet). It (Figure 

2.5) incorporated a form-fitting mount specific to a clinical 10 MHz linear ultrasound 

array (L10-5; Zonare Medical Systems, Mountain View, CA). The optical subassembly, 

contained within an exchangeable tube, consisted of a standard SMA connector (Figure 

2.5i) for coupling to an optical fiber and a cylindrical or spherical lens (Figure 2.5ii) for 

controlling the illumination pattern. A glass plate (Figure 2.5vi) mounted in a water-filled 

chamber inside the PED acted as a perfect reflector of the ultrasound waves generated in 

tissue [38]. Two screws held the PED to the linear array. A thin film of petroleum jelly 

was used to form a watertight seal between the PED and the linear array. The inner 
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chamber of the PED was filled with water for acoustic coupling through a small drain 

hole placed in the corner of the device. (Figure 2.5vii) An optically transparent acoustic 

membrane (Tegaderm™; 3M, St. Paul, MN) (Figure 2.5iv), affixed to the open front 

surface of the device provided the interface between the PED and tissue (Figure 2.6). The 

total fabrication cost for the PED, including mechanical and optical components and 3D 

printing, was less than $200. 

2.3.1 PED for L10-5 

Three different generations of PEDs for Zonare’s L10-5 probe were designed. They are 

displayed in Figure 2.2, Figure 2.3 and Figure 2.4. The 2nd generation offered a much 

smaller form factor, consisted of less material, required fewer clamping screws and 

coupled to a fiber optical cable via an SMA connector with an optical lens tube. The 

optical lens tube allowed various lens designs to focus the illumination. The major 

improvements in the 3rd generation was a shorter acoustic path length to the Tegaderm™ 

window and a more practical location for the drain/fill hole. 
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Figure 2.4: The 3rd generation PED for Zonare’s L10-5 probe illustrated semi-
transparently. The PED clamps on to the probe head and neck using two mounting 
screws. An optical lens tube screws onto the source side of the PED for coupling to the 
optical fiber. 

 

Figure 2.5: Cross-sectional view of the 2nd generation PED design for Zonare’s L10-5 
probe, providing simultaneous PA and PE imaging. Light enters the PED via a fiber optic 
connector (i) and propagates from left to right through the modifiable optical lens tube, 
which contains a cylindrical focusing lens (ii). Light then passes through a glass window 
(iii) and a thin transparent membrane (iv) (Tegaderm™), which helps seal the acoustic 
coupling fluid (i.e. water). Light absorbing structures (v) within the tissue emit PA waves 
that propagate back through the membrane, reflect 90° off the glass plate (vi) and are 
detected by the ultrasound array. The small drain hole (vii) allows for the exchange of 
fluid in the liquid chamber. An alternative illumination setup using two lenses is shown 
in Appendix Figure 2. 
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Figure 2.6: (a) 3D SolidWorks™ design of the PED 2nd generation, including optical 
fiber coupling. Side (b) and front (c) view. An acoustic membrane separates the coupling 
liquid inside the device from the tissue. The optical tube assembly was removed for the 
photograph in (c) to help visualize the optical transparency. (d) Photograph of the PED 
during PE imaging, featuring the L10-5 linear ultrasound array and Zonare Medical 
Systems z.one ultra Ultrasound System. The metal post was used to secure the probe to a 
translation stage for 3D imaging. 

2.3.2 PED for L14-5sp  

Two different generations of PEDs for a Zonare L14-5sp probe were designed. They are 

displayed in Figure 2.7 and Figure 2.8. The 2nd generation offered a smaller form factor, a 

drain/fill hole, and a shorter acoustic path length to the Tegaderm™ window. 
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Figure 2.7: The 1st generation PED designed for Zonare’s L14-5sp probe. The optical 
lens tube is omitted from the sketch. A single screw clamps both sides of the PED 
together. 

 

Figure 2.8: The 2nd generation PED designed for Zonare’s L14-5sp probe. The optical 
lens tube is omitted from the sketch. A single screw clamps both sides of the PED 
together. Modifications include rounded edges, shorter acoustic path length and 
physically more robust design. 

2.3.3 Interfacing instruments 

A system diagram for PAI is displayed in Figure 2.9. A pulsed laser source coupled to an 

optical parametric oscillator (OPO) (532 nm Surelite™ I-20 and OPO Plus; Continuum®, 

Santa Clara, CA), produced wavelength-tunable 5 ns, 100 mJ, pulses at 20 Hz . The laser 

pulses coupled into a 1.5 mm diameter optical fiber (CeramOptec®, East Longmeadow, 

MA) and the other end connected to the PED optical lens tube. The input energy was 
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attenuated to 20 mJ to prevent damaging the optical fiber. A clinical scanner (z.one ultra; 

Zonare Medical Systems) with a research package, recorded both phase and amplitude 

radiofrequency data on 64 channels in parallel [39]. We used the center 64 elements of 

the 128 available transducer elements of the L10-5sp and L14-5 probes for simplicity. 

This system collects B-mode PA images at a frame rate of up to 20 Hz, limited by the 

pulse repetition rate of the laser. The PE ultrasound images were simultaneously obtained 

by triggering the scanner to transmit plane waves synchronized with the laser pulse. As a 

proof-of-concept for scanners with 3D capability, volume images were also acquired by 

collecting B-mode frames while translating the PED assembly with a linear motor 

(XSlide™; Velmex, Bloomfield, NY). Synchronization between the laser and ultrasound 

scanner was controlled by a variable pulse generator (9520; Quantum Composers®, 

Bozeman, MT). Data from the scanner was transferred via Ethernet to a PC running 

Matlab™ (Mathworks, Natick, MA) for post processing and display. Conventional sum-

delay beamforming was also performed depending on the one-way (for PA) or two-way 

propagation (for PE) of the acoustic waves (see Appendix B.4 for further details). 

 

Figure 2.9: Block diagram of experimental setup. Components include: ultrasound 
scanner, 10 MHz ultrasound array (L10-5), wavelength tunable pulsed laser (5 ns, 700-
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950 nm), trigger controller, linear motor for 3D imaging with a linear array and a 
computer for post processing display. Lines represent the electrical signals (solid black), 
optical pulse (solid red), ultrasound propagation (dotted blue). 

2.4 Design testing methods 

The testing goals were to 1) quantify the optical and acoustic properties of the PED, 2) 

compare the performance of the PED with a standard fiber bundle, dark-field illumination 

in scattering and non-scattering media, and 3) demonstrate dual modality PA and PE 

imaging in a live mouse with a pancreatic tumor. The results indicate that, compared to 

the more standard approach, the PED offers efficient light delivery and improved 

performance for PAI. The improved sensitivity and more uniform illumination pattern 

offered by the PED potentially facilitate routine screening for breast cancer using a dual 

modality PE and PA imaging system. 

2.4.1 Quantifying acoustic transmission through the PED 

A bench top setup was developed to measure the acoustic loss through the PED. No 

acoustic loss was expected from the acoustic reflector (Figure 2.5vi) due to total internal 

reflection above the calculated critical angle of 14°. The acoustic intensity reflected from 

a centimeter thick steel plate in water was measured using the PED. The equivalent 

acoustic transmit and receive experiment was also conducted without the PED for 

comparison (Figure 2.10a-b). Since the measured reflected signal is highly sensitive to 

the angle of incidence between the probe and the steel plate, measurements were also 

taken from a range of angles. The acoustic backscatter was recorded at eight different 

near-orthogonal angles between the ultrasound probe and the steel block. This helped 

ensure that measurements were collected at the same orientation for each measurement 



37 

 

 

(Figure 2.10c). A Velmex™ B5990TS motorized rotary table rotated the ultrasound 

transducer over a 10° range at 0.5° increments from the estimated orthogonal position. 

Percent loss was calculated based on the difference in the peak acoustic intensity with 

and without the PED. 

2.4.2 Quantifying optical transmission through the PED 

Optical loss through the PED was determined by measuring laser energy transmission in 

the range of 700 nm to 950 nm. This was compared with the theoretical optical 

transmission through the PED based on the absorption coefficient of water at the same 

wavelengths [40], 2.2 cm length of the water column, Fresnel reflection-coefficients of 

glass and the empirical transmittance of Tegaderm™. 

2.4.3 Comparing the photoacoustic signal amplitude for the fiber bundle assembly 

and the PED 

The amplitude of the PA signal using the standard dark field illumination scheme was 

compared with the on-axis illumination using the PED. A custom adapter attached for the 

10 MHz probe held the ends of a bifurcated fiber bundle (NA .22)  (±35° with respect to 

the probe) and directed the laser pulse towards the elevational focus of the ultrasound 

probe (17.5 mm from the probe surface). By contrast, the PED produced a collimated 

optical beam. PA signals from a black steel plate (1 cm thick) were collected as the plate 

was scanned away from the ultrasound transducer using both illumination methods. For 

the initial test in a nonscattering media, the steel block was placed in water. To further 

evaluate the two methods in a scattering medium, the experiment was repeated using 
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optical scattering that mimicked properties of breast tissue. The steel block was placed in 

a solution composed of 0.62% Intralipid® in water, yielding a reduced optical scattering 

coefficient (µs’) of approximately 6.2 cm-1 [41]. The laser energy was measured at the 

output of each device to normalize the data based on the energy incident on the surface.  

2.4.4 Real-time photoacoustic and ultrasound imaging using the PED 

One of the goals was to demonstrate dual modality PA and PE imaging in vivo. Hence, 

the PED was used to image a mouse model of human pancreatic cancer. Panc-1 human 

pancreatic cancer cells were implanted in the flank of a severe combined 

immunodeficient mouse. Imaging occurred after six weeks when a tumor grew to 

approximately 5 mm in diameter. The mouse protocol was in accordance with the 

University of Arizona Institutional Animal Care and Use Committee. The PED assembly 

was placed above the anesthetized mouse (isoflurane 1-2%) and coupled with ultrasonic 

gel. Cross sectional PE and PA images of the tumor were acquired. Laser fluence at the 

surface of the mouse was 15 mJ/cm2. Scanning the mouse 10 mm perpendicular to the 

imaging plane provided volumetric data. The PED simultaneously collected PE and PA 

data with images automatically co-registered. 

2.5 Results 

2.5.1 Acoustic transmission through the PED 

Acoustic loss through the PED was negligible, consistent with total internal reflection 

theory (Figure 2.10). Acoustic loss at 10 MHz was approximately zero (-0.2% ± 0.1%). 

The acoustic loss across the entire frequency spectrum of the ultrasound transducer (5-10 
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MHz) was also insignificant. These results closely agree with the theoretical calculation 

by Ranasinghesagara et al. [34] using a fused quartz prism coupled with a single-element 

ultrasound transducer. 

 

 

Figure 2.10: Comparison of acoustic propagation with (dashed blue) and without (solid 
red) the PED in PE mode. (a) A typical A-line signal at normal incidence from a steel 
plate. (b) Frequency response with and without the PED. (c) Maximum amplitude of the 
received echo at different angles with and without the PED. Loss through the PED was 
estimated at normal incidence (i.e., 0°). 

2.5.2 Optical transmission through the PED 

The net transmission of light through the PED was measured to be above 80% for 

wavelengths between 700 nm and 900 nm (Figure 2.11). Using a model based on Fresnel-

reflection theory, the measured transmittance of Tegaderm™ and published water 

absorption coefficients; the total theoretical optical loss through the PED was computed 

to be 20.4%. This includes a 0.8% loss through the cylindrical lens, 4.9% loss entering 

the PED water chamber, 2.4% through the acoustic reflector, 4.1% through the 

Tegaderm™ and 9.6% from water absorption. Of these losses, the only surface where a 

PA signal was observed was at the Tegaderm™. Water absorption is the single largest 

contributing factor to the total PED transmission and explains the drop in transmission 
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above 900 nm. At higher wavelengths, other optically and acoustically transparent 

coupling fluids, such as silicone oil, may be suitable alternatives [35] . 

 

 

Figure 2.11: Characterization of light propagation through PED filled with water as a 
function of optical wavelength. The dotted red symbols denote the spectral transmission 
of the laser through the device (average of 8 laser pulses). The solid black line is the 
theoretical transmission of light through a 2.4 cm column of water, accounting for water 
absorption and the calculated 11.9% reflection loss through the interfaces of the PED. 

2.5.3 Effect of the illumination pattern on the photoacoustic signal  

Figure 2.12 demonstrates that in a non-optically scattering medium the PED generated a 

larger PA signal at all depths compared to the off-axis fiber bundle illumination. 

Moreover, the amplitude of the PA signal was similar at all depths, consistent with the 

collimated illumination pattern of the PED. The PA signal from the fiber bundle reached 

a maximum at a depth of 20 mm, corresponding to the combination of the elevational 
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focus of the ultrasound transducer and the highest optical fluence where light crossed the 

imaging plane (see Figure 2.1).  

In this experiment, the diverging light from the fiber bundle explains the shape of 

the curve for the fiber bundle in Figure 2.12. If the divergence angle of the fiber bundle 

were to increase, the corresponding curve would drop in peak power and widen with 

respect to depth. Conversely, if the fiber bundle were collimated, the power versus depth 

curve would narrow and the peak power would increase, indicating the fiber bundle 

would be more depth specific. 

 

Figure 2.12 Photoacoustic signal at 800 nm from a strongly absorbing plate as a function 
of depth using the two illumination methods in a non-optically scattering medium 
(water). The PA signal was normalized to the light energy at the surface of the imaging 
target, which for this example was 6.2 mJ for the PED and 7.6 mJ for the fiber bundle. 
Differences in the signal amplitudes are primarily due to differences in the illumination 
pattern between the PED and fiber bundle configurations. Whereas the PED provided 
collimated light and a uniform illumination pattern through the entire imaging plane of 
the ultrasound transducer, the bundle produced less efficient illumination, especially 
outside the elevational focal depth of 17.5 mm. 
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Results of the same illumination experiment in an optically scattering medium 

demonstrated a remarkable enhancement in the PA signal using the PED (Figure 2.13). 

An 18 dB, 14 dB and 6 dB signal improvement were measured at the 5 mm, 10 mm, and 

20 mm depths, respectively. The strong PA signal recorded by the PED in the first 20 mm 

was primarily due to the highly efficient in-line illumination pattern compared to the 

optical bundle. At greater depths, optical scattering dominated, and the PA signal 

decayed exponentially. Even though the fiber bundle uses diverging light compared to the 

collimated illumination pattern of the PED, the total surface area illuminated by the fiber 

bundle (1.6 cm2) is comparable to that from the PED (2.3 cm2). The scattering effect of 

the medium is a dominant factor at increasing depths. Nonetheless, the collimated output 

of the PED provides the shortest optical path length and an improvement compared to the 

dark-field illumination. The signal improvement in the first 30 mm of penetration is best 

depicted in Figure 2.14. This plot also points out the beyond 30 mm the PED and the 

optical fiber bundle perform similarly. 
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Figure 2.13: Photoacoustic signal at 800 nm from a strongly absorbing plate as a function 
of depth using the two illumination methods in an optically scattering medium (µs’ = 6.2 
cm-1) similar to breast tissue. The PA signal from the PED at 20 mm is 6 dB higher after 
normalizing for the measured energy incident on the surface of the target. This is due to 
the efficient light delivery of the PED throughout the imaging plane of the ultrasound 
transducer. This is similar to the results of Figure 2.12, except that the effect of optical 
scattering produces a decay of the optical transmission through the sample. 

 

 

Figure 2.14: Difference in measurements between the photoacoustic signal from PED 

illumination and fiber bundle illumination in a scattering media. 

2.5.4 Real-time photoacoustic and ultrasound imaging using the PED 

The system allowed for real-time B-mode PA and PE imaging. Volumetric data sets 

could be acquired in 5 seconds. PA and PE images were acquired from the mouse skin 

surface to structures below the tumor, as displayed in Figure 2.15. The tumor is easily 

identified in the PE image due to the protrusion at the skin surface and decrease of the PE 
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speckle in the center of the tumor. This hypoechoic region is consistent with an oxygen-

deprived necrotic core often seen in tumors. The PE images also provide an anatomical 

frame of reference for the co-registered PA images (Figure 2.15a-c). At 800 nm 

illumination, blood is the predominant absorber in the tissue. The different orthogonal 

sections through the mouse tumor reveal strong PA signals at the surface of the skin and a 

region around the tumor. The strongest signals (11 dB over background) appear near the 

tumor at a depth of 3 mm. Increased vascularization on the perimeter of the tumor is 

consistent with angiogenesis often associated with growth of many tumors. Volumetric 3-

D imaging that combines PA and PE on a single scan potentially provides valuable and 

complementary diagnostic information for early cancer detection. 

 

Figure 2.15: The PED was used to obtain in vivo PE (gray) and PA images at 800 
nm (hot) of a tumor and surrounding region grown from Panc-1 pancreatic cancer cells 
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six weeks after cell implantation in a mouse. Sagittal (xz) plane through the crest of the 
tumor for PE (a), PA (b), and superimposed (c) images. (d) Transverse (xy) superimposed 
PE and PA images at the tumor periphery. PA signals are detected throughout the 
thickness of the mouse – from the skin surface to below the tumor. The apparent 
protrusion and hypoechoic region on the PE (a, c) and the blood vessels at the perimeter 
of the tumor (b-d) each provide complementary information regarding the tumor and 
surround tissue. The green dot corresponds to the common point in each plane. Scale bar 
denotes 2 mm. 

2.6 Discussion 

This study described the PED, a device that facilitates PAI using a standard clinical 

ultrasound array and improves performance compared to traditional dark-field 

illumination methods. The tremendous 18 dB increase in sensitivity 5 mm deep into 

scattering medium expands the potential for translational research in PAI. Erpelding et al. 

[19], for example, imaged rat sentinel lymph nodes and lymphatic vessels 5 mm deep. 

Furthermore, the order of magnitude improvement of the PA signal in the first 5 

millimeters opens doors for a variety of diagnostic applications, such as imaging deep 

polyps under the skin. Such depth has typically been difficult to extract optical properties 

with sub-mm spatial resolution. 

A standard clinical ultrasound array was successfully transformed into a dual 

modality PA and PE in vivo imaging probe. As an add-on solution to an existing 

ultrasound array, the PED may be especially important to explore new imaging solutions 

that may not be possible with routine ultrasound PE imaging. Moreover, the simple and 

inexpensive design of the PED can be easily modified to function with most linear arrays. 

The PED can ultimately complement routine ultrasound breast exams (PE) by adding 

valuable vascular context (PA). This device might make clinical trials involving PAI 

more feasible.  



46 

 

 

The latest PED prototype still presents hurdles to address before widespread 

acceptance in the clinic is possible. Sonographers may not be accustomed to the 

unorthodox 90° orientation of the probe relative to tissue. However, future design options 

can remove this restriction, and future prototypes may operate using a standard 

orientation (see Figure 5.1). In addition, B-mode data was collected in real-time, but 

signal processing was performed offline. In the future, working with Zonare Medical 

Systems, all beamforming, signal processing, and display can be done in real-time on the 

clinical platform. Finally, all components of the PE and PAI system are portable, except 

for the tunable laser source employed for the PAI experiments. However, alternative light 

sources (e.g., laser diodes, LEDs) capable of fiber coupling have been demonstrated for 

PAI [42]. The PED provides an important first step towards a truly portable dual 

modality system transforming diagnostic imaging capabilities in the clinic for cancer 

detection and other applications. 

The PED offers a simple, inexpensive solution for interfacing standard clinical 

ultrasound transducers for PAI. This approach provides efficient illumination with optical 

fiber coupling. Improved illumination, improves photoacoustic sensitivity for future 

diagnostic information related to tissue microvascularity and blood oxygen saturation 

[43-44]. A complementary dual modality system capable of PE and PAI activated by a 

simple switch on the ultrasound probe will enhance screening for cancer at its earliest 

stage and may reduce unnecessary biopsies. Simple modifications to the generic design 

will make the PED compatible for most linear ultrasound arrays on the market. 

Moreover, although collimated light was used for this study, the optical assembly of the 
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PED allows for custom illumination patterns depending on the clinical application and 

required depth. Finally, the PED efficiently transmits visible and near infrared 

wavelengths. When combined with PA contrast agents, this opens new avenues for 

targeted molecular imaging of key tumor cell receptors associated with a variety of 

diseases, including metastatic breast cancer [44]. The PED may facilitate translation of 

PA technology to patients for improved cancer prognosis. 
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CHAPTER 3: PHOTOACOUSTIC IMAGING OF CEREBROVASCULATURE 

FOR INTRAOPERATIVE ANGIOGRAPHY 

Chapter 2 introduced the PED and presented some preliminary results showing the 

potential for in vivo 3D photoacoustic imaging using transverse mechanical scanning. In 

this chapter, the PED is used to investigate the potential for photoacoustic imaging to aid 

cerebrovascular surgery. 

3.1 Introduction 

Microsurgery for treatment of cerebrovascular aneurysms and atriovenous malformations 

requires the surgeon to have full comprehension of the three-dimensional vascular 

anatomy in the surgical field despite access to only a small range of viewing angles 

intraoperatively. Placement of a clip that obstructs a hidden vessel or sacrifice of a 

suspected feeder that actually represents an en-passage vessel can have devastating 

consequences, and much technology has been dedicated toward equipping neurosurgeons 

with tools to prevent these errors. State of the art modalities such as indocyanine green 

angiography (ICGA), digital subtraction angiography, micro-doppler ultrasonography, 

3D neuronavigation, and neurophysiological monitoring are used adjunctively and all 

help overcome the limitations of direct microscope visualization. However, none of these 

technologies permits real-time 3D visualization of the microvascular architecture. Post-

operative angiography studies have revealed as much as a 10% rate of major vessel 

occlusion postoperatively [45]. Additionally, 12% of clipped aneurysms result in 

incomplete obliteration or a visible residual neck, suggesting that a higher degree of 
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in the near-infrared spectrum which is advantageous since these wavelengths are capable 

of penetrating deep (>1 cm) into biological tissues.  

A series of proof-of-concept experiments were designed and performed toward a 

potentially usable intraoperative photoacoustic device. The ability to image through a 

relatively large blood containing structure was demonstrated, representative of a large 

cerebral aneurysm, and accurately visualized a very small curvilinear vascular structure 

representative of a micro-perforator.  

3.2 Material and methods 

3.2.1 Phantom design 

A phantom of intersecting tubes with various diameters was constructed to test the 

photoacoustic imaging capabilities as a proof-of-concept for imaging perforating arteries 

obscured by an aneurism. The phantom tank was designed using SolidWorks® (Figure 

3.2) and printed using a 3D printer (Connex350™; Objet, Billerica, MA). Holes in the 

sides of the tank sustained tubes at a constant height, fed through during the phantom 

construction. Along the short axis of the tank, large diameter shrink wrap tubing was used 

to simulate aneurysms. Along the long axis of the tank, narrower Tygon tubing simulated 

perforating arteries obscured overhead by intersecting ‘aneurysms.’ The various 

diameters used in the construction of the phantom are outlined in Table 3-1 and are 

consistent with all images in the results for easy reference. The tank also contained a tab 

with a hole in it, to facilitate attachment to a motorized stage for linear scanning and 3D 

reconstruction.  
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Table 3-1: Various inner diameters (AD) and outer diameters (OD) of tubes used in the 
phantom design to simulate arteries and aneurysms. ‘Arteries’ were constructed using 
shrink wrap tubing and ‘aneurysms’ using Tygon tubing. 

Image Location 'Arteries' ID/OD [mm] 'Aneurysms' ID/OD [mm] 
Left/Top 0.28/0.61 2.38/2.94 

0.86/1.27 3.18/3.76 
0.58/ 0.97 3.97/4.57 

Right/Bottom 1.02/1.78 5.56/6.26 
 

 

Figure 3.2: Solidworks drawing of the phantom designed and printed on a 3D printer. 
Water substituted the Agarose gel in the 10 MHz experiment. 

3.2.2 Blood preparation 

The tubes in Figure 3.2 were filled with oxygenated bovine blood within a week of 

harvesting (The University of Arizona, Tucson, AZ). The blood was oxygenated by 

bubbling gas (95% oxygen, 5% carbon dioxide) through the blood. Ethylenediaminetetra-

acetic acid (1.5 mg/ mL) was also added to the blood as an anticoagulant. The attenuation 

spectrum of the blood was measured using a fiber optic spectrometer (USB4000) before 

each imaging experiment. 
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3.2.3 Imaging instrumentation 

A pulsed laser source coupled to an optical parametric oscillator (OPO) (532 nm 

Surelite™ I-20 and OPO Plus; Continuum®, Santa Clara, CA), produced wavelength-

tunable pulses at 20 Hz. A clinical scanner (z.one ultra; Zonare Medical Systems) 

recorded both phase and amplitude radiofrequency data on 64 channels in parallel [39]. 

This system collected B-mode PA images at a frame rate of 20 Hz, limited by the pulse 

repetition rate of the laser. PE ultrasound images were similarly obtained by triggering 

the scanner to transmit plane waves. A collection across an area of 32 mm (translation 

direction) took 17 seconds. As a proof-of-concept for scanners with 3D capability, 

volume images were acquired by collecting B-mode frames while translating the PED 

assembly with a linear motor (XSlide™; Velmex, Bloomfield, NY). Synchronization 

between the laser and ultrasound scanner was controlled by a variable pulse generator 

(9520; Quantum Composers®, Bozeman, MT). Data from the scanner was transferred via 

Ethernet to a PC running Matlab™ (Mathworks, Natick, MA) for post processing and 

display.  

3.2.4 Spectroscopy 

Photoacoustic images were collected using the laser tuned to a wavelength of 700 

nm, 750 nm, 800 nm, and 850 nm. This gave us four-dimensional data sets from which to 

investigate advantages at a particular wavelength or other spectral analysis. 

3.2.5 Experimental procedure using 14 MHz 
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Two different experiments were performed using the same phantom, one with a clinical 

linear array 14 MHz transducer and another one with a clinical linear array 10 MHz 

transducer. The purpose of the experiments was to access the sensitivity of using 

photoacoustic imaging to image the microvascular near larger volumes of blood. In the 

experiment with the 14 MHz clinical probe, the tank was filled with a gel, 2.5% Agarose 

and 1% creamer (VistaPak Industries, Leesburg, FL). The 1% creamer increased the 

optical scattering of the medium to simulate tissue. About 9 mm of gel existed above the 

‘arteries’ tubes. Light from the laser was coupled to a 1.5 mm diameter multimode optical 

fiber (CeramOptec®, East Longmeadow, MA) and the other end connected to the PED 

optical lens tube containing a cylindrical lens. In air, the cylindrical lens produced a line 

focus 16 mm long at a back focal distance of 28.6 mm. The light fluence exiting the lens 

tube was 5.5±0.3 mJ @ 700 nm.  

3.2.6 Experimental procedure using 10 MHz 

In addition to the 14 MHz array, an experiment with a 10 MHz array was also conducted 

to increase the signal received at the expense of resolution. In the experiment with the 10 

MHz clinical probe, the tank was placed in a larger tank and filled with deionized water, 

photographed in Figure 3.3. Unlike the previous experiment, Agarose or scattering agents 

were not used in order to keep the illumination energy high and focused. Again, the PED 

was used to interface with the phantom; however, the fiber coupled laser and the optical 

lens tube of the PED was substituted with an illumination system of mirrors and a 

cylindrical lens focusing through the PEDs glass window. This setup provided more 

energy than the optical fiber without threatening optical fiber damage threshold. The 
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focus of the laser produced a line 2.0±0.1 cm long, 15 mm from the output face of the 

PED. The light energy entering the PED was 21.0±0.5 mJ @ 700 nm, thus it delivered 

about four times the fluence as in the 14 MHz experiment. In addition, without the 

presence of 9 mm of optical scattering gel, the fluence was expected to be roughly eight 

times more. A photograph of the setup is shown in Figure 3.3. 
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Figure 3.3: Experimental setup using the 10 MHz transducer and the laser air coupled to 
the PED. The PED is in contact with water above a submerged phantom consisting of 
blood filled tubes. 

3.2.7 Data processing 
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Data collected from the experiments were processed in Matlab to reconstruct 2D images. 

The original 5 MHz IQ data (analytical signals) were upconverted to produce 100 MHz 

RF signals. These signals were then frequency filtered with a Hanning bandpass filter 

similar to the impulse response function of the ultrasound transducer receiver. For the 

case using L14-5sp Zonare probe, a frequency bandpass filter rising from 5.5 MHz to 9.0 

MHz and falling from 11 MHz to 15 MHz was used. When using the L10-5 Zonare 

probe, boundary coefficients of 4.6, 6.43, 7.86 and 9.6 MHz were used instead. A sum 

and delay beamforming algorithm was applied to each data collection trigger to 

reconstruct a 2D image (see Appendix B for Matlab code). B-mode images acquired in a 

stationary position had data averaged among 100 frames to create a single 2D image with 

an improved signal to noise ratio. However, no averaging was done on data acquired 

during a continuous linear translation of the ultrasound probe which was required for 3D 

data. Instead, 3D data was filtered in the elevational (scan) direction using a 5 pixel 

median filter and a 7 pixel Gaussian smoothing filter. All data were also filtered laterally 

using a 3 pixel median filter and a 2 pixel Gaussian smoothing filter. 

3.3 Results 

3.3.1 Blood spectrum 

The attenuation spectrum of the harvested oxygenated bovine blood was measured using 

a USB400 fiber optic spectrometer (Ocean Optics, Dunedin, FL). The measurements are 

shown in Figure 3.4, plotted with the attenuation calculated from published absorption 

coefficients of H2O, deoxygenated hemoglobin (Hb) and oxygenated hemoglobin 
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(HbO2). The measured attenuation coefficient of the oxygenated blood used in the 

experiment was relatively flat and much higher than the absorption of hemoglobin found 

in the literature. The wavelength dependent reduced scattering coefficient was calculated 

using  ( ) = ( ) − ( ) − ( ) − ( )   (3) 

 

while assuming the hemoglobin concentration was 150 g/L with a 64,450 g molecular 

weight for hemoglobin, an SO2 of 95% and a water concentration of 85%, typical for a 

hematocrit of 45% in whole human blood [33]. In equation 3,  is the energy transfer 

coefficient measured by the spectrometer, ,  and  are the wavelength 

dependent specific absorption coefficients of hemoglobin, oxygenated hemoglobin and 

water respectively. Similarly, ,  and  are the concetrations. Due to a reduced 

scattering coefficient much greater than the respective absorption coefficient, the 

photoacoustic spectrum cannot be compared to the attenuation spectrum measured using 

the commercial optical spectrometer. Nevertheless, the reduced scattering coefficient 

follows a curve as a function of wavelength to the power of -0.27. These results are 

consistent with Roggan who measured the reduced scattering coefficients of blood in the 

visible and near infrared spectrum [46]. 
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Figure 3.4: The total attenuation, along with the estimated constituent contributions, of 
light transmitted through 1 mm of bovine blood. The scattering contribution follows a 
wavelength to the power of -0.27 (magenta dotted line). 

3.3.2 Imaging at 14 MHz 

The resulting images from 14 MHz PED overall (Figure 3.5), demonstrate a lack of 

relevant photoacoustic signal reaching the detector. An air gap at the top surface of the 

first ‘artery’ is a major problem with this data set, visible in the maximum amplitude 

projection (MAP) image of Figure 3.5(a). This causes a large echo relative to other 

signals and prevents deeper signals from being detected, including the corresponding 

photoacoustic signal. The discontinuous photoacoustic signal near the bottom of Figure 

3.5(b) and along the vertical direction in Figure 3.5(g) further support that not enough 

light is reaching the ‘arteries’ when occluded by an ‘aneurysm.’ Increasing the fluence of 

the light reaching the ‘arteries’ or averaging multiple data collections would increase the 

photoacoustic signal. The imaging enhancement caused by averaging is unmistakably 

evident comparing Figure 3.5(d) and Figure 3.5(e). Therefore, the 10 MHz experiment 
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dark areas. Furthermore, the en-face view of ‘arteries’ allows human observers to predict 

the vessel pattern where the signal is weak. 

 

 

Figure 3.6 Pulse-echo (gray) and photoacoustic (red) images acquired with the 10MHz 
PED. (a-b) YZ images of the ‘aneurysms.’ The dynamic range of (a) is 45 dB and of (b) 
is 35 dB. (c-d) XZ images of the ‘arteries.’ The dynamic range of (c) is 30 dB and of (d) 
is 20 dB. (e) Maximum projection image of all the tubes. The horizontal echos come 
from the larger diameter ‘aneurysm’ tubes. The vertical echos come from the smaller 
‘artery’ tubes. The dynamic range is 38 dB. (f) Average projection image (850 nm) of the 
space below the ‘aneurysm’ tubes. The ‘aneurysms’ are visible as horizontal shadows. 
The dynamic range is 60 dB. The scale bar is 2 mm wide. 

A spectral comparison of the en-face images of the ‘vessel’ phantom 

demonstrates that the best SNR occurs with 850 nm light and becomes worse towards 

700 nm. Figure 3.7 is the XY average projection image of the space directly below the 

larger diameter ‘aneurysm’ tubes using various wavelengths. In the photoacoustic image 

with the tubes filled with water, the most prominent dark streaks, or shadows, occur on 

the boundaries of the tube where the light passes through more tubing material than 

water. However, directly blow the tubes, the signal approximates that of when no tubing 

is present. However, in all of en-face views of the ‘vessel’ phantom, the two ‘arteries’ in 
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the lateral center are brighter than the ‘arteries’ near the edges. This drop in 

photoacoustic signal corresponds to the illumination beam’s lateral profile. The laser’s 

illumination profile is approximated by imaging the Tegaderm® on the output face of the 

PED, which is assumed to have homogenous absorption per wavelength. Figure 3.8 

confirms the justification for the decreased photoacoustic signals on the lateral edges of 

the image. 

 

Figure 3.7: Spectral comparison of the photoacoustic average projection image of the 
space below the larger diameter ‘aneurysm’ tubes. The horizontal shadows distinguish 
the larger diameter ‘aneurysm’ tubes. The vertical lines are the photoacoustic signal from 
the smaller ‘vessel’ tubes. The signal to noise ratio is higher for 800 nm and 850 nm. The 
dynamic ranges of the images are independently scaled to 60 dB. Scale bar is 2 mm long. 
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Figure 3.8: The average photoacoustic image on the PEDs Tegaderm® coupling surface 
yields a method of estimating the lateral beam-profile of the illumination. The 
inhomogeneous fluence results in higher signal towards the center of the image. 

A method of overcoming the decreased illumination near the edge of the imaging 

field is to scan the probe laterally in order for every lateral position of the target to have 

the opportunity to be in the central “hot spot” of the illumination much like a user would 

do using a handheld instrument. In this case, interest is in visualizing the smallest ‘artery’ 

below the smallest aneurysm in the phantom. The probe collected a series of 2D XZ 

photoacoustic images, in 10 seconds, while translating the probe laterally instead of the 

usual perpendicular direction. Stacking the images together, a data set with 

unconventional dimensions of X, Z and ‘time’ instead of Y is formed. The x-coordinate is 

referenced to the probe, not referenced to the phantom, for each particular image. 

Displaying an image of x-position versus ‘time’ at the particular depth (Z) where the 

small ‘arteries’ are located allowed us to visualize the ‘arteries’ as they translate across 

the imaging field. Using a translation speed appropriate to make the distance between 

frames equal to the lateral pixel length, we would expect to see the ‘vessels’ extending at 

a 45 degree angle from vertical. Figure 3.9, composed in this manner, displays the 

smallest 300 μm artery in the phantom obscured by a 2.4 mm length of bovine blood. 
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Figure 3.9 This image was created by scanning the PED in the lateral direction, 
reconstructing the image as if it were a 3D-scan and plotting the particular depth where 
the small ‘vessels’ are present. Scale bar is 2 mm long. 

3.4 Discussion 

The intraoperative implementation of a purpose-driven photoacoustic 3D imaging system has 

the unique advantage of having closer access to the vascular structures being imaged without 

having to traverse through the tissue layers present in typical non-invasive scenarios. The 

deep operative fields encountered in cerebrovascular surgery can easily be filled with 

irrigation to create the optimal milieu for transduction of ultrasonic signals. With a 

miniaturized 2D array of transducers, a 3D image could be acquired from a single position. 

This image could then be improved by averaging multiple 3D data acquisitions. Moreover, 

more advanced image processing techniques can be used to compensate for the decreased 

optical fluence beyond initial absorbers. This experiment successfully justified the feasibility 

of using photoacoustic imaging for detecting blood vessels deep into tissue. This is an 

important first step towards developing this promising technology for microsurgical 

applications, such as imaging hidden blood vessels during clip placement for treatment of 

aneurysms and atriovenous malformations. 
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CHAPTER 4: REAL-TIME 3D PHOTOACOUSTIC IMAGING USING A CMUT 

ARRAY 

Chapter 2 described how researchers can create a photoacoustic imaging system using a 

commercial ultrasound array while in Chapter 3 the same hybrid system is used to 

explore its capability for neurovascular image guided therapy. In this chapter, the focus is 

on stretching the capabilities of a commercial ultrasound system to operate with 

innovative CMUT detectors being developed. This would facilitate a vision for real-time 

3D imaging of cerebrovasculature for intraoperative angiography. 

4.1 Introduction to photoacoustic brain imaging 

Photoacoustic imaging is an emerging modality capable of 3D anatomical and functional 

neural imaging. The primary intrinsic absorber of infrared light in the brain is 

hemoglobin; thus, without the use of contrast agents, PAI is a powerful tool for 

anatomical imaging of the neurovasculature or tracking angiogenesis during tumor 

development [47-49]. This can be useful for guiding resection, such as removal of a brain 

tumor or epileptic focus. In addition, because the optical absorption spectrum of 

hemoglobin depends on oxygen concentration (see Figure 3.4), PAI is also sensitive to 

changes in blood flow dynamics and has been used for functional brain imaging in 

response to stimuli using two or more optical wavelengths with ratiometric analysis [43-

44, 50-52]. Another exciting area for photoacoustics in neural imaging involves the use 

of infrared-absorbing contrast agents capable of molecular targeting and/or photodynamic 

therapy [53]. Although the field of neuro-nanotechnology is at its infancy, it shows great 
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potential for both targeted imaging and therapy of the nervous system [54-58]. Real-time 

PAI, at the very least, would play an important role as a noninvasive modality for 

imaging hidden blood vessels during clip placement for treatment of aneurysms and 

atriovenous malformations. Thus, photoacoustic imaging can be a new neurosurgical tool 

to improve microvascular surgical outcomes and can possibly lead to new imaging and 

treatment paradigms of major neural diseases. 

Despite the promise of PAI for neural imaging, most systems in use today have 

physical limitations that slow down image acquisition and rely on piezoelectric 

technology to detect ultrasound. Within the past 8 years, techniques have been developed 

for transcranial brain imaging, such as photoacoustic tomography (PAT) and 

photoacoustic microscopy (PAM) (e.g. [50, 59-60]). These studies required the 

mechanical scanning of a single element piezoelectric ultrasound transducer; as a result, 

acquisition time ranged from minutes to several hours depending on the dimensions of 

the sample and desired spatial resolution. Using a linear array also requires mechanical 

scanning, a complex endeavor given the time and space constraints of surgery. In 

addition, high frequency piezo arrays (>20 MHz corresponding to an acoustic wavelength 

<75 μm) [61] are extremely difficult to manufacture because they rely on piezoelectric 

crystal technology on a micron scale. The PED (detailed in section 2.3) is a prototype 

attachment capable of generating photoacoustic images using commercial linear 

ultrasound probes. However, to streamline such a system into current intraoperative 

practice the probe head must fit within the cranioscopy opening. 
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Miniature ultrasound arrays are well suited for cerebral vasculature imaging and 

advantageously capable of real-time 3D photoacoustic imaging. Towards this endeavor, a 

commercial ultrasound system using a capacitive micromachined ultrasound transducer 

(CMUT) detector array was demonstrated.  

CMUT arrays have particular advantages over piezo-based arrays. CMUT 

technology is a MEMS-based technique, which leverages the mature silicon and 

microelectromechanical systems (MEMS) industrial experience to simplify the 

manufacturing of high bandwidth CMUT arrays compared to piezo materials. 

Furthermore, the MEMS platform facilitates experimenting with hundreds of receive 

elements in a small footprint and complex designs. A few research groups have recently 

demonstrated using CMUT arrays for photoacoustic imaging and have even fabricated 

silicon-based CMUT arrays thin enough to be transparent to near infrared wavelengths 

[62-64]. The MEMS platform also allows for direct transducer-transistor and front-end 

electronics integration and could ultimately provide superior signal-to-noise ratio 

compared to piezoelectric transducers.  

4.2 Material and Methods 

4.2.1 Hardware 

A CMUT array and front-end electronics were fabricated on a single chip using a 

standard integrated-circuit manufacturing process. The chip, manufactured by Sonetics 

Ultrasound Inc, contained 320 available elements arranged in a 32 by 10 two-dimensional 

array. Each receive element, depicted in Figure 4.1 (right), with dimensions of 255 μm by 
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master clock trigger generator (9520; Quantum Composers®, Bozeman, MT) which 

controlled the trigger timing between the scanner acquisition, the laser trigger, and the 

motherboard trigger. A bench-top DC power supply provided a 5 V electrical potential to 

power the motherboard circuits. A clinical scanner (z.one ultra; Zonare Medical Systems) 

connected to the motherboard using a special plug-in cable attached to the motherboard 

using two Samtech BTH connectors (see Appendix E for details) and recorded both phase 

and amplitude radiofrequency data on 64 channels in parallel. A pulsed laser source 

coupled to an optical parametric oscillator (OPO) (532 nm Surelite™ I-20 and OPO Plus; 

Continuum®, Santa Clara, CA), produced wavelength-tunable pulses at 20 Hz for 

photoacoustic CMUT acquisitions. The laser pulses coupled into a 1.5 mm diameter 

optical fiber (CeramOptec®, East Longmeadow, MA) and the other end was left bare to 

produce a maneuverable diverging pulsed illumination source. 
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Figure 4.2: Block diagram of the CMUT photoacoustic imaging setup. Multimeter is used 
to monitor the current supplied by a bench-top DC power supply to the board and 
multimeter 2 is used to monitor the current across the CMUT. The high voltage (HV) 
supply is used to apply a voltage bias to the CMUT elements to increase their sensitivity. 
The Quantum Composers controls the timing between the laser trigger, Zonare 
Acquisition and motherboard triggering. 

4.2.2 Acquisition Modes 

Multiplexing channel data must occur in order to record data from 320 possible elements 

on a system with 64 parallel receive channels. The motherboard was built to relay 24 
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channels from the CMUT array to the ultrasound scanner. Therefore the array was 

divided into 24 receive blocks containing a maximum of 16 CMUT receive elements as 

shown in Figure 4.3. A 25th channel was used to record a 4-bit address for the particular 

element, out of 16, within each receive block.  

The motherboard can operate in two different data acquisition modes: automatic 

and manual. In manual mode, the ultrasound scanner will record 24 channels from a 

constant 4-bit address within each receive block (in the case of the 2x4 blocks, if the 

address does not exist, no ultrasound data will be recorded from those blocks). This 

results in true real-time 3D photoacoustic imaging at 20 Hz (limited by the laser pulse 

repetition rate) although the image will be composed of a sparse 3 by 8 array. In 

automatic mode, the onboard complex programmable logic device (CPLD) chip (MAXII, 

Altera) will automatically increment the 4-bit address to acquire from different CMUT 

elements upon each trigger (further details on Appendix E). Given 16 triggers, the system 

will loop through all 16 possible addresses and thus acquire ultrasound signal from all 

320 elements in the array. In this mode, 320 element acquisitions are recorded at 1.25 Hz 

(limited by the laser pulse repetition rate). 
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Figure 4.3: (A) Schematic displaying how the complete array of 320 CMUT receive 
elements is organized into 4x4 or 2x4 receive blocks in order to acquire 24 simultaneous 
ultrasound signals. The particular receive element within the receive block is identified 
using a 4-bit address. 

4.2.3 Signal Processing and 3D beamforming 

The raw data stored on the scanner memory has undergone hardware filtering and down-

mixing and must be processed to arrive at a useful display matrix format. Commercial 

ultrasound scanners, such as Zonare, use electronic circuits to downshift the frequency 

spectrum of the real signal. Centering the ultrasound transducer’s bandwidth in frequency 

space lowers the Nyquist frequency required to preserve the RF waveform data, thus 

reducing the electronic clock requirement, saving cost and reducing the data storage 

requirements. This stored form of the data is in an analytical form composed of a real and 

an imaginary part commonly referred to as IQ data in the context of ultrasound signal 

processing. The IQ data received from Zonare was converted into a Matlab format and 

processes as shown in Figure 4.4. The process filters the signal with a Hanning mask in 
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frequency space with cutoff frequencies at 1 MHz and 6 MHz and full bandpass in the 

range of 2-5 MHz. The Matlab code for the 3D beamforming algorithm is available in 

Appendix B. After this signal processing and sorting, the signals are finally reconstructed 

(beamformed) into displayable data. 

 

Figure 4.4: Digital signal processing flow diagram. 

A unique advantage to using a planar detector array is the ability to reconstruct 

data using 3D beamforming algorithms compared to reconstructing 2D planes and then 

stacking them together to generate a 3D image. The benefit of using 3D reconstruction 

techniques are well published in the literature and thus implemented accordingly [65-66]. 

In short, 3D reconstruction uses the ultrasound signal collected from an area on the 

detector close to the object rather than a line. The 3D beamforming enhances elevational 

resolution by increasing the aperture diameter along the elevational direction. This 

improvement is governed by the lateral resolution of an ultrasound transducer that can be 

written, 

( ) = 1.02 ,    (4) 

where λ I the wavelength associated with the center frequency of the acoustic transducer, 

d is the distance between the detector and the object, and D is the diameter of the 
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detector. A Matlab code was written that uses sum and delay beamforming to reconstruct 

the image from relevant receive elements on the detector plane B.4: . 

4.2.4 Feasibility experiments 

Two important feasibility experiments were conducted to demonstrate that a commercial 

ultrasound scanner can be interfaced with a CMUT array fabricated using silicon-based 

MEMS technology. First, a separate single element ultrasound transducer was focused 

onto the CMUT array to generate a focused signal and test the acquisition algorithm and 

hardware triggering. After the focus of a single element ultrasound transducer was 

imaged, the CMUT array was used to produce a photoacoustic image of a phantom 

containing point sources. In order to average each CMUT element five times, 80 frames 

were collected in automatic mode because 16 frames completed collection of all 320 

possible A-lines. For these experiments, a negative 55 volt DC bias was applied to the 

CMUT in order to increase the sensitivity of each receive element. 

 A phantom for photoacoustic imaging was formed using Agarose gel and small 

black beads. The beads were placed 5 mm, 12 mm and 14 mm from the bottom of the 3% 

Agarose gel mold before it solidified. The beads were placed in a triangular pattern when 

viewed from the top with each bead at a different depth. Illumination for the 

photoacoustic experiment came from a fiber coupled laser whose distal end was left bare 

(no focusing optics) and placed about 2 cm from the center of the phantom. The CMUT 

was shielded from direct illumination using a layer of black electrical tape on the bottom 

of the gel phantom. The gel, tape and CMUT were submerged in mineral oil for acoustic 

coupling as seen in Figure 4.5. 
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Figure 4.7, of signals received by the CMUT array indicates a 20 dB frequency response 

range from 2 MHz to 6 MHz. 

 

Figure 4.6: CMUT MAP images of an ultrasound pulse emitted from a separate focused 
10 MHz transducer. The left and right images are of the same data plotted using different 
dynamic ranges and color maps. The grid lines outline the receive acquisition blocks. 

 

 

Figure 4.7: (top) The waveform recordings and (bottom) the corresponding frequency 
spectrum acquired by a (left) separate single element 10 MHz transducer and a (right) 
single CMUT receive element at the focus of the 10 MHz transducer. The green dotted 
line is the rectified signal. The CMUT has a 20 dB frequency response range from 2 MHz 
to 6 MHz. 
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Photoacoustic images of two planes from the volume collected by the CMUT are 

shown in Figure 4.8. In Figure 4.8 (left) two beads are visible in the imaging plane. The 

beads are located as expected, near 12 mm and 14 mm depths. The other bead at a depth 

of 5 mm is not visible because it is not in this plane, not directly above the CMUT and 

receiving a much less illumination. The detailed photoacoustic pattern created by the top 

bead is visible in Figure 4.8 (right). The brightest spot corresponds to the surface of the 

bead receiving direct laser illumination. The lower, less bright, spot comes from an 

acoustic reflection taking place within the bead. The image of this reflection is shifted 

laterally because of the off-axis illumination of the bead. 

  

     

Figure 4.8: (left) PA image of beads suspended in gel from a 3D volume acquired using a 
CMUT array with a -55 V bias voltage. In the y=0.7 mm plane, two beads are seen at 
depths of 12 mm and 14 mm. (right) The 12 mm deep bead from a plane along y = 1.1 
mm and plotted with a 6 dB dynamic range. The brighter spot higher in the image 
correspond to surface of the bead receiving direct laser illumination and is an internal 
acoustic reflection of the same signal. The bottom spot is laterally shifted due to indirect 
illumination. Five complete 320-element data sets were averaged for these images. 

4.4 Discussion 
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Despite these experiments being one of handful of demonstrations in the world to use 

CMUT arrays for photoacoustic imaging, the significance of the experiments is in the 

method used to acquire the data. The CMUT motherboard connected to a clinical scanner 

using the typical port for attaching probes and all the data acquisition occurred on a 

clinical scanner. The CMUT design and fabrication process was not discussed in detail 

because this was accomplished by Sonetics Ultrasound Inc. Though the CMUT 

experiment imaged a very simple phantom, this example demonstrated how clinical 

equipment can be upgraded to enable promising recently-developed imaging modalities.  

It is not far-fetched to expect research in CMUT technology and detector design 

to continue to develop new ultrasound probes. With ever increasing developments for 

two-dimensional ultrasound arrays that make real-time 3D imaging possible, adapting 

these probes to existing ultrasound scanners overcomes one of the clinical 

implementation challenges required for patients to benefit from ground breaking 

advances. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

A lot of research time and money is being spent on designing photoacoustic instruments, 

almost from scratch, with many barriers that need to be overcome before the technology 

becomes clinically feasible. Problems such as high costs, lack of familiarity, lack of 

training and narrow application possibilities, are limiting the clinical benefits in using 

photoacoustic imaging tools to enhance cancer diagnostics or improve surgical outcomes. 

 In chapter 2, the concept of a PED was introduced as a means to facilitate 

photoacoustic imaging into clinical practice. The designed prototype attached to current 

clinical ultrasound probes and enabled an additional imaging modality into existing 

ultrasound systems to be used adjunctively in breast cancer diagnostics. By designing 

attachments to existing probes, implementation costs are kept low. Low implementation 

costs are critical in the decision to purchase new imaging equipment, especially when the 

clinical effects of the imaging advantages are not well understood due to a lack of clinical 

experience. 

Cost is not the only challenge implementing new imaging modalities; 

unfamiliarity by practitioners could severely limit technological advances from benefiting 

patients. Dr. Garra, a radiologist, has mentioned, that despite advances in diagnostic 

imaging advances, “phyicians and clinicians still cling to obsolete methods.” He suggests 

that, “the rules for conduct and interpretation of an imaging modality, must change along 

with the technology” [67]. Changing the probe on an ultrasound scanner or attaching a 

supplemental add-on, is much less of a change for physicians than replacing the entire 

system. 
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In Chapter 3, the PEDs were used to investigate the sensitivity for photoacoustic 

imaging to aid neurosurgical treatments, an application outside of its original purpose. This 

highlighted one of the PEDs’ main design advantages: to be functionally flexible, especially 

to extend to other applications. Current photoacoustic breast imaging clinical trials use 

hardware that has limited potential applications outside of breast imaging. In these breast 

imaging cases, the tissue must be specifically placed between the array of detectors, a 

geometry that is not as universal as a handheld probe. In this sense, functional flexibility was 

one of the design goals set forth to assist translating photoacoustic imaging into clinical 

practice. 

 One of the drawbacks to the current PED designs are handles perpendicular from 

what clinicians are currently accustomed. A quick fix to this problem is to implement a 

slight angular displacement of the imaging plane instead of a dramatic 90° change. An 

example of a future design modification is depicted in Figure 5.1. 

 

Figure 5.1: Modifying the current PED design to reflect acoustic wave less than 90° 
would make the probe attachments more comfortable and familiar to clinicians. 

 Future designs would also benefit from a portable illumination source. All the 

photoacoustic experiments described in this dissertation used a large benchtop Nd:Yag 

laser. Illumination alternatives include laser diodes, fiber laser, superluminescent diodes 

or light emitting diodes. Some photoacoustic designs using light emitting diodes are 
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currently being investigated [42]. A photoacoustic system with a compact, high pulsed-

energy source, would be more compact and cost effective, enhancing the clinical 

potential of the technology. 

 Throughout the dissertation, many references were made to 3D photoacoustic 

imaging. However, the only means to accomplish real-time 3D photoacoustic imaging is 

to use a two-dimensional array. A true 3D photoacoustic imaging detector, for a possible 

future probe, was explored in chapter 4. Even though this meant a complete redesign of 

the ultrasound probe, the translational potential of the probe was enhanced by interfacing 

it to an existing ultrasound scanner.  

 The research described in this dissertation addresses the photoacoustic 

implementation problem via attachments to clinical probes or new probes that attach to 

clinical scanners. These two fundamentally different approaches both aim to make 

photoacoustic imaging clinically feasible using the same design goals. Both methods 

strive to achieve the design goals set forth in section 2.2: 

1. Handheld availability 

2. Dual modality: photoacoustic and conventional ultrasonography 

3. Maintain the integrity of the ultrasound signal 

4. Maximize illumination penetration noninvasively 

5. Interface with commercial ultrasound equipment 

6. Functional flexibility to adapt to future applications 

Keeping these design goals in mind, photoacoustic imaging maintains tremendous future 

potential in terms of identifying different tissues based on either spectral composition or 



81 

 

 

molecular imaging. These characteristics were mentioned throughout the dissertation but 

not investigated deeply. Device designs that maintain clinical feasibility, are an optimized 

approach to improving medicine, both from a diagnostic and treatment points of view. 
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APPENDIX A: SUPPLEMENTARY PED DESIGN DETAILS 

A.1: Acoustic reflector development 

The first acoustic reflector tested for a PED was a right angle prism. This reflector was 

replaced with a bonded right angle prisms creating a rhomboid prism. The rhomboid 

prism did not refract the light as did the single right angle prism. The rhomboid prism 

was eventually replaced by a thin parallel plate (i.e. a microscope slide) for the final PED 

designs. 

   

Appendix Figure 1: Optically transparent acoustic reflectors used to co-align the 
illumination and acoustic imaging path. (left) a right angle prism below a clinical 
ultrasound probe. (right) A rhombus prism constructed by bonding four small right angle 
prisms together. 

 

A.2: L10-5 2nd generation 

In the setup used in Figure 2.5, a single lens was used to focus light into tissue. The 

cylindrical lens would focus light in the elevational direction, but the light pattern would 

continue to widen laterally with distance from the contact face. To keep the illumination 

pattern from growing in the lateral direction, a collimating lens is placed before the 

cylindrical lens as shown in Appendix Figure 2. 
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Appendix Figure 2: A drawing of the 2nd generation using a two lens system to focus the 
illumination in the elevational direction of the PED. 
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APPENDIX B: BEAMFORMING CODE 

B.1: Main beamforming script: 

% iq2rf 
[rf, t] = iq2rf(Rdata2,Raw_Data.Bmode.param,fs_RF); %  
sRF = size(rf); 
NtimeRF = sRF(1); 
rf = reshape(rf,NtimeRF,[]); % linearlize 
Nlines = size(rf,2); 
  
% compensate for Zonare Acquisition and Laser/Xdcr delays 
t2 = t+18-laserXdcr_delay;  %18.0 using the B1 & B2 data set from 6/22/12 
  
% filter rf (linearized) 
if filterRF     % user option to: 1 = yes filter; or 0 = no filter 
    fs_RF = 1/(t(2)-t(1)); % MHz 
    mask = create_hanning4(filterCof,fs_RF,NtimeRF,0)'; 
    mask = repmat(mask,[1 Nlines]); 
    Y = fft(rf)/NtimeRF; 
    Y2 = mask .* Y; 
    rf_filt = ifft(Y2)*NtimeRF; 
else 
    rf_filt = rf_crop; %#ok<UNRCH> 
end 
rf_filt = reshape(rf_filt,[NtimeRF aperture.size_xy]); % reshape/unlinearlize 
  
% 3D Beamform using all elements (working elements?) 
BFdata = beamform3Dcmut(rf_filt,t2,aperture,BF,ReceiverJumpersOff); 
 

B.2: Function iq2rf() 

function [rf, t_rf]= iq2rf(iq,param,fs_RF) 
% reads in neccessary param structure info to decode IQ data into RF data. 
% Created for CMUT to Zonare data. 
% If iq is more than 2 dimensions, it linearlizes data to 2 dimensions. 
%  
% by Leonardo Montilla     June 8, 2012 - created 
%                          Nov 15, 2012 - modified to input fs_RF 
% 
% Inputs: 
%           iq     -- can be an IQ data vector or an array where each column is 
%    a trigger 
%           param  -- structure witch contains: K_FE, mixer_MHz 
%           fs_RF  -- desired RF frequency (recommend 10*fs_IQ){50MHz} 
% Outputs: 
%           rf     -- results of interpolation and upmixing frequency 
%           t_rf   -- corresponding time vector 
  
  
% get IQ data 
sIQ = size(iq); 
Ndim = ndims(iq); 
if Ndim > 2  % data not linearlized 
    iq = reshape(iq,sIQ(1),[]); % linearlize data 
end 
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[Ntime Nlines]  =  size(iq); 
demodFac = param.K_FE; 
fs_IQ    = 10/demodFac;  % MHz 
% t_IQ = (0:Ntime-1)/fs_IQ;   % makes IQ time axis 
  
% RF time axis 
NtimeRF  = round(Ntime.*fs_RF/fs_IQ);  
t_rf = (0:NtimeRF-1)/fs_RF;     % makes RF time axis 
  
% interpolate using "interp" from the signal processing toolbox 
% do not linearize in prevent distorting the edges 
dataTMP = zeros([NtimeRF Nlines]); 
for trig = 1:Nlines 
    dataTMP(:,trig) = interp(iq(:,trig),fs_RF/fs_IQ); 
end 
  
% Up-mixing (frequency shifting) 
mixerFq = param.mixer_MHz;  % frequency shift 
upModulationVector = exp(1i*2*pi*(t_rf)*mixerFq).'; 
upModMat = repmat(upModulationVector, [1 Nlines]); 
rf = dataTMP.*upModMat; 
sRF = sIQ; 
sRF(1) = NtimeRF; 
rf = reshape(rf,sRF); 
return 

 

B.3: Function create_hanning4() 

function mask = create_hanning4(f_cuts,fs,L,symetrical) 
% creates a hanning bandpass mask 
% or functions as a low pass filter if f2 <= 0 
% or all pass filter if f2<= 0 and f3=f4 
% default option: 
% a non-symetrical mask demodulates the signal (like Hilbert) 
  
% input: f_cuts         = [f1 f2 f3 f4] cutoff frequencies (units of fs) 
%        fs             = sampling rate (units of f_cuts) 
%        N              = length of filter (expects even) 
%        symetrical     = the option to make the filter symetrical 
% 
%        freq           = the double sided frequency axis where the first  
%                         element is DC (expects an even length) 
% 
% by Leonardo Montilla          June 5, 2012 
  
% create useful and simple variables 
f1 = f_cuts(1); 
f2 = f_cuts(2); 
f3 = f_cuts(3); 
f4 = f_cuts(4); 
dF = fs/L; 
freq = (0:L-1)*dF; 
if ~exist('symetrical','var') 
    symetrical = 1; 
end 
if mod(L,2)==1  % if odd 
    error('Data is not an even length, please adjust for this mask to work'); 
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end 
     
% rise 
if f2 > 0 
    s1 = hanning(nexteven((f2-f1)/dF*2)); 
    s1 = s1(1:end/2); 
end 
  
% fall 
s2 = hanning(nexteven((f4-f3)/dF*2)); 
s2 = s2(end/2+1:end); 
  
% mask 
mask = zeros(1,L); 
if f2 > 0   % band pass filter 
%     p1 = find(freq(1:end/2) < f2,1,'last');     % position just inside of f2 
    p1 = find(freq(1:end/2) > f2,1,'first');    % position just outside of f2 
    mask(p1-length(s1):p1-1) = s1; 
else        % low pass filter 
    p1 = 1; 
end 
p2 = find(freq(1:end/2) > f3,1,'first');        % position just outside of f3 
if isempty(p2)      % all pass filter 
    p2 = L/2; 
end 
mask(p1:p2) = 1; 
mask(p2+1:p2+length(s2)) = s2; 
  
% make symetrical side 
if symetrical 
    x2 = zeros(size(mask(1:end/2))); 
    for i = 1:L/2 
        x2(i) = mask(L/2-i+1); 
    end 
    mask(end/2+1:end) = x2; 
    %     mask(end/2+1:end) = reflectV(mask(1:end/2)); 
end 

 

B.4: Function beamform3Dcmut() 

function BFdata = beamform3Dcmut(rf_filt,t,aperture,BF,ReceiverJumpersOff) 
% Beamforms the rf_filt data using sum and delay. 
% Initially, will use all elements with equal weight in algorithm. 
% Later, I will modify to only use select elements (F/#,exclude bad pixels) 
% 
% Inputs: rf_filt   - complex RF signals in [time,x,y] 
%         t         - time axis for data in [us] 
%         aperture  - structure with dx_mm,dy_mm and size_xy 
%         BF        - structure with dx,dy,dz,xlim,ylim,zlim for desired 
%                       beamforming grid 
%         ReceiverJumpersOff - vector of CMUT jumpers in the OFF position 
%                       (ignore data) 
% 
% by Leonardo Montilla      created: Nov. 14 2012 
%                           modified: Dec 6, 2012 (staggers receive elements) 
BFtime = tic; 
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% Define aperture grid 
fs_rf = 1/(t(2)-t(1)); 
tmp = 1:aperture.size_xy(1); 
tmp = setdiff(tmp, [2*ReceiverJumpersOff 2*ReceiverJumpersOff-1]); 
ax = (tmp-1)*aperture.dx_mm; % rows 
% ax  = (0:aperture.size_xy(1)-1)*aperture.dx_mm; % rows 
ay  = (0:aperture.size_xy(2)-1)*aperture.dy_mm; % cols 
ay2 = ay+aperture.dy_mm/2; % staggered columns 
Nax = length(ax); 
Nay = length(ay); 
  
% Define BF grid 
x = BF.xlim(1):BF.dx:BF.xlim(2); 
y = BF.ylim(1):BF.dy:BF.ylim(2); 
d = t*BF.c; %one-way propogation [mm] 
z = BF.zlim(1):BF.dz:BF.zlim(2); 
index_zero = find(d==0,1,'first'); 
Nz = length(z); 
Nx = length(x); 
Ny = length(y); 
BFdata = zeros(Nz,Nx,Ny); 
  
% Define X,Y,Z for matrix math 
temp = zeros(1,1,Ny);temp(1,1,:)=y; 
Z = repmat(z',[1 Nx Ny]); 
X = repmat(x,[Nz 1 Ny]); 
Y = repmat(temp,[Nz Nx 1]); 
  
% calc 3D delay (in index) 
if max([Nz,Nx,Ny])>intmax('uint16') 
    error(['Larger data set than expected. Need to use uint32 instead'... 
        ' of uint16.']); 
end 
delayIndex = zeros(Nz,Nx,Ny,Nax,Nay,'uint16'); % initialize zero matrix for 
%                                                   delayed index into RF 
useElement = logical(delayIndex); % initialize logical matrix of elements 
%                             to be included in summation for each r(z,x,y) 
for kx = 1:Nax 
    for ky = 1:Nay 
        if mod(ky,2)==1 % odd 
            tmp = (X-ax(kx)).^2+(Y-ay(ky)).^2; 
            delayIndex(:,:,:,kx,ky) = round(sqrt(Z.^2+tmp)/BF.c*fs_rf)+1; 
            useElement(:,:,:,kx,ky) = sqrt(tmp)./(Z+1e-6) < 1/BF.fnum/2; 
            %(Z+1e-6) 2prevent divide by zero 
        else % even 
            tmp = (X-ax(kx)).^2+(Y-ay2(ky)).^2; 
            delayIndex(:,:,:,kx,ky) = round(sqrt(Z.^2+tmp)/BF.c*fs_rf)+1; 
            useElement(:,:,:,kx,ky) = sqrt(tmp)./(Z+1e-6) < 1/BF.fnum/2;  
            %(Z+1e-6) 2prevent divide by zero 
        end 
    end 
end 
  
% fix out of boundary indices 
badIDX=find(delayIndex>length(t)); 
if isempty(badIDX)~=1 
    delayIndex(badIDX)=length(t);   % dummy values--weights will kill it.  
    %                                   Allows matrix math to compute. 
    useElement(badIDX)=0;        % set useElement to zero for points out of 
    %                                   bounds 
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end 
  
% determine number of useElements for each position r(z,x,y) 
sumNelements = sum(sum(useElement,5),4); % total weigth calculated to divide 
%                   its contribution from the final beamformed image 
sumNelements(sumNelements<1)=1; %avoid devide by zero later in case no  
%                   observations at a particular pixel [value becomes 0/1 = 0] 
  
% Sum signals with delay 
BFdata = zeros(Nz,Nx,Ny); % initialize zero matrix 
for kx = 1:Nax 
    for ky = 1:Nay 
        sig = rf_filt(index_zero:end,kx,ky); 
        BFdata = BFdata+sig(delayIndex(:,:,:,kx,ky)).*useElement(:,:,:,kx,ky); 
    end 
end 
BFdata = BFdata./sumNelements;  % normalize 
fprintf('BF time elapsed: %g\n',toc(BFtime)); 
  
return 
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APPENDIX C: ZONARE ACQUISITION AND GUI DEVELOPMENT USING 

MATLAB 

A user-friendly graphical user interface (GUI) was developed in order to acquire data 

using the Zonare L10-5 and L14-5sp. Data from the Zonare_Acquisition_20110806 GUI 

could be analyzed quickly using another GUI developed in our lab. 

 

Appendix Figure 3: A screenshot of the GUI programmed to control the clinical scanner, 
3D translation motor, laser wavelength and Q-switch delay (controls the intensity), and 
the master trigger source (QuantumComposers). 
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APPENDIX D: SIMULTANEOUS FLUORESCENT, ULTRASOUND AND 

PHOTOACOUSTIC IMAGING WITH THE PED USING A CLINICAL 

SCANNER ON A WINDOW CHAMBER MODEL 

The PED was used to investigate numerous multimodality applications. In this 

experiment, simultaneous fluorescent, pulse echo and photoacoustic imaging of a dorsal 

window chamber model enclosing a prostate tumor was demonstrated. This setup was 

incredibly powerful in that it could track contrast agents in 4D (volume + time). The 

fluorescent image would provide excellent lateral resolution while the ultrasound and 

pulse echo provided depth information. The long-term application for this setup was to 

study and better understand the cancer microenvironment, especially in response to 

treatment attempts. 4D functional imaging of the vascular hemodynamics would aid 

oncology research in an attempt to discover effective therapies for various cancers. 

 

Appendix Figure 4: Schematic of the setup used to capture simultaneous fluorescent, 
ultrasound and photoacoustic imaging data. A PED connected to a clinical scanner 
collected the ultrasound and photoacoustic data while a camera collected the 
fluorescence. 
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Appendix Figure 7: An AlexaFluor647 phantom was imaged in order to test the system. 
(left) The AlexaFluor647 has a peak absorption around 650 nm. (middle) A knotted tube 
was embedded in an Agarose gel and filled with the AlexaFluor647. (right) The resulting 
PA image met expectations. 

 

Appendix Figure 8: Various perspectives of the window chamber model implanted with a 
prostate tumor cells. The contrast agent was administered by a tail vein injection. 
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Appendix Figure 9: Images of the prostate tumor area in a dorsal window chamber. (A) 
Photograph of through a thick layer of ultrasound coupling gel, (B) back-lit photograph to 
differentiate very thin regions of the skin fold, (C) a histogram stretched image of B to 
improve the image clarity. (D) Pulse echo image of the surface of the skin fold and (E) 
the corresponding PA image. The dynamic change in the tumor environment is seen in 
(F) before the injection and (G) 30 minutes after a tail vain injection of AlexFluor647. 



94 

 

 

APPENDIX E: CMUT INTEGRATION INTO A COMMERCIAL ULTRASOUND 

SYSTEM DETAILS 

E.1: Motherboard 

 

Appendix Figure 10: The motherboard controlling the CMUT array with details outlined.  
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Appendix Figure 11: Top layer of the motherboard. The board contains pins to individual 
probe the voltage of any individual CMUT element for troubleshooting purposes. BTH 
connectors attach to the Zonare plug-in cables to record data on a commercial ultrasound 
system (z.one ultra; Zonare Medical Systems). A complex programmable logic device 
(CPLD) chip (MAXII, Altera) controls the embedded automatic digital controller which 
generates the receive sequence and is user programmable via a ByteBlaser II download 
cable connected to a PC. Transmit switches turn on and off designated transmit and 
receive CMUT elements. 
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Appendix Figure 12: Bottom layer of the motherboard. The QTH connector attaches 
daughterboard to the motherboard. 

E.2: Daughterboard 
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Appendix Figure 13: A daughterboard is used to connect the CMUT array chips to the 
motherboard. In the experiments, only one chip was mounted on the board and used for 
experiments. Twenty four parallel channels can be read from each chip. 

E.3: MUX address detection 

While interfacing the CMUT with Zonare, one channel was dedicated to recording the 4-

bit MUX state of the CMUT. However, the 4-bit address is frequency filtered through the 

response function of the Zonare Z.one scanner which distorts the typical rectangular 

signals. To interpret the distorted, this particular channel was convolved with a rect 
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function and a threshold was set at half the maximum. The algorithm uses this threshold 

to estimate the address of each MUX address. Using the valid assumption that one of 16 

possible saw tooth patterns is the correct series of addresses, the series of estimates is 

correlated to the 16 possible series. The one which matches the best, is used as the correct 

MUX address series for sorting the CMUT pixel data. 

 

Matlab code for this algorithm is the following: 

function [binarySignalFinal, correlationCoef] = Zch1_to_address(ch1IQ,param) 
% reads in neccessary param structure info to decode Zch1IQ into a 4 bit 
% binary address which comes from the CMUT. 
% ASSUMES: CMUT was placed in "AUTO" mode and therefore expects a  
%   circular sequence 
% Note: this assumption makes the code very robust at detecting the address 
% even in heavy noise. SNR<1 
%  
% by Leonardo Montilla     June 7, 2012 
% 
% Inputs: 
%           ch1IQ  -- can be a vector or an array where each column is a 
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%                       trigger 
%           param  -- structure witch contains: Bulk_delay_us, K_FE, mixer_MHz 
% Outputs: 
%           binarySignalFinal -- a vector of decimals witht the 4bit address 
%           correlationCoef   -- the corrCoef between data and  
%                                   expected (1 is perfect) 
  
% plot flag 
plotF = 1;      % for error checking 
fig = 77;    % figure number for the plot 
  
% check Single Zone Imaging Mode (L or C or R), used for address position 
if round(param.Bulk_delay_us*100) == -3 % Bulk_delay_us == -.03 for SZI=C 
    addressTimeSegment = [55 80]; % us 
    decisionPoints = [59.5 64.46 69.5 74.46]; % (user parameter)  
elseif round(param.Bulk_delay_us*100) == 282 %Bulk_delay_us == .282 in SZI=L,R 
    addressTimeSegment = [20+20 90.02]; % us 
    firstT = 47.18+0; %47.18 with 0 delay 
    decisionPoints = [firstT firstT+5 firstT+5*2 firstT+5*3]; 
else 
    error('Not familiar with this Bulk_delay_us') 
end 
  
[sig, t_rf] = iq2rf(ch1IQ,param,50); % 50 MHz works well even w noisy signal 
idx1 = find(t_rf == addressTimeSegment(1)); 
idx2 = find(t_rf == addressTimeSegment(2)); 
Ntrig = size(sig,2); 
  
% convolve with 1us rect pulse (expected bit length) 
L = find(t_rf == 1); 
sig2 = zeros(size(sig)); 
for k1 = 1:Ntrig 
    sig2(:,k1) = smooth(abs(sig(:,k1)),L); 
end 
  
% create a threshold level 
maxFromAllTriggers = max(sig2,[],2); 
threshold = 0.45*max(maxFromAllTriggers(idx1:idx2)); %.44-.45 
threshold = repmat(threshold,[2 1]); 
  
% calculate bit address 
address = sig2(idx1:idx2,:)>threshold(1); 
halfStep = t_rf(2)/2; 
idxDecisionP = zeros(1,4); 
for k = 1:4 % read in each bit 
    idxDecisionP(k) = find(t_rf(idx1:idx2) > decisionPoints(k)-halfStep... 
        & t_rf(idx1:idx2) < decisionPoints(k)+halfStep); 
end 
binarySignal = zeros(Ntrig,1); 
for trig = 1:Ntrig % convert 4 bit binary to address 
    binarySignal(trig) = bin2dec(num2str(address(idxDecisionP,trig)')); 
end 
  
% statistical robustness 
if ~any(binarySignal(1)~=binarySignal) % if binarySignal is constant 
    correlationCoef = 1; 
    binarySignalFinal = binarySignal; 
    warning(['No variation found between trigger addresses. CMUT might'... 
        'be in MAN mode.']);  %#ok<WNTAG> 
else % correlation exists 



100 

 

 

    dataBaseOfSlopes = createDataBaseOfSlopes(Ntrig); 
    x = [binarySignal dataBaseOfSlopes']; 
    R=corrcoef(x); 
    pattern = find(R(2:end,1)==max(R(2:end,1))); 
    correlationCoef = R(pattern+1,1); 
    binarySignalFinal = dataBaseOfSlopes(pattern,:); 
end 
  
if plotF % plot results 
    figure(fig); clf(fig); set(fig,'position',[5 475 350 480]); 
    subplot(4,1,1); 
    plot(t_rf(idx1:idx2),abs(sig(idx1:idx2,:))); 
    axis tight; 
    title('RF Envelope'); 
    xlabel('RF time [us]'); 
     
    subplot(4,1,2); 
    plot(t_rf(idx1:idx2),abs(sig2(idx1:idx2,:))); 
    axis tight; 
    title('Smoothed RF Envelope'); 
    xlabel('RF time [us]'); 
    line([0; 1000],threshold); 
     
    subplot(4,1,3); 
    plot(binarySignal,'o-','MarkerEdgeColor','r'); 
    axis tight; ylim([0 15]); 
    xlabel('Trigger #'); 
    ylabel('Binary Address (4-bit)') 
     
    bit15 = find(binarySignalFinal == 15,1,'first'); 
    if isempty(bit15) 
        bit15 =1; 
    end 
    subplot(4,1,4); 
    plot(t_rf(idx1:idx2),abs(sig2(idx1:idx2,bit15))); 
    axis tight; 
    title(['Smoothed RF Env. of trig ' int2str(bit15) ' (1111)']); 
    xlabel('RF time [us]'); 
    line([0; 1000],threshold,'color','r'); 
    x = repmat(decisionPoints,[2 1]); 
    y = repmat([-2; 10000],[1 4]); 
    line(x,y,'color','m','linestyle','--') 
end 
return 
  
function dataBaseOfSlopes = createDataBaseOfSlopes(Ntrig) 
dataBaseOfSlopes = zeros(16,Ntrig); 
for k = 1:16 
    dataBaseOfSlopes(k,1:Ntrig) = k:Ntrig+k-1; 
end 
for m = 1:16 
    for n = 1:Ntrig 
        while dataBaseOfSlopes(m,n)>15 
            dataBaseOfSlopes(m,n) = dataBaseOfSlopes(m,n)-16; 
        end 
    end 
end 
return 
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APPENDIX F: PA TRACKING CONTRAST AGENTS USING OF SWINE 

CORONARIES 

A PED tracked a contrast agent (India ink) injected into the left anterior descending 

coronary of a freshly harvest pig heart 

 

Appendix Figure 14: Photoacoustic imaging (using the 3rd generation L10-5 PED) of the 

left anterior descending and right coronary using India ink as a contrast agent.  
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Appendix Figure 15: Three-dimensional PE and PA images were acquired before and 
after an India ink injection. All units are in millimeters. 
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APPENDIX G: HIGH FREQUENCY LINEAR ARRAY PAI WITH 

BIFURCATED FIBER BUNDLE ILLUMINATION 

A cannulated coronary section was imaged with a Vevo 2100® (VisualSonics® Toronto, 

Ontario, Canada) ultrasound scanner and their MS550D ultrasound probe to investigate 

the potential to use this technique to track contrast agents migration through the coronary 

wall. To enable photoacoustic imaging using this clinical scanner, a bifurcated fiber 

bundle delivered pulsed laser excitation with its distal ends placed near the face of the 

probe. Two different contrast agents were explore: DiI and Trypan Blue. The results 

indicated that this technique has insufficient spatial resolution to study drug transport 

through a coronary wall [62,68]. 

 

Appendix Figure 16: Schematic of the setup used to investigate DiI transport through the 
vessel walls. 
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APPENDIX H: PUBLISHED WORKS 

H.1: Inventions and Patents 

1. Witte, RS, Montilla LG, Olafsson R “Method and Apparatus for In-Line 

Photoacoustic Imaging.” UA FILE 10-062 (provisional patent pending), Univ. of 

Arizona. 

2. Witte RS, Montilla LG, Olafsson R, Ingram C, Wang Z, Norwood R, Greenlee 

C, inventors. University of Arizona, assignee. “Ultrasonic/photoacoustic imaging 

devices and methods.” United States and international patent application 

(PCT/US2011/022420). Filed 1/15/11 through The University of Arizona Board 

of Reagents. 

 

H.2: Refereed Journal Articles 

1. Montilla LG, Olafsson R, Bauer DR, Witte RS. “Real-time photoacoustic and 

ultrasound imaging: a simple solution for clinical ultrasound systems with linear 

arrays.” Physics in Medicine and Biology 58 (2012) N1-N12. 

2. Vande Geest J, Keyes JT, Lockwood DR, Utzinger U, Montilla LG, Witte RS. 

“Comparisons of planar and tubular biaxial tensile testing protocols of the same 

porcine coronary arteries.” Annals of Biomedical Engineering (2012). 

3. Peyman GA, Ingram CP, Montilla LG, Witte RS. “A High-Resolution 3D 

Ultrasonic System for Rapid Evaluation of the Anterior and Posterior Segment.” 

Ophthalmic Surgery, Lasers & Imaging 43(2) (2012) 143-151. 
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4. Bauer DR, Olafsson R, Montilla LG, Witte RS. “3-D photoacoustic and pulse 

echo imaging of prostate tumor progression in the mouse window chamber.” 

Journal of Biomedical Optics 16(2) (2011) 026012.  

5. Olafsson R, Bauer DR, Montilla LG, Witte RS. “Real-time, contrast enhanced 

photoacoustic imaging of cancer in a mouse window chamber,” Optics Express 

18(18) (2010) 18625-18632. 

 

H.3: Conference Proceedings 

1. Montilla LG, Olafsson R, Witte RS. "In Vivo Photoacoustic and Pulse Echo 

Imaging of a Pancreatic Tumor Using a Hand Held Device." Proceeding of the 

2010 IEEE International Ultrasonics Symposium 2147-2150 (2010). 

2. Montilla LG, Olafsson R, Witte RS. "Real-time pulse echo and photoacoustic 

imaging using an ultrasound array and in-line reflective illumination." 

Proceedings of SPIE Vol. 7564, 75643C (2010). 

3. Bauer DR, Olafsson R, Montilla LG, Witte RS. "In vivo multi-modality 

photoacoustic and pulse echo tracking of prostate tumor growth using a window 

chamber." Proceedings of SPIE Vol. 7564, 75643B (2010). 

4. Olafsson R, Montilla LG, Ingram CP, Witte RS. “Tracking contrast agents using 

real-time 2D photoacoustic imaging system for cardiac applications.” Proc. SPIE 

7177, 71771R (2009). 

5. Kudenov MW, Hagen NA, Luo H, Dereniak EL, Robertson S, Montilla LG, Vo 

TB, Tam J, Nichols JD. “Polarization acquisition using a commercial Fourier 
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transform spectrometer in the MWIR.” Proc. SPIE Int. Soc. Opt. Eng. 6295, 

62950A (2006). 

 

H.4: Abstracts (Presentations at National and International Meetings)  

3. Keyes JT, Montilla LG, Witte RS, Vande Geest JP. "Retention and Transport of 

Hydrophobic and Hydrophilic Drug Surrogate Molecules in Coronary Arteries 

Measured Nondestructively With Photoacoustic Ultrasound." Podium 

presentation. ASME Summer Bioengineering Conference (2013). 

4. Skoch J, Montilla LG, Witte R, Lemole M. “3D Photoacoustic Vascular 

Imaging: Proof of Concept for a Novel Intraoperative Angiography Tool.” Poster 

Presentation, Congress of Neurological Surgeons. Abstract No: 1309. San 

Francisco, CA (2013). 

5. Montilla LG, Olafsson R, Witte RS. "In Vivo Photoacoustic and Pulse Echo 

Imaging of a Pancreatic Tumor Using a Hand Held Device." Poster Presentation, 

SACNAS Conference, Seattle, WA (2012). 

6. Montilla LG, Olafsson R, Witte RS. "In Vivo Photoacoustic and Pulse Echo 

Imaging of a Pancreatic Tumor Using a Hand Held Device." Poster Presentation, 

SHPE National Conference, Cincinnati, OH (2010). 

7. Montilla LG, Olafsson R, Witte RS. "In Vivo Photoacoustic and Pulse Echo 

Imaging of a Pancreatic Tumor Using a Hand Held Device." Poster Presentation, 

2010 IEEE UFFC International Ultrasonics Symposium, San Diego, CA (2010). 
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8. Montilla LG, Olafsson R, Witte RS. "Real-time pulse echo and photoacoustic 

imaging using an ultrasound array and in-line reflective illumination." Poster 

Presentation, IONS-NA2, Tucson, AZ (2010). 

9. Montilla LG, Olafsson R, Witte RS. "Real-time pulse echo and photoacoustic 

imaging using an ultrasound array and in-line reflective illumination." Poster 

Presentation, SPIE Photonics West, San Francisco, CA (2010). 

10. Bauer DR, Olafsson R, Montilla LG, Witte RS. "In vivo multi-modality 

photoacoustic and pulse echo tracking of prostate tumor growth using a window 

chamber." Poster Presentation, SPIE Photonics West, San Francisco, CA (2010). 

11. Montilla LG, Olafsson R, Witte RS. "Real-time pulse echo and photoacoustic 

imaging using an ultrasound array and in-line reflective illumination." Oral 

Presentation, SHPE National Conference, Washington, DC (2009). 

12. Montilla LG, Olafsson R, Witte RS. “Real-Time Pulse Echo and Photoacoustic 

Imaging Using an Ultrasound Array and Inline Reflective Illumination.” Oral 

Presentation, IONS-NA, College Park, MD (2009). 

13. Olafsson R, Bauer DR, Montilla LG, Witte RS. “In Vivo Photoacoustic Imaging 

of a Tumor in an Immunocompromised Mouse.” 3rd International Symposium on 

Cancer Metastasis and the Lymphovascular System. San Francisco CA (May 8, 

2009). 

14. Olafsson R, Montilla LG, Ingram CP, Witte RS. “Tracking contrast agents using 

real-time 2D photoacoustic imaging system for cardiac applications.” Oral 

Presentation, SPIE Photonics West, San Jose, CA (2009). 
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15. Kudenov MW, Hagen NA, Luo H, Dereniak EL, Robertson S, Montilla LG, Vo 

TB, Tam J, Nichols JD. “Polarization acquisition using a commercial Fourier 

transform spectrometer in the MWIR.” Oral Presentation, SPIE Infrared Detectors 

and Focal Plane Arrays VIII, San Diego, CA (2006).  

 

H.5: Other Publications 

6. Larkin, Howard. “Ocular 3-D. High-resolution array provides complete anterior 

and posterior data in seconds” Popular Review of Peyman GA, Ingram CP, 

Montilla LG, Witte RS. Eurotimes 16:9 38 (2012). 
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