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Photothermal cancer therapy is a potential alternative to surgery and involves 

selective tissue destruction using thermal energy. Targeted photoabsorbers, used in 

conjunction with matching a continuous wave laser, make photothermal therapy both 

noninvasive and tumor-specific. However, to become clinically relevant, there is a need 

to develop an imaging technique to identify tissue composition and to detect the presence 

of photoabsorbers in the tumor volume before therapy; to monitor the temperature rise 

during therapy; and to assess the tumor damage after therapy.  

In this study, a combined ultrasound and photoacoustic imaging system was 

designed to assist photothermal therapy. The imaging system was tested on tissue 

mimicking phantoms, ex-vivo porcine tissue samples, ex-vivo mice and in-vivo mice. 

First, ultrasound imaging was utilized to differentiate between water-based and lipid-

bearing tissue. A combined ultrasound and photoacoustic imaging system was then 

assembled to identify the presence and spatial location of gold nanoparticles. Multi-

wavelength photoacoustic imaging was used to further confirm the presence of 
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nanoparticles. Temperature monitoring algorithms, using both temperature-dependent 

time shifts in ultrasound signals and amplitude changes in photoacoustic signals, were 

developed. Finally, photothermal therapy was carried out on tumor-bearing nude mice 

using in-vivo ultrasound and photoacoustic imaging to identify the tumor boundary, 

detect the nanoparticles and monitor the temperature elevation.  

The results of the studies show that ultrasound and photoacoustic imaging provide 

complementary and clinically relevant information. Overall, there is potential of using the 

ultrasound and photoacoustic imaging system to plan, guide and monitor photothermal 

therapy.  
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1. Introduction 

Cancer is a group of diseases characterized by an uncontrolled and abnormal 

growth of cells. The resulting tumor can invade and destroy the surrounding healthy 

tissue. If the cancer spread is not controlled, it can result in death. There are about 1.4 

million new cases of cancer in the United States alone, leading to more than 500,000 

deaths annually – more than 1500 per day [1]. Cancer is in fact the second leading cause 

of death in the United States, exceeded only by heart disease. The estimated overall cost 

of cancer in 2007 was more than $219 billion.  

There are three primary treatment options for cancer – chemotherapy, radiation 

therapy and surgery. Surgery is the most direct therapeutic intervention for cancer. The 

goal of cancer surgery is to remove all cancerous cells present in a given location, thereby 

relieving the patient of symptoms and potentially curing the patient. However, the 

outcome of surgery depends on several factors including size and location of tumor, 

specific tumor type and kind of surgery performed. Small, poorly defined lesions and 

tumors deeply embedded within vital organs are difficult to treat surgically.  

Thermal treatment of cancer, where an increase in temperature is obtained in 

cancer cells, has been investigated as a noninvasive or minimally invasive alterative to 

surgical resection [2, 3]. The primary objective of thermal treatments of cancer is to 

selectively heat a small volume of cancerous cells leading to tumor necrosis while 

protecting the surrounding healthy tissue. Some of the possible advantages of thermal 

cancer treatments include reduction in morbidity, low cost and the ability of performing 

real time image guidance. Suitable candidates for thermal treatments include cancers of 

head and neck, sarcoma, melanoma, lung, breast, bladder, cervix and liver with early 

clinical trials showing promising results [2, 3]. 
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 An ideal thermal treatment involves efficient and fast localized tumor heating, 

negligible damage of near-field and surrounding tissue, and finally a noninvasive energy 

source. Various thermal delivery sources such as high intensity focused ultrasound 

(HIFU), microwaves, radiofrequency (RF) and laser have been investigated [4-7]. High 

intensity focused ultrasound is a noninvasive modality with temperature increases of up 

to 100°C possible [5]. However, treatment times are often long and HIFU is generally 

non-specific. Both microwave and RF ablation are limited by near field tissue damage, 

and are thus invasive techniques [6, 7]. Photothermal therapy coupled with matching 

photoabsorbers, on the other hand, can be noninvasive and cause tumor-specific 

temperature increase leading to necrosis [4, 8, 9]. 

1.1. PHOTOTHERMAL THERAPY 

Biological effects of laser irradiation can be broadly classified into three major 

categories – photochemical, photomechanical and photothermal [10]. Photochemical 

effects depend on the absorption of light by photosensitizers often initiating chemical 

reactions which produce toxic reactants. For example, photodynamic therapy (PDT) is a 

form of cancer therapy where a photosensitive dye is injected in the body. Subsequent 

irradiation using an appropriate wavelength light source causes photon absorption by the 

dye generating toxic singlet oxygen leading to cell death [11]. Photomechanical effects 

are produced by rapid heating with extremely short laser pulses leading to mechanical 

disruption of cells and tissues. The mechanical shock waves produced with pulsed lasers 

have been utilized for laser lithotripsy of kidney stones [10, 12]. Finally, photothermal 

therapy relies on the conversion of radiant energy into heat. In pre-clinical investigations 

of photothermal therapy, temperature increases of greater than 30°C were produced using 

near infrared laser light tuned to matching photoasborbers causing irreversible tumor 

damage [4, 8, 9, 13].  
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The temperature change during photothermal therapy is governed by two 

processes – heat generation by laser excitation and spatial redistribution due to combined 

effects of heat diffusion and blood perfusion. The following model can be used to 

describe both processes based on the bio-heat transfer equation 

ps QQT
t
Tc ++∇∇=

∂
∂ )(λρ ,           (1.1) 

where T is temperature (K), ρ is tissue density (kg/m3), c is the specific heat (J/kg/K), λ is 

the thermal conductivity of the tissue (W/m/K), Qs (W/m3) is the external heat term, and 

Qp (W/m3) is the heat removal due to perfusion. The external heat term in photothermal 

therapy is dependent on the laser irradiance W  (W/m2) and the tissue absorption 

coefficient aµ  (1/m)  

as WQ µ⋅= .             (1.2) 

Therefore, the effective temperature rise is dependent on the optical properties of 

the tissue and the laser irradiation parameters.  

1.1.1 Tissue optical properties 

One of the primary concerns when using an optical technique for imaging and 

therapy is the penetration depth of laser irradiation in tissue. The penetration depth is 

limited by the absorption coefficient of various tissues which in turn is dependent on 

wavelength. A compilation of the absorption coefficient and extinction coefficients 

(absorption + scattering coefficient) of tissues is presented in Fig. 1.1 [14].  

Generally, at wavelength greater than 1200 nm, water is the dominant absorber 

and light penetration is limited to less than 1 mm. Below 600 nm, the absorption by blood 

(both oxy- and deoxy-hemoglobin) is very strong. There exists an optical window in the 

near infrared region between 700–1000 nm where the absorption of light by tissues is 
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minimal [15]. Therefore, by utilizing wavelengths in the 700–1000 nm range, penetration 

depths of a few centimeters can be achieved in tissue [16].   
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Figure 1.1: Absorption and extinction spectrum of different tissues (adapted from [14]). 

1.1.2 Gold nanoparticles as photoabsorbers 

Simple photothermal therapy performed at near infrared wavelength without 

exogenous photoabsorbers may not discriminate between cancer and healthy cells. In 

addition, high laser fluence will be needed to sufficiently heat deeply embedded tumors. 

This will lead to thermal damage in the intervening tissue between the therapy site and 

laser source. To overcome this problem, photoabsorbers optically resonating in the near 

infrared region can be delivered to the tumor. Now, by using a laser with its optical 

wavelength matching the absorption peak of the photoabsorbers, efficient local heating 

can be achieved in the tumor. Healthy tissue will not significantly absorb the near 

infrared wavelength and thus have minimal damage, while the tumor region with 
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enhanced absorption due to the presence of photoabsorbers will convert light to heat with 

high efficacy, thereby causing tumor necrosis. The essential properties of an effective 

photoabsorber include (i) high absorption cross-section, (ii) molecular specificity and 

bio-compatibility, and, finally (iii) photo-stability and non-toxicity.  

1.1.2.1 Absorption resonance 

Indocyanine green (ICG), a near infrared dye, as well as gold nanoparticles have 

been utilized as photoabsorbers for photothermal therapy [4, 9, 13]. However, gold 

nanoparticles have optical absorption cross-sections several orders of magnitude higher 

than ICG [17]. Therefore, smaller concentrations of gold nanoparticles and lower laser 

power can be used to achieve the same therapeutic effect.  

A variety of gold nanoparticles such as nano-spheres, nano-shells and nano-rods, 

can be used as photoabsorbers. However, the peak absorption of spherical gold 

nanoparticles is around 520 nm where light penetration in tissue is limited (Fig. 1.1). 

Therefore, its use for tissue is limited to superficial application. Gold nanoshells consist 

of a dielectric core coated by a conductive-nanometer thin gold shell [18]. Consequently, 

altering the core size and/or the shell thickness leads to tunable absorption and scattering 

properties. Gold nanorods, on the other hand, exhibit cylindrical symmetry. Simple 

changes in the nano-rod symmetry can alter the optical characteristics [4]. Overall, by 

varying the shape and aspect ratio of nanostructures, the particles can be manufactured to 

absorb light across a wide range of wavelengths including the near infrared spectrum. 

1.1.2.2. Molecular specificity and bio-compatibility 

The gold nanoparticles can be directly injected in the tumor or administered 

intravenously in the blood stream. Nanoparticles smaller than 400 nm extravasate and 

accumulate in the tumor due to enhanced permeability and retention effect [19, 20]. This 
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leaky nature of tumor vessels is due to a variety of reasons including poorly-aligned 

defective endothelial cells with wide fenestrations, lack of a smooth muscle layer, or 

innervation with a wider lumen and lack of effective lymphatic drainage. Thus, by a 

simple injection of correctly sized nanoparticles, accumulation of photoabsorbers in the 

tumor can be obtained.  

In general, gold nanoparticles are hydrophobic. When the particles are injected in 

the blood stream, they get coated by plasma proteins and are rapidly removed from 

circulation by the reticulo-endothelial system. However, the immunogenic responses can 

be suppressed and blood circulation time can be significantly improved by coating the 

nanoparticles with hydrophilic polymer chains such as polyethylene glycol (PEG) [21, 

22].  

The gold nanoparticles can be made tumor-specific by bio-conjugating them with 

monoclonal antibodies or antibody fragments. They can be attached either directly or via 

linker segments. The use of PEG for enhanced retention in the body also reduces non-

specific labeling. For example, gold nanoparticles have been specifically targeted to 

epidermal growth factor (EGFR) which is over-expressed in many epithelial cancers [23]. 

By bio-conjugating the nanoparticles with anti-EGFR antibodies, cervical cancer cells 

were imaged by con-focal microscopy [23, 24]. Therefore, by identifying the appropriate 

antibody and using hydrophilic polymer chains, the gold nanoparticles can be made 

tumor-specific.  

1.1.2.3 Safety issues 

Targeted gold nanoparticles have the potential for in-vivo use. Gold is inherently 

biocompatible. In fact, gold has been utilized in the long term treatment of rheumatoid 

arthritis where doses of up to 1.2–1.8 g/year were given for 10 years. Such prolonged 

treatment with gold salts lead to formation of gold crystals and their deposition in 
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macrophages. This condition is known as chrysiasis, has no pathological effects and is 

considered to be purely cosmetic [25]. Additionally, chrysiasis only develops after a 

threshold of at least 20 mg/kg gold content or after a few grams are administered 

intravenously [25]. Finally, pre-clinical studies with gold-nanoshells in mice have shown 

promising therapeutic effects with bio-compatibility and no cytotoxicity associated with 

the particles [8].  

1.2 NEED FOR IMAGE-GUIDED PHOTOTHERMAL THERAPY 

To perform nanoparticle-enhanced photothermal therapy, the following steps (Fig. 

1.2) are required: 
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Figure 1.2: Image-guided photothermal therapy. 
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1. Detect and diagnose the tumor in the surrounding healthy tissue. Any 

conventional imaging modality such as ultrasound, computed tomography (CT), 

magnetic resonance imaging (MRI), positron emission tomography (PET) can be 

used in this step to identify and characterize the tumor. It is critical to accurately 

demarcate the tumor boundary from the surrounding healthy tissue.  

2. Identify tissue composition and determine laser irradiation parameters. Prior 

knowledge of the tissue composition and tumor depth from the laser source is 

useful in selecting appropriate laser dosimetry (incident fluence, irradiation 

wavelength, pulse duration and exposure time). 

3. Monitor the uptake of injected photoabsorbers for photothermal therapy. Once the 

target site is identified and characterized, targeted nanoparticles must be injected 

in the blood stream. Both passive (leaky vasculature) and active (bio-conjugation) 

mechanisms can be used for nanoparticle accumulation in the tumor. The 

temperature rise during therapy is directly related to the amount of nanoparticles 

present in the tumor region. Therefore, therapy cannot commence until sufficient 

concentration of nanoparticles is present in the tumor. 

4. Irradiate the tumor using a continuous wave (CW) laser and monitor the 

temperature rise. The optical wavelength of the laser must be matched with the 

nanoparticle absorption spectrum for efficient heat transfer. The mechanism of 

tissue necrosis is dependent on both the heating time and temperature increase 

[10]. Therefore, temperature rise must be remotely estimated to ensure tumor 

necrosis while protecting the surround healthy tissue.  

5. Confirm tumor destruction. The thermal damage must be quantitatively evaluated 

to ensure complete tumor destruction. Additionally, the treatment efficacy needs 

to be monitored over time.  
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Therefore, photothermal therapy can be performed non-invasively using a 

continuous wave laser operating in the near infrared optical window and optically-tuned 

nanoparticles. However, to execute photothermal therapy successfully, a need is 

recognized for a diagnostic imaging technique to  

- Plan, to define the tumor boundary and identify the tissue composition. 

- Monitor, to observe the uptake of nanoparticles in the tumor. 

- Guide, to compute the temperature remotely. 

- Evaluate, to assess treatment efficiency by post-therapy follow-up. 

Several imaging techniques such as computed tomography (CT), magnetic 

resonance imaging (MRI), ultrasound imaging and photoacoustic imaging have been 

investigated to monitor photothermal therapy. Radiographic imaging techniques can 

identify the tumor boundaries but cannot monitor the temperature rise. MRI, on the other 

hand, can identify the tumor, differentiate between water-based and fat-based tissue and 

monitor the temperature elevation. However, there are high costs associated with MRI 

and it requires special environment which hinders patient accessibility. Finally, 

synergistic ultrasound and photoacoustic imaging seems naturally suited to perform 

image-guided photothermal therapy.  

1.2.1 Ultrasound imaging 

Ultrasound is a real time imaging modality where short pulses (typically 2-3 

cycles) are transmitted into the body using an acoustic transducer. As the pressure wave 

interacts with tissue, some of the ultrasound energy is reflected back to the transducer. 

The transducer now acts as a receiver and converts the backscattered echo into electric 

signals. Knowing the time delay between the transmitted pulse and received echo signals, 

the axial position of the echo-producing structure can be determined.  
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Ultrasound imaging has been employed for imaging and diagnosis of tissue 

abnormalities including tumors in organs such as breast, prostate, kidneys, liver and 

pancreas [26, 27]. Recently, tissue characterization of the coronary arterial wall has also 

been performed by using ultrasound imaging [28]. In addition, ultrasound imaging has 

been utilized to assist thermal cancer therapies including high intensity focused 

ultrasound [29], radiofrequency ablation [30, 31] and photothermal therapy [32, 33] by 

guiding the placement of electrodes, monitoring temperature elevation and assessing 

thermal damage.  

1.2.1.1 Strain and elasticity imaging 

Ultrasound can be used to map the mechanical properties of the tissue [34, 35]. 

The elastic properties of cancerous tissue and thermally damaged tissue are vastly 

different from healthy tissue [31, 36]. Therefore, ultrasound-based elasticity imaging can 

be used to monitor the therapy efficiency.  

The basic principle of ultrasound elasticity imaging is to track internal tissue 

displacements caused either by internal or external force. Multiple ultrasound frames are 

acquired during tissue deformation and the induced displacements are estimated using 

block matching or other motion tracking algorithms [37]. The strain tensor is then 

estimated from the displacements. Finally, spatial distribution of the tissue Young’s 

modulus can be reconstructed from the components of the displacement vector and strain 

tensor based on mechanical equilibrium equations [38].  

1.2.1.2 Temperature monitoring 

Thermal imaging can be performed by various methods including MRI [8], 

microwave radiometry [39], impedance tomography [40, 41] and ultrasound imaging [30, 

32, 42]. Ultrasound imaging has been shown to measure temperature change of less than 
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1°C at a spatial resolution similar to diagnostic ultrasound [43, 44]. In addition, 

ultrasound thermal imaging has several advantages – it is a relatively inexpensive, 

noninvasive and real time imaging modality capable of providing instantaneous feedback 

during photothermal therapy.  

Using a real time ultrasound imaging system, the temperature change can be 

estimated by monitoring the thermally induced motion of speckle. The time of echo for 

ultrasound in a homogenous, uniformly heated medium is given by 

)(
2)(

o
o Tc

zTt ⋅
= ,            (1.3) 

where, )( oTt  is the time delay of echo from scatterer at position z  at initial temperature 

oT  and )( oTc  is the speed of sound in the medium. The speed of sound in tissue is 

dependent on temperature. In addition, a rise in temperature also leads to thermal 

expansion, thereby affecting the scatterer position ( z ). Therefore, when the temperature 

changes by a small amount T∆ , there are apparent time shifts in the ultrasound signal t∆  

due to the combined effects of change in the speed of sound and thermal expansion. 

At the initial temperature oT , an ultrasound echo is acquired from a porcine tissue. 

After a small temperature increase T∆ , a second ultrasound echo is acquired and 

compared with the first echo (Fig 1.3). The ultrasound signal has an apparent time shift 

and appears closer to the ultrasound (e.g. time shift of 1t∆  at physical depth 1z ), though 

the tissue itself has not moved. This apparent time shift can be normalized for depth and 

then correlated with temperature change. 
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Figure 1.3: Temperature increase ( T∆ ) causes apparent time shifts ( 1t∆  and 21 tt ∆+∆ ) in 
the ultrasound echo captured at elevated temperature ( TTo ∆+ ). 

Apart from apparent time shifts, temperature change using ultrasound imaging 

can also be calculated by analysis of frequency dependent attenuation [29] and change in 

backscatter power [45]. However, the computation of apparent time shifts is similar to the 

estimation of displacements in elasticity imaging. Therefore, the block matching and 

other correlation algorithms developed for elasticity imaging can be applied for 

calculating the rise in temperature during photothermal therapy.  

1.2.1.3 Tissue composition  

Ultrasound imaging can be used to characterize tissue based on temperature 

dependent changes in the speed of sound [28, 46]. The speed of sound varies significantly 

between different tissues [47]. Generally, the speed of sound for water-based tissue 

increases with temperature while the speed of sound for fat decreases with temperature 

[48]. Therefore, temperature dependent speed of sound can be used for tissue 
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characterization based on the general compostion of water-based and lipid-based tissues. 

Specifically, by tracking the time shifts in the ultrasound signals in response to a known 

temperature change (which depend on the speed of sound), fatty and non-fat tissue can be 

differentiated with high contrast.  

Therefore, ultrasound imaging and ultrasound-based elasticity and thermal 

imaging methods can be used to detect and characterize the tumor and surrounding tissue 

as well as to monitor the temperature change during photothermal therapy. There are, 

however, some limitations to ultrasound imaging. Ultrasound alone cannot identify the 

uptake of nanoparticles in the tumor. In addition, ultrasound thermal imaging is 

extremely sensitive to tissue motion [49]. To avoid these limitations, ultrasound imaging 

can be combined with photoacoustic imaging to assess nanoparticle accumulation and to 

provide another mechanism for monitoring temperature change [50-52]. 

1.2.2 Photoacoustic imaging 

Photoacoustic or optoacoustic imaging relies on the absorption of optical energy 

and the subsequent emission of an acoustic wave [53-55]. Generally, absorption of any 

non-ionizing electromagnetic radiation such as microwaves can also be utilized to 

generate acoustic transients [56]. Typically, biomedical photoacoustic imaging is 

performed by irradiating the tissue with short laser pulses. The absorption of optical 

energy leads to thermal expansion. If the pressure wave generated due to thermo-elastic 

expansion does not leave the heated region during the laser pulse (i.e. under conditions of 

stress confinement), the pressure rise p  of the generated acoustic wave can be described 

by 

FF
C

cp aa
p

⋅⋅Γ=⋅⋅⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ ⋅
= µµβ 2

 ,          (1.4) 



 14

where β  is the volume expansion coefficient, c  is the speed of sound, pC  is the heat 

capacity at constant pressure, Γ  is the Gruenisen coefficient, aµ  is the optical absorption 

coefficient of the medium and F  is the incident laser fluence [54, 57].  

The received pressure wave contains information of the position (time of flight) 

and strength of the absorber (signal amplitude). Therefore, using an ultrasound sensor, 

the pressure pulses can be detected and spatially resolved to form an image of the tissue 

[57].  

The condition of stress confinement is satisfied if the duration of the laser pulse is 

shorter than the time taken for an acoustic pulse to propagate through distance d . 

c
d

p <<τ               (1.5) 

The size of the region d  is determined by the smallest absorbing object in the region of 

interest and will limit the resolution of the image. For example, consider a 1 mm diameter 

target absorber. Using the typical speed of sound as 1500 m/s, a laser pulse much shorter 

than 0.66 µs is needed to meet the stress confinement criteria. Therefore, typically laser 

pulse duration of several nano-seconds is used in photoacoustic imaging.  

Selection of the correct optical wavelength is extremely important in photoacousic 

imaging, just as in photothermal therapy. By utilizing the near infrared spectrum, 

photoacoustic transients can be obtained at depths of a few centimeters in tissue [58]. 

Clearly, higher laser fluence will generate a larger photoacoustic response 

(Eq. 1.4). The laser fluence is limited however, by the maximum permissible radiation for 

tissue. Generally, nano-second laser pulses with fluences of up to 20-25 mJ/cm2 are used 

in photoacoustic imaging, delivering sufficient optical energy to generate photoacoustic 

signals from deep tissues [58]. This energy level is lower than the safe level of laser 

irradiation of tissue in the 700-1100 nm wavelength range as specified by ANSI 

maximum permissible exposure [59].  
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The photoacoustic pressure is linearly dependent on the optical absorption of 

tissue as illustrated by Eq. 1.4. Therefore, the contrast in photoacoustic imaging will be 

determined by the differences in optical absorption coefficients between various tissue 

types. Photoacoustic imaging has been demonstrated to detect small, deeply located 

tumors based on inherent optical contrast between tumor and surrounding tissue [60]. In 

addition, the nanoparticles used as photoabsorbers during photothermal therapy will 

increase the optical contrast and aid in the detection of cancerous cells [61, 62]. 

1.2.2.1 Effect of nanoparticles on photoacoustic signal 

Gold nanoparticles are commonly used as photoabsorbers during photothermal 

therapy [4, 8]. Short laser pulses of a few nanoseconds are typically employed in 

photoacoustic imaging. This incident laser pulse will satisfy neither stress nor thermal 

confinement principles due to extremely small size of the nanoparticles [63]. For 

example, in nanoscale particles, both acoustic and thermal relaxation times are of the 

order of several picoseconds long and are well below the typical laser pulse duration time 

of 5-10 ns. After photon absorption by the nanoparticle, a near instantaneous heat 

exchange occurs between the nanoparticle and the surrounding tissue [64]. The 

nanoparticles act as a local heat sources with temperatures rapidly decreasing away from 

the nanoparticles. The thermal expansion of the tissue, due to this additional temperature 

increase, will generate a photoacoustic response that is greater than the response from 

tissue without any additives [61].  

In theory, it is possible for the temperature to quickly increase above the boiling 

point of water and cause bubble induced cavitations in tissue. However, laser fluences of 

above than 100 mJ/cm2 are needed to cause evaporation at the nanoparticle surface [64, 

65]. Moreover, due to high surface tension at the small diameters of the nanoparticles, the 

threshold of bubble formation is significantly higher than 100°C [63]. 
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1.2.2.2 Temperature monitoring 

Along with ultrasound, photoacoustic imaging can also be utilized for monitoring 

the temperature distribution in tissues noninvasively. As evident from Eq. 1.4, the 

photoacoustic signal amplitude is directly dependent on the dimensionless Grueneisen 

parameter Γ  

pC
c.β

=Γ .             (1.6) 

The volume expansion coefficient ( β ) and the speed of sound ( c ) are both 

temperature dependent and linearly proportional to temperature for water-based and fatty 

tissues within 10-55°C range [47, 48, 66]. Therefore, the Grueneisen parameter, and thus 

the photoacoustic signal, is directly related to temperature [51, 52, 67]. Specifically, by 

monitoring the change in photoacoustic signal intensity during photothermal therapy, the 

temperature change can be estimated.  

1.2.3 Combined ultrasound and photoacoustic imaging 

Combining ultrasound and photoacoustic imaging techniques will potentially 

result in a synergistic imaging system capable of simultaneous morphological (ultrasound 

imaging) and functional (photoacoustic imaging and ultrasound-based elasticity imaging) 

assessment of tissue [14]. To demonstrate the complementary nature of the combined 

imaging system, the simulated ultrasound, photoacoustic and strain images of a phantom 

with a circular inclusion are shown in Fig. 1.4 [68]. All images in this figure cover a 24 

mm by 30 mm field of view. The 10 mm diameter inclusion has more ultrasound 

scatterers compared to background and, therefore, it appears brighter in the grayscale 

ultrasound image. The circular shape, i.e. the structure, of the inclusion is clearly visible 

in the ultrasound image. Additionally, the inclusion has more optical absorbers than the 

background, and the photoacoustic image portrays this information. However, the light is 
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attenuated as it reaches the top of the inclusion. Finally, the harder inclusion is visible in 

the strain image since the harder lesion is less deformed compared to the surrounding 

material. More importantly, the information obtained from each image is different. The 

combination of these complementary imaging techniques provides additional diagnostic 

information with relative ease of integration. 

 

6 mm
 

(a) 

 

(b) 

 

(c) 

Figure 1.4: (a) Ultrasound, (b) photoacoustic and (c) strain images of a modeled phantom 
with a single inclusion having elevated ultrasound backscattering 
coefficient, optical absorption coefficient and elastic shear modulus. All 
images cover a 24 mm by 30 mm region centered around the inclusion. 
Adapted from [68]. 

Both ultrasound and photoacoustic imaging modalities can utilize the same array-

based imaging system [69]. A pulsed laser, needed to generate photoacoustic signals, can 

be readily synchronized with the imaging system for data capture. A fiber-optic light 

delivery system or an open air beam can be used to deliver the light to the target, so the 

overall footprint of the ultrasound transducer is not significantly altered. Finally, the 

transducer itself can be used to apply force and deform tissue for stain/elasticity imaging. 

To perform image-guided photothermal therapy, initially ultrasound and 

photoacoustic imaging can be utilized for the pathology detection and diagnosis. 
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Ultrasound imaging can then identify the tissue composition to assist in selecting the 

laser dosimetry. During therapy, temperature monitoring can be performed by either 

ultrasound or photoacoustic thermal imaging. Lastly, ultrasound-based elasticity imaging 

can monitor the thermal damage and assess treatment efficiency. 

1.3 ORGANIZATION OF THE THESIS 

The aim of the research described in this thesis is to design and develop a 

combined ultrasound and photoacoustic imaging system to guide and monitor 

nanoparticle-enhanced photothermal therapy. The research work is documented and 

organized into three sections. 

SECTION 1 describes the pre-therapy planning and guidance for photothermal 

therapy. First, an ultrasound imaging (CHAPTER 2) system was utilized to identify the 

tissue composition. Water-based and lipid-based tissues in an ex-vivo porcine tissue were 

differentiated with high contrast and the dermal-fat boundary is identified. Partial results 

of this section have been submitted for publication: J. Shah, S. Thomsen, T. Milner and 

S. Emelianov, "Ultrasound imaging guidance of laser-based fat removal," Lasers in 

Surgery and Medicine (accepted), 2008 

Secondly, combined ultrasound and photoacoustic imaging (CHAPTER 3) was 

used to identify the presence of photoabsorbers in tissue. A combined ultrasound and 

photoacoustic imaging system was assembled and tested on porcine muscle tissue with 

composite gold nanoparticles, graphite rods and near infrared dyes used as 

photoabsorbers. The results of this study were presented at SPIE - Photons Plus 

Ultrasound: Imaging and Sensing 2008: J. Shah, S. Park, S. Aglyamov, T. Larson, L. Ma, 

K. Sokolov, K. Johnston, T. Milner, and S. Emelianov, "Photoacoustic and ultrasound 

imaging to guide photothermal therapy: Ex-vivo study," Proc. SPIE, vol. 6856, pp. 

68560U, 2008. 
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SECTION 2 investigates the role of ultrasound and photoacoustic imaging to 

monitor the temperature rise during therapy. Once sufficient photoabsorbers are present 

in the target region, therapy can be initiated. During the therapeutic procedure, it is 

critical to monitor the temperature rise to ensure tumor necrosis and to protect the 

surrounding healthy tissue. Ultrasound imaging was first used for temperature estimation 

during laser irradiation (CHAPTER 4). A linear array transducer (5MHz, 128 element) 

was used in this study. Therapy was carried out on tissue mimicking phantoms and ex-

vivo porcine tissue with spherical gold nanoparticles used as photoabsorbers. The results 

from this study were published: J. Shah, S. R. Aglyamov, K. Sokolov, T. E. Milner, and 

S. Y. Emelianov, "Ultrasound imaging to monitor photothermal therapy – feasibility 

study," Optics Express, vol. 16, pp. 3776-3785, 2008. 

In addition to ultrasound imaging, photoacoustic imaging was also used to 

monitor temperature rise during therapy (CHAPTER 5). A pulsed laser capable of 

operating at wavelengths between 680-950 nm was interfaced for photoacoustic imaging. 

Spherical gold nanoparticles were used in tissue mimicking phantom experiments while 

composite gold nanoparticles absorbing in the near infrared were used in tissue 

experiments. Partial results from this study were published: J. Shah, S. Park, S. 

Aglyamov, T. Larson, L. Ma, K. Sokolov, K. Johnston, T. Milner, and S. Emelianov, 

"Photoacoustic imaging and temperature measurement for photothermal therapy," 

Journal of Biomedical Optics, vol. 13, pp. 034024, 2008. 

SECTION 3 outlines the in-vivo mice studies performed using ultrasound and 

photoacoustic imaging for pre-therapy planning and therapy monitoring. These 

experiments are described in CHAPTER 6. Tumor bearing nude mice were injected with 

pegylated gold nanorods. In-vivo ultrasound and photoacoustic imaging was used to 

identify the presence of nanorods in the tumor before therapy. Finally, temperature rise 
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was estimated during the therapeutic procedure in both nanoparticle injected and control 

mice. The results of this study will be submitted as an article for publication.  

Finally, we summarize the results of this work in CHAPTER 7. Furthermore, we 

address some of the limitations of the imaging setup, draw conclusions and recommend 

some areas of future work.  
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SECTION1: PRE-THERAPY TREATMENT PLANNING 

Chapter 2 Ultrasound Imaging to Identify Tissue Composition 

2.1 INTRODUCTION 

Selective laser heating can be achieved by utilizing an optical wavelength where 

the absorption of radiant energy by the target is much greater than the surrounding region 

[1, 2]. Enhanced absorption in the target can be due to a natural chromophore such as 

water, melanin, lipid, hemoglobin or can be artificially enhanced by using dyes, ink or 

nanoparticles. For example, for laser-based fat removal, the absorption of lipids at 

vibration bands near 915, 1210 and 1720 nm exceeds that of water [3]. Using 1210 nm 

optical wavelength, temperature increases greater than 20°C were obtained and fat 

damage has been demonstrated through the overlying skin. Photothermal therapy of 

tumors, on the other hand, relies on gold nanoparticles as photoabsorbers to efficiently 

heat the cancerous cells leading to tumor necrosis [4, 5].  

Prior to initiating the laser therapy, knowledge of laser dosimetry – incident 

fluence, irradiation wavelength, pulse duration and exposure time – is required [2]. 

Generally, deeper target sites will involve higher incident fluences and exposure times. 

Selection of laser irradiation parameters depends on the target chromophore to achieve 

maximal heating as well as the surrounding tissue composition to reduce non-specific 

heating. However, identifying the tissue composition is not a trivial task. For example, 

subcutaneous fat can have thickness of a few centimeters and the dermal-fat boundary 

can vary in depth from 0.5 to 4 mm [6]. Thus, a need is recognized for a diagnostic 

imaging technology to identify the tissue composition and determine the dermis-fat 

interface to aid in selecting appropriate laser dosimetry.  
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Ultrasound is a real time, noninvasive imaging modality that is typically involved 

in the diagnosis of tissue abnormalities and identification of pathological tissue [7, 8]. 

Ultrasound imaging can identify the target site and provide structural information prior to 

treatment. Moreover, ultrasound imaging has the potential for tissue characterization 

based on the temperature dependent changes in the speed of sound in tissue [9, 10].  

In this chapter, experiments to test the feasibility of ultrasound imaging to identify 

tissue composition are reported. A laboratory setup consisting of an ultrasound imaging 

system interfaced with a continuous wave laser was assembled. Laser heating was 

performed on ex-vivo porcine subcutaneous fat through the overlying epidermal and 

dermal tissue layers. Results of the experiments show that ultrasound imaging can 

identify the dermal-fat junction and differentiate with water-based and fat-based tissues.  

2.2 TEMPERATURE DEPENDENT CHANGES IN THE SPEED OF SOUND 

The time of flight for an ultrasound pulse-echo in am homogenous, uniformly 

heated medium (as seen in Eq. 1.3) is given by,  

)(
2)(

o
o Tc

zTt ⋅
= ,             (2.1) 

where )( oTt  is the time delay between the transmitted pulse and received echo from 

scatterer at position z  at initial temperature oT  and )( oTc  is the speed of sound in the 

medium.  

When the temperature rises by T∆ , an apparent time shift is observed in the 

arrival of the ultrasound pulse. This is due to the combined effect of thermal expansion 

and speed of sound change. The time of flight for the ultrasound signal in this heated 

volume can now be expressed as  
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where α  is the linear coefficient of thermal expansion and )( TTc o ∆+  is the new speed 

of sound after the temperature increase. The term )1( T∆⋅+ α  represents the change in 

position of the scatterer due to thermal expansion. However, for temperatures below 55°C 

the effect of thermal expansion on the time shift has been experimentally proven to be 

negligible compared to the effect due to speed of sound change [11, 12].  

Therefore, the temperature-induced apparent time shift ( t∆ ) of the ultrasound 

signal can now be written as 
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From Eq. 2.3, the apparent time shift depends on speed of sound change and depth/time. 

Therefore, for the same temperature rise, ultrasound signals from deeper structures will 

have greater time shifts. However, this spatial dependence of the time shift is removed by 

differentiating along the axial direction [13]. The term dtztd ))((∆ , representing the 

temporal (and, therefore, spatial) gradient of the apparent time shift, is referred to as the 

normalized time shift.  

In water and water-based tissues, such as muscle or skin, the speed of sound 

increases with a rise in temperature [14]. On the other hand, in lipid-based tissues, such 

as fat, the speed of sound decreases with a rise in temperature [14]. For example, the 

speed of sound in water increases with temperature at a rate of 2.6 m/(°Cs) [14]. A non-

fatty bovine liver sample had a speed of sound change rate of 1.83 m/(°Cs), which is 

comparable to water [15]. In contrast, the speed of sound decreased in bovine fat at 

7.4 m/(°Cs) [15].  

Overall, the speed of sound varies significantly between different tissue types [14, 

15]. Therefore, speed of sound based methods using ultrasound imaging for tissue 
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characterization are possible based on general composition of water-based and lipid-

based tissues [9, 10].  
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Figure 2.1: Procedural steps in identifying tissue composition from ultrasound frames 
acquired at different temperatures.  

Specifically, a correlation-based block matching or other such algorithms can be 

employed to track the apparent time shift t∆  in two ultrasound frames captured at 

different temperatures (Fig. 2.1). Then, the apparent time shift can be differentiated along 

the axial direction to obtain the normalized time shift dttd∆ . By identifying the 

temperature gradient of the normalized time shift, fat and other water/collagen rich 

tissues such as dermis can potentially be differentiated with high contrast.  

2.3 MATERIALS AND METHODS 

2.3.1 Experimental setup 

An imaging and therapy experimental setup was designed and assembled to 

acquire ultrasound frames during laser irradiation. The diagram of the experimental setup 

is presented in Fig. 2.2a and a photograph of the assembly is shown in Fig. 2.2b. 
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Figure 2.2: (a) Experimental setup for ultrasound imaging during the laser heating. (b) 
Digital photograph of the experimental setup showing the orientation of the 
laser fiber, ex-vivo tissue and ultrasound transducer.  

The ultrasound signals were captured with a 128 element linear array transducer 

(SonixRP, Ultrasonix Medical Corporation, Canada). The transducer operates at 10 MHz 

center frequency. A continuous wave laser operating at 1210 nm optical wavelength 

(Candela Corp., USA) was utilized as the source for radiant energy. The laser irradiation 

was delivered via a 300-µm diameter fiber.   
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2.3.2 Tissue preparation 

Fresh ex-vivo porcine tissue samples (15 mm by 15 mm by 12 mm) were obtained 

with skin and fat intact and stored in a refrigerator. The tissue samples selected had 

atleast 8 mm thickness of subcutaneous fat. The tissue sample was placed on the holder 

(Fig. 2.2a) with the epidermal side on contact with a sapphire sphere for 3 mm diameter. 

The laser irradiation was delivered via the fiber to the sapphire sphere, which acts as a 

focusing lens. The ultrasound transducer was placed inline with the laser fiber gently 

touching the adipose-side of the tissue specimen (Fig. 2.2a). 

The experiments were performed at room temperature of 20°C. Prior to laser 

irradiation, the tissue samples were allowed to equilibrate for at least thirty minutes. The 

laser irradiation was applied for 5 seconds with a beam power of 0.9 W measured at the 

output of the fiber.  

2.3.3 Temperature response of tissue samples 

A temperature controlled water bath experiment was performed to compute the 

temperature response of the porcine tissue prior to the laser irradiation. Separate tissue 

specimens from the same animal were placed inside a constant temperature water bath. 

The temperature of the water bath was increased from room temperature of 20°C to 55C° 

in discrete increments. At each increment, temperature was maintained constant for thirty 

minutes. Then, the temperature distribution was assumed to be spatially homogenous and 

an ultrasound frame was recorded.  

Normalized time shift maps were computed between successive ultrasound 

frames from two distinct regions in the sample – fatty tissue and skin. Thus, the 

normalized time shift vs. temperature dependence was obtained for the porcine fat and 

skin.  
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2.3.4 Data analysis 

The block diagram for data analysis is illustrated in Fig. 2.3. During the laser 

heating, the ultrasound signals were acquired every 0.1 seconds and stored for offline 

processing. The received signals were then used to reconstruct a grayscale B-mode 

ultrasound image using a conventional delay-and-sum beamforming approach.  
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Figure 2.3: Block diagram for computing the grayscale B-mode ultrasound image and 
tissue composition map of the tissue sample.  

To obtain the tissue composition map, a correlation-based block matching 

algorithm was employed on successive ultrasound frames to estimate the apparent time 

shift ( t∆ ) [16]. Then, the apparent time shifts are differentiated along the axial direction 

to obtain the normalized time shifts ( dttd∆ ). Finally, the tissue composition map was 

generated by identifying the sign of the normalized time shift – negative sign indicating 

fat and positive sign signifying dermis. 



 34

2.4 RESULTS 

2.4.1 Temperature-controlled water bath experiments 

The tissue samples used in the water bath experiments had both skin and fatty 

tissue. Normalized time shifts were computed from two distinct regions in the sample – 

fatty tissue and skin. The normalized time shift (Fig. 2.4a) decreases for lipid-bearing 

fatty tissue with temperature. On the other hand, for water-bearing skin the normalized 

time shift increases with temperature (Fig. 2.4b). Furthermore, the normalized time shift 

changes by a greater amount for fat (~8%) compared to skin (~3%) for the same 

temperature range. These results are consistent with the literature data where the speed of 

sound for fat decreases while increasing for water-based tissues with temperature [14, 

15].  
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Figure 2.4: Temperature relationship for (a) porcine fat and (b) porcine skin. Note, the 
negative temperature gradient for fatty tissue and positive temperature gradient 
for water-based tissue.  
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2.4.2 Tissue composition map 

The ultrasound image of the ex-vivo porcine tissue sample is presented in Fig. 

2.5a representing a 10 mm by 15 mm field of view. Due to the presence of the tissue 

holder, the ultrasound signal has reverberations. Hence, the ultrasound image is masked 

at the bottom to remove the reverberations.  
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Figure 2.5: (a) Ultrasound image of the porcine tissue. Image covers a 10 mm (depth) by 
15 mm (width) region. (b) Normalized time shift between arrows in Fig. 
2.4a after 1, 3 and 5 seconds of laser heating.  

Normalized time shifts were generated from successive ultrasound frames during 

the five second laser exposure. Figure 2.5b plots the normalized time shifts along the 
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region indicated by the arrows in Fig. 2.5a and represents an axial line from a depth of 3 

mm to 7 mm from the top of the ultrasound image. The normalized time shift graph has 

two distinct regions. At the 5-7 mm depth, the normalized time shifts are increasing with 

the laser irradiation time while the time shifts are decreasing otherwise. Since the 

normalized time shift for porcine skin has a positive temperature gradient while fat has a 

negative temperature gradient (Fig. 2.4), the region having positive normalized time shift 

can be classified as skin while the region having negative normalized time shift can be 

classified as fat.  

The zero-crossing between the positive and negative normalized time shifts 

represents the position of the dermal-fat boundary. Note that the location of the zero-

crossing is constant regardless of the laser exposure time (Fig. 2.5b). This is expected, as 

delivering more radiant energy should not affect the position of the dermal-fat boundary.  
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Figure 2.6: Normalized time shift image after 5 seconds of laser irradiation with clear 
demarcation between positive and negative normalized time shifts under 
laser irradiation region. Image represents a 10 mm by 15 mm region. 

The map of normalized time shift after 5 seconds of laser irradiation is shown in 

Fig. 2.6. Two distinct regions are visible on the normalized time shift image above the 

laser irradiation spot – a brighter region having positive normalized time shift and a 

darker region having a negative normalized time shift. About 5 mm to the left from the 
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laser irradiation spot there is a region with a negative normalized time shift – this area 

had an imaging artifact produced by the tissue holder and, therefore, was excluded from a 

subsequent analysis. The zero-crossing of the normalized time shift, computed over the 

region corresponding to laser irradiation, is overlaid on the ultrasound image in Fig. 2.7. 

The zero-crossing delineates two regions, the upper region having negative temperature 

gradient and thus classified as fat and a brighter region located below classified as skin. 

These regions coincide with the tissue placement with respect to the laser beam and 

ultrasound transducer (Fig. 2.2). In this way, the zero-crossing in the normalized time 

shift can be used to identify the dermis-fat junction.  

 

5 mm
 

Figure 2.7: Ultrasound image of the porcine tissue with the zero-crossing of the 
normalized time shift superimposed to represent the dermis-fat junction (10 
mm by 15 mm region). 

2.5 DISCUSSION 

Subcutaneous tissues can be targeted for laser therapy by selecting a wavelength 

where the absorption coefficient of the target tissue exceeds that of the surrounding tissue 

[1, 2]. Alternatively, photoabsorbers can be added to the target region to enhance optical 

absorption  [17]. However prior to performing laser therapy for thermal damage, it is 

important to identify the laser dosimetry. The results from this chapter indicate that 
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ultrasound can be used in combination with laser irradiation to identify the dermis-fat 

junction and differentiate between water-based and lipid-based tissues (Figs. 2.5 and 2.7). 

To identify tissue composition, a small temperature rise was utilized. Any energy 

source can be used to generate this small temperature rise. Since, a single fiber was used 

in the current setup (Fig. 2.2) to deliver the radiant energy, the dermis-fat junction was 

identified in a relatively small region (less than 5 mm in length) immediately above the 

laser irradiation spot. Using a multi-fiber delivery system or performing sequential 

scanning with sub-therapeutic laser dose, the entire region of interest can be safely 

interrogated and a complete tissue composition map generated.  

In the preliminary experiments performed here, the laser irradiation and the 

ultrasound transducer were on the opposite sides of the tissue samples (Fig. 2.2). This 

geometry led to reverberations on the bottom of the ultrasound image. The reverberations 

introduce artifacts making tissue identification from the holder more difficult. For in-vivo 

studies, light delivery and ultrasound transducer must be on the same side. Optical fibers 

placed alongside the transducer can be used for delivering the radiant energy to the tissue 

– these setups have been assembled for photoacoustic imaging [18, 19]. Another 

alternative is to integrate the ultrasonic transducer and the optical probe into one 

assemble similar to confocally arranged transducers used during high intensity focused 

ultrasound treatments [20]. 

Although a sub-therapeutic laser dose was applied, there is a potential for thermal 

damage. Furthermore, while performing therapy the temperature in the therapeutic zone 

has to be maintained greater than 43°C for an extended period of time to ensure 

irreversible thermal damage [2, 21]. Therefore, it is necessary to monitor the temperature 

increase during laser therapy.  
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A water-bath experiment was first performed to establish the relationship between 

apparent time shift and temperature (Fig. 2.4) for the porcine tissue sample. These 

relationships were then utilized to remotely identify the tissue composition. In ultrasound 

imaging temperature measurement is possible using a generalized and known a priori 

tissue specific calibration [22]. Similar databases can be established for identifying tissue 

composition from temperature-induced time shifts directly without a calibration 

procedure.  

2.6 SUMMARY 

An imaging and therapeutic system was designed and assembled for ultrasound 

monitoring of laser therapy. Ultrasound imaging was used to identify and differentiate 

between water-based and lipid-based tissues and identify the dermis-fat boundary in 

porcine tissue samples with high contrast. Applications of the ultrasound technique 

reported in this chapter are relevant to nanoparticle enhanced photothermal therapy as 

well as other clinical laser procedures such as fat removal.  
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Chapter 3:  Ultrasound and Photoacoustic Imaging to Detect 
Nanoparticles in Ex-vivo Tissue 

3.1 INTRODUCTION 

Photothermal therapy can be executed noninvasively at reasonable depths when 

working in the near infrared (NIR) spectrum [1]. To increase treatment specificity, 

photoabsorbers such as indocyanine green (ICG) and metal nanoparticles are employed 

[2-4]. Compared to dyes like ICG, the absorption cross-section of gold nanoparticles has 

been shown to be six orders of magnitude higher [5, 6]. Therefore, gold nanoparticles 

when delivered to the tumor site, efficiently absorb the laser irradiation and transfer the 

thermal energy to the cancer cells [3, 4]. Furthermore, gold nanoparticles can be tuned to 

have plasmonic resonance in the NIR spectrum by varying the physical dimensions [6], 

producing asymmetric particles [7] or using nanocomposite materials [8]. When injected 

in the blood stream, particles smaller than 400 nm diameter, extravasate and accumulate 

in the tumor due to enhanced permeability and retention effect [9]. In addition, the 

particles can be coated with antibodies to make them tumor specific [10-12]. 

The size and spatial location of the tumor must be identified prior to initiating 

photothermal therapy. The temperature rise due to laser irradiation is dependent on the 

absorption coefficient of the target tissue (Eqs. 1.1-1.2). Gold nanoparticles, when present 

in the tumor, enhance the absorption coefficient of the tumor. Therefore, before laser 

irradiation, the presence and accumulation of the nanoparticles in tumor needs to be 

identified. Photoacoustic imaging, complemented by ultrasound imaging, is naturally 

suited to guide photothermal therapy.  

Ultrasound imaging can locate and characterize the tumor. In addition, the tissue 

composition can potentially be identified by ultrasound imaging. Photoacoustic imaging 
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on the other hand, measures the thermoelastic response from the tissue irradiated with a 

short laser pulse. The photoacoustic response depends on the optical absorption 

properties of the tissue (Eq. 1.4). Thus, photoacoustic imaging can detect deeply 

embedded tumors based on the inherent optical contrast between cancerous and healthy 

tissue [13, 14]. Furthermore, the presence of nanoparticles enhances the photoacoustic 

contrast and can further aid in detecting the cancerous lesions [5, 15]. Finally, 

photoacoustic imaging can be integrated with ultrasound imaging to perform 

simultaneous functional and morphological imaging [16, 17]. 

In this chapter, the feasibility of using ultrasound and photoacoustic imaging to 

detect photoabsorbers in tissue is presented. To perform combined imaging, a laboratory 

prototype of an ultrasound and photoacoustic imaging system was assembled consisting 

of a pulsed laser and an array-based ultrasound imaging system. Results from ex-vivo 

tissue samples, illustrate the ability of combined ultrasound and photoacoustic imaging to 

identify and locate the position of photoabsorbers in tissue. Finally, a discussion on 

utilizing ultrasound and photoacoustic imaging to plan, guide and monitor the outcome of 

photothermal therapy is provided.  

3.2 MATERIALS AND METHODS 

3.2.1 Experimental setup 

A combined imaging system was designed and assembled to acquire ultrasound 

and photoacoustic frames prior to photothermal therapy. The diagram of the experimental 

setup is presented in Fig. 3.1. The ultrasound pulse-echo and photoacoustic transients 

were captured using a 128 element linear array transducer operating at 5 MHz center 

frequency (SonixRP, Ultrasonix Medical Corporation, Canada). A tunable pulsed laser 

(Vibrant (B)I, Opotek Inc., USA) operating between 680-950 nm was interfaced for 
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photoacoustic imaging, thus utilizing the near infrared spectrum [1]. Optical fluences of 

under 15 mJ/cm2 were used. Laser irradiation was delivered from the left side of the 

specimen as shown in Fig. 3.1.  
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Figure 3.1: Experimental setup for combined ultrasound and photoacoustic imaging. 

During imaging, the sample is first irradiated with pulsed laser light. The 

photoacoustic response is recorded on all elements of the transducer array for subsequent 

image reconstruction. Immediately after photoacoustic imaging, conventional pulse-echo 

ultrasound imaging was performed. The received photoacoustic and ultrasound signals 

were then used to reconstruct corresponding images using a delay-and-sum beamforming 

approach [18]. Thus, both ultrasound and photoacoustic frames were acquired by the 

same transducer and, therefore, these images are inherently co-registered.  

3.2.2 Photoabsorber synthesis 

Dextran-stabilized composite nanoparticles of 90 nm diameter were designed to 

have broad absorption between 500 nm to 1000 nm wavelength [19]. To prepare the 

composite nanoparticles, iron-oxide particles were first synthesized by a co-precipitation 

of Fe2+ and Fe3+ ions in alkali conditions [20]. Gold shells were then coated on iron oxide 

nanoparticles by reducing the chloroauric acid via iterative seeding and reduction 
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methods [21, 22]. The aqueous composite nanoparticles were stabilized by dextran at the 

pH value of 5.0. 

3.2.3 Sample preparation 

Ex-vivo tissue imaging studies were performed using fresh porcine muscle tissue 

samples. The 30 mm by 30 mm by 15 mm samples were immersed in water for acoustic 

coupling between the ultrasound probe and the tissue. Three different imaging studies 

were performed. First, a 0.5 mm diameter graphite rod was inserted 24 mm away from 

the left side of the tissue (i.e., from the side of laser light delivery, Fig. 3.2). Ultrasound 

and photoacoustic frames were then acquired. The graphite rod was now removed and re-

inserted at depths of 19 mm, 13 mm, 9 mm and 4 mm from the tissue surface and 

imaging frames were acquired at each location.  
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Figure 3.2: Photograph of the ex-vivo tissue sample showing the graphite rod placement 
with respect to the light delivery and ultrasound transducer.  

Secondly, 20 µl of composite nanoparticles (0.057 mg Au/mL solution) were 

injected using a 23-gauge hypodermic needle. The needle was inserted so that it is 
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orthogonal to both the ultrasound imaging plane and laser beam (similar to the placement 

of the graphite rod in Fig 3.2). The nanoparticles were injected at a 10 mm from the left-

side surface of tissue. In addition, to act as a reference, a graphite rod was also inserted 

16 mm away from the tissue surface.  

Finally, multi-wavelength photoacoustic imaging was performed. A NIR dye (Li-

Cor Biosciences, USA) strongly absorbing at 800 nm was injected in a porcine tissue 

sample. Ultrasound and photoacoustic imaging was then performed at 20 nm wavelength 

intervals ranging from 680 nm to 920 nm.  

3.2.4 Image analysis 

Contrast-to-noise ratio (CNR) was used to quantify the quality of the 

photoacoustic images. The CNR was estimated using  
( )
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where the numerator is the measure of the contrast in the photoacoustic signals (in a 

region of interest (ROI) inside the target region, inµ  and in the background outµ ) while 

inσ  and outσ  denote the standard deviation in these regions (i.e, the average standard 

deviation). The ROI was chosen to be 0.3 mm by 0.3 mm – comparable to the graphite 

rod dimensions.  

3.3 RESULTS 

3.3.1 Depth analysis of photoacoustic signal 

The ultrasound and photoacoustic images from the porcine tissue inserted with a 

graphite rod are presented in Fig. 3.3a-d, representing a 25 mm by 20 mm field of view.  
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Figure 3.3: (a) Ultrasound image of porcine tissue with the graphite rod location shown 
by dashed circle. (b-d) Photoacoustic images acquired with graphite rod at 
distance of 24 mm, 13 mm and 4 mm from the left-side surface of the tissue 
sample.  

The graphite rod is visible on the ultrasound image (Fig. 3.3a) as a highly 

hyperechoic region at a lateral position of 13 mm and axial depth of 10 mm. 

Photoacoustic imaging was performed at 800 nm. At this wavelength, the tissue should 

be optically transparent and the laser irradiation should be able to penetrate deep inside 

the tissue (Fig. 1.1). Figure 3.3c confirms this notion, as there is a sharp photoacoustic 

signal from the graphite rod at a distance of 13 mm from the laser irradiation side. 

Furthermore, with the rod inserted at lateral positions of 24 mm and 4 mm, the 

photoacoustic response is stronger at 4 mm depth and weaker at 24 mm depth (Fig. 3.3c-

d). This is expected, as the laser fluence decreases at greater depths due to absorption and 

scattering within the tissue.  



 48

4 8 12 16 20 24
0

0.2

0.6

1

Depth (mm)

P
A

 S
ig

na
l S

tre
ng

th

53.08 dB
35.09 dB

55.01 dB

65.66 dB

70.1 dB

4 8 12 16 20 24
0

0.2

0.6

1

Depth (mm)

P
A

 S
ig

na
l S

tre
ng

th

53.08 dB
35.09 dB

55.01 dB

65.66 dB

70.1 dB

 

Figure 3.4: Relative photoacoustic signal strength and CNR values for the graphite rod at 
different distances from the laser irradiation site within the porcine tissue.  

The normalized photoacoustic signal strength is compared with the lateral depth 

of graphite rod in Fig. 3.4. The photoacoustic signal from the rod decreases exponentially 

as light needs to penetrate deeper within the tissue. However, at 800 nm imaging 

wavelength, the photoacoustic signal from the tissue is fairly low (Fig. 3.3b-d). The CNR 

in the target region ranges from 70.01 dB near the irradiation surface to 35.09 dB at a 

depth of 24 mm. Therefore, there is significant contrast in the received photoacoustic 

signal from an optical absorber as compared to native tissue even at depths exceeding a 

few centimeters.   

3.3.2 Detection of nanoparticles 

Ultrasound and photoacoustic image of a porcine tissue inserted with a graphite 

rod and injected with nanoparticles are presented in Fig. 3.5 covering a 20 mm by 20 mm 

field of view.  
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Figure 3.5: (a) Ultrasound image of the porcine tissue with the dashed circle represents 
the injection site while solid circle marks the location of graphite rod. 
Photoacoustic images (b) before and (c) after the injection of the 
nanoparticles. Corresponding combined ultrasound and photoacoustic 
imaged (d-e) with photoacoustic images superimposed on ultrasound images 
within the rectangular box.  

In the ultrasound image (Fig. 3.5a), the location of the graphite rod and injection 

site are marked by a solid and dashed circle, respectively. Photoacoustic images before 

(Fig. 3.5b) and after (Fig. 3.5c) the injection of composite nanoparticles, illustrate the 

photoacoustic signal change due to the introduction of photoabsorbers. As expected, the 

magnitude of signal from the graphite rod does not change, and there are no other 

significant differences in the two images except at the injection region. Thus, 

photoacoustic imaging can identify the presence of photoabsorbers in the target region. 
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The overlaid images (Fig. 3.5d and 3.5e) clearly show the complementary information – 

the ultrasound image displays the structure of the tissue while the photoacoustic image 

illustrates the differences in optical properties albeit artificially enhanced by the addition 

of nanoparticles and the graphite rod.  

Photoacoustic transients from the tissue at or near the injection site, before and 

after the nanoparticle injection are compared in Fig. 3.6. Overall, the two signals are not 

every different, except at the injection site where there is a noticeable increase in the 

photoacoustic signal. Small differences in other regions between the two signals are 

probably due to slight motion of the sample during the needle insertion. 
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Figure 3.6: Photoacoustic signals from the tissue, before and after, the composite 
nanoparticle injection. 

3.3.3 Multi-wavelength photoacoustic imaging 

Multi-wavelength photoacoustic imaging, performed between 680 – 920 nm 

illustrates the ability of photoacoustic imaging to further aid in the detection of 

nanoparticles.  
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Figure 3.7: (a) Ultrasound image of the porcine tissue injected with dye absorbing at 800 
nm. Photoacoustic images at (b) 680 nm, (c) 760 nm, (d) 800 nm and (e) 880 
nm. All images cover a 20 mm by 20 mm field of view. (f) Absorption 
spectrum derived from spectroscopic photoacoustic imaging showing peak 
absorption at 800 nm. 

The injected dye is not visible on the ultrasound image (Fig. 3.7a, 20 mm by 20 

mm field of view). In the 800 nm photoacoustic image (Fig. 3.7d), the photoabsorber 

location can be clearly identified. The photoacoustic responses at 680 nm and 760 nm 

(Fig. 3.7b-c) are weaker than 800 nm excitation, and the 880 nm photoacoustic image 

(Fig. 3.7e) shows almost no response from the dye.  

The photoacoustic responses from the dye were normalized with incident laser 

energy at each wavelength. The resulting signal intensity at each wavelength is plotted 
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against wavelength (Fig. 3.7f) as the absorption spectrum. This computed absorption 

spectrum confirms the 800 nm peak absorption resonance of the dye. Therefore, 

photoacoustic imaging at several wavelengths can be used to identify the presence of 

specifically tuned photoabsorbers.  

3.4 DISCUSSION 

Photothermal therapy can be carried out on tumors at a depth of a few centimeters 

by selecting laser irradiation in the NIR spectrum and appropriately matched 

photoabsorbers. However, therapy cannot commence until sufficient concentration of 

photoabsorbers have accumulated in the tumor for efficient heat generation. Ultrasound 

imaging can used to identify tissue inhomogeneities and abnormalities while the presence 

and location of the photoabsorbers can be identified by performing photoacoustic 

imaging before the therapeutic procedure. The strength of the photoacoustic signal will 

increase as the concentration of photoabsorbers rise and further aid in tumor detection [5, 

15].  

In the current experimental setup, the pulsed laser irradiation was delivered from 

the left side of the speciment (Fig. 3.1). Photoacoustic signal from optical absorbers at 

lateral distances greater than two centimeters were obtained (Fig. 3.3 and 3.4) and 

revolved with high contrast with respect to surrounding tissue. However, such setups 

might be difficult to realize in practically where light delivery and acoustic transducer 

positioned on the same side is preferable. Optical fibers can be placed along the sides of 

the transducer to deliver the pulsed laser irradiation to tissue [23].  

Multi-wavelength photoacoustic imaging can further aid in identifying the 

presence of sharply tuned photoabsorbers. In addition, multi-wavelength photoacoustic 

imaging can also be utilized to identify tissue characteristics based on optical properties 

of tissue. For example, the absorption coefficient of blood is high at 600 nm, while the 
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optical absorption coefficients of lipids increase after 900 nm [16, 24]. However, 

typically there are significant differences in the incident laser fluence at different 

wavelengths (Fig. 3.8). Therefore, it is important to characterize the radiant energy source 

and compensate for energy variations between wavelengths prior to analyzing the 

spectroscopic information presented in multi-wavelength photoacoustic images.  
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Figure 3.8: Variation in output energy of the laser (used in this study) at different 
wavelengths. 

During photothermal therapy, there will be significant increase in temperature. 

The effect of temperature rise on the photoacoustic signal needs to be quantified. It is 

expected that the photoacoustic signal will increase with temperature for water-based 

tissues as the Gruneisen parameter for water increases with temperature [25]. In addition, 

the effect of nanoparticles on the photoacoustic signal during the temperature increase 

also needs to be identified.  

3.5 SUMMARY 

Results of this chapter suggest that ultrasound and photoacoustic imaging can be 

used to guide photothermal therapy. Combined ultrasound and photoacoustic imaging 
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was used to identify the presence and locate the spatial position of the nanoparticles in 

tissue. Photoacoustic signal from optical absorbers at depths of a few centimeters was 

differentiated with high contrast from the surrounding tissue. Furthermore, multi-

wavelength photoacoustic imaging has the potential to identify photoabsorbers as well as 

characterize tissue.  
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SECTION 2: THERAPY TREATMENT MONITORING 

Chapter 4: Ultrasound Imaging to Monitor Photothermal Therapy 

4.1 INTRODUCTION 

Photothermal therapy relies on the principle of converting radiant energy into heat 

leading to tumor necrosis. By using near infrared light coupled with photoabsorbers 

implanted in the tumor, efficient localized heating can be achieved [1-3]. Temperature 

increases greater than 20°C were produced in nanoparticle enhanced photothermal 

therapy studies causing irreversible tumor damage [2-4]. A variety of metal nanoparticles 

including gold nanocolloids, nanorods or nanoshells can be used as photoabsorbers [3-5].  

Both passive (leaky vasculature) and active (bio-conjugation) mechanisms can be used to 

deliver the nanoparticles to the target site [6, 7]. 

However for good spatial specificity, the tumor must first be imaged to identify 

the size and location of the lesion. In addition, for effective laser dosimetry the 

temperature increase must be remotely monitored, both spatially and temporally. This 

ensures tumor necrosis while protecting surrounding healthy tissue. Finally, the tumor 

response to therapy must be examined to confirm cancer destruction and to identify 

possible resurgence.  

Ultrasound imaging has been extensively used to image and identify cancerous 

tissue [8, 9]. Recently, ultrasound imaging has been investigated to guide thermal cancer 

therapies including high intensity focused ultrasound [10] and radiofrequency ablation 

[11] by monitoring temperature. Apart from ultrasound, thermal imaging can be 

performed by various methods including MRI, microwave radiometry and impedance 

tomography. However, compared to other methods, ultrasound has several advantages – 
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being relatively inexpensive, noninvasive and capable of providing instantaneous 

feedback.  

This chapter reports on the feasibility of ultrasound image guidance of 

nanoparticle-enhanced photothermal therapy. A laboratory prototype consisting of an 

ultrasound imaging system interfaced with a continuous wave laser was assembled to 

perform ultrasound-based thermal imaging during photothermal therapy. Gold 

nanocolloids were utilized as photoabsorbers to efficiently transfer electromagnetic 

energy into heat within a localized region. The results from tissue mimicking phantoms 

and ex-vivo tissue samples demonstrate the ability of ultrasound to identify the tissue 

abnormalities and monitor the temperature change during laser irradiation.  

4.2 ULTRASOUND-BASED TEMPERATURE MONITORING 

Ultrasound thermal imaging can be performed by estimating the apparent time 

shifts in the ultrasound radiofrequency (RF) signals [11-14]. Figure 4.1 outlines the 

procedural steps to estimate the local temperature from the temperature induced changes 

in the ultrasound signal. The time of echo for ultrasound in a homogenous medium is 

given by 

)(
2)(

o
o Tc

zTt ⋅
= ,            (4.1) 

where, )( oTt  is the time delay of echo from scatterer at position z  at initial temperature 

oT  and )( oTc  is the speed of sound in the medium.  

If the temperature of the medium rises by T∆ , then there is a depth-dependent 

apparent time shift in the ultrasound signal due to the combined effects of speed of sound 

changing with temperature and thermal expansion. (Fig. 4.1). The time of echo can now 

be written as  
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where α  is the linear coefficient of thermal expansion and )( TTc o ∆+  is the new speed 

of sound after the temperature increase. The temperature-induced time shift t∆  in 

ultrasound RF signals is primarily dependent on the speed of sound change while the 

effects of thermal expansion can be considered negligible for temperatures below 60°C 

[15, 16].  
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Figure 4.1: Block diagram illustrating the principles of ultrasound measurement for 
thermal imaging. 

Therefore, the apparent time shift can be expressed as  
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The apparent time shift depends on the speed of sound change and the depth/time 

(since time and distance are equivalent). Therefore for the same temperature rise, 

ultrasound RF signals received from deeper structures will have greater time shifts. The 

spatial dependence of the apparent time shifts can be removed by differentiating along 

the axial direction. Therefore, by measuring the time shift in ultrasound, the temperature 

changes can be estimated using the following relationship 

dt
tdkT )(∆

⋅=∆ ,            (4.4) 

where k  is a material dependent property that can be experimentally determined and 

dttd )(∆ , referred to as the normalized time shift, is the spatial gradient of the apparent 

time shift [11, 12, 14].  
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Ed. 4.4 can be used to describe both the uniform temperature increase in a 

homogenous sample as well as a local and/or spatially varying temperature change 

( )(zT∆ ). To estimate the spatial temperature during laser heating, multiple ultrasound 

frames are first acquired during the procedure. Then, the apparent time shift ( )(zt∆ ) is 

calculated between successive frames. Finally, the normalized time shift ( ( ) dtztd )(∆ ) is 

computed by spatially differentiating the apparent time shifts along the direction of 

ultrasound propogation ( z ). The normalized time shift can now be directly correlated to 

local temperature elevation (Fig. 4.1). 

The normalized apparent time shifts ( ( ) dtztd )(∆ ) in Eq. 4.4 can also be viewed 

as an apparent temperature-induced strain (not to be confused with a true mechanical 

strain due to thermal expansion of tissue – such strain is very small and could be ignored 

for small temperature elevations). To estimate apparent strain, and therefore, temperature, 

strain estimation techniques routinely used in ultrasound-based elasticity imaging can be 

used [17]. Indeed, the apparent time shift (or, generally, the displacement) between 

successive frames can be calculated by using time-delay estimation techniques or motion 

tracking block matching algorithms similar to those adapted in elasticity imaging [18]. 

Overall, the normalized time shift and axial strain are equivalent since both are obtained 

from the gradient changes in either temperature or displacements.  

4.3 MATERIALS AND METHODS 

4.3.1 Sample preparation 

Experiments were first performed using 50 mm by 50 mm by 50 mm tissue/tumor 

mimicking phantoms constructed from polyvinyl alcohol (PVA). PVA has modest optical 

absorption, scatters light similarly to tissue and has been used in constructing tissue 

phantoms for optical imaging studies [19]. To fabricate the phantoms, 8% by weight 
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aqueous solution of PVA (Sigma-Aldrich, USA) was poured into a mold and set to a 

desired shape by applying two freeze and thaw cycles of 12 hours each [20]. Silica 

particles (Sigma-Aldrich, USA) of 40-µm diameter were added to the phantom body 

(0.75% by weight) to backscatter the ultrasound. During the phantom preparation, a 

cylindrical 7-mm diameter inclusion was embedded within the background material to 

mimic the tumor. The inclusion had a greater concentration of silica particles (1.5% by 

weight) compared to the surrounding phantom body to produce acoustic contrast between 

the inclusion and the background material. In addition, photoabsorbers were present in 

the inclusion. Gold nanocolloids containing 70 nm diameter nanoparticles were used as 

photoabsorbers. The gold nanocolloids were synthesized by reducing chloroauric acid 

with sodium citrate [21]. The extinction maximum of the nanocolloids, measured by US-

Vis spectroscopy, was close to 532 nm. 

Ex-vivo studies were performed using fresh porcine longissimus muscle. The 

samples, sized 30 mm by 30 mm by 15 mm, were immersed in water for acoustic 

coupling between the ultrasound transducer and tissue. Under ultrasound image guidance, 

the 20 µl solution of gold nanocolloids (0.5·1011 particles/ml) was slowly injected using a 

23-gauge hypodermic needle inserted at an 8 mm depth from the surface of the tissue 

sample. The needle was inserted such that it was orthogonal to both ultrasound transducer 

(i.e., ultrasound imaging plane) and laser beam. The injection lasted about 12 seconds 

while the needle was manually held in the same position. 

4.3.2 Experimental setup 

The experimental setup for ultrasound guided laser heating (Fig. 4.2) utilized a 

frequency-doubled continuous wave Nd:YAG laser with power of up to 4 W. In our 

experiments, the beam cross-section did not exceed 1 cm diameter. The operating 

wavelength of the laser, 532-nm, was matched with the photoabsorber’s optical 
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resonance. Ultrasound imaging was performed using Sonix RP imaging system 

(Ultrasonix Medical Corporation, Burnaby, Canada) equipped with 128 element linear 

array transducer operating at a 5 MHz center frequency. The RF signals were captured at 

40 MHz sampling frequency. The experiments were performed at a room temperature of 

24oC. A baseline ultrasound frame was captured prior to laser irradiation. During the 

laser heating procedure, ultrasound frames were acquired every 5 seconds. 
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Figure 4.2: Experimental setup for ultrasound and thermal imaging during laser heating 
of the specimen. 

4.3.3 Direct measurements of temperature 

Prior to noninvasive thermal imaging, the temperature response of both the tissue 

mimicking phantom and porcine muscle tissue was determined using a temperature 

controlled water bath experiment. The sample was placed in a water bath. A thermistor 

was inserted in the center of the sample to measure temperature. Initially, a baseline 

ultrasound frame was captured. The temperature of the water bath was then gradually 

increased from 24oC to 35oC and ultrasound frames were captured for every 1oC 

temperature increment. 

Temperature distribution in the sample was assumed to be spatially homogenous 

at steady state. Normalized time shifts in the ultrasound signal due to temperature 

increase were computed in a 10 mm by 10 mm homogenous region near the thermistor. 
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Thus, a relationship between the normalized time shift and temperature was obtained for 

the PVA phantom and porcine muscle tissue (Figs. 4.3a-b) and approximated using a 

second-order polynomial fit. Later, the coefficients of the polynomial fit were utilized for 

remote measurements of temperature by relating the measured normalized time shifts to 

corresponding temperature during laser heating experiments.  
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Figure 4.3: Temperature relationships for (a) PVA phantom and (b) porcine muscle 
tissue. The error bars represent standard deviations from 10 measurements. 

In the temperature range up to 55oC, the normalized time shift in ultrasound 

signals is primarily caused by the speed of sound changing with temperature since 

thermal expansion of tissue is small and can be ignored. The speed of sound linearly  

increases for water and water based tissues between 10–55oC [22]. Therefore, the 

relationship between the normalized time-shift and temperature obtained at 24–35oC are 

also valid at physiological temperature of 37oC. In addition, the temperature elevations of 

up to 20oC can be measured with the generated curves presented in Fig. 4.3. 
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4.3.4 Remote measurements of temperature using ultrasound 

To compute a thermal image, the multiple ultrasound frames were captured during 

the procedure and stored offline. First, a correlation-based motion tracking algorithm was 

applied on successive ultrasound frames to estimate the apparent time shifts (or 

displacements) [18]. A 0.6-mm axial and 2.1-mm lateral kernel was utilized in the motion 

tracking algorithm. The kernel size was selected given on the trade off between signal-to-

noise ratio (SNR) and spatial resolution. A larger kernel size leads to higher SNR while a 

smaller kernel is needed for better spatial resolution [23]. Interpolation and phase zero-

crossings were used to find sub-pixel lateral and axial displacements. Then, the apparent 

time shifts were differentiated along the axial direction using a 1.6 mm finite difference 

operator to obtain the normalized time shifts (or strain). Finally, the normalized time 

shifts were converted to temperature maps by utilizing the relationship obtained from 

water-bath experiments (Fig. 4.3) for the PVA phantom and porcine muscle tissue. 

Resolution and accuracy studies were performed on a pre-calibrated PVA 

phantom inserted with a thermoprobe (BR23KA100, Thermometrics Inc., USA). The 

phantom was first immersed in a temperature controlled water tank. The temperature of 

the tank was increased in discrete increments ranging from 0.1°C to 1°C was kept 

constant for thirty minutes to reach steady state. The temperature reading from the 

thermoprobe was compared against the temperature computed from ultrasound images.  

4.3.5 Laser heating 

Laser irradiance of 1 W/cm2 was applied from the surface of the PVA phantom 

for 180 seconds. For ex-vivo tissue samples, the laser irradiation began immediately after 

the nanoparticle injection and lasted for 20 seconds. Temperature rise in response to laser 

power density of 2, 3 and 4 W/cm2 was estimated by ultrasound imaging. Additionally to 

evaluate non-specific temperature increase, a control tissue sample was injected with 
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20 µl of water and was irradiated at 2 W/cm2 for 120 seconds. The temperature increase 

obtained was compared with a separate tissue specimen injected with nanoparticles and 

irradiated with the same laser parameters. 

4.4 RESULTS 

4.4.1 Water bath measurements 

Normalized time shifts were computed from successive ultrasound frames of a 

PVA phantom immersed in a constant temperature water tank. The smallest temperature 

increment possible was 0.1°C – limited by the water heater. A temperature change on 

0.1°C produced a normalized time shift of 0.02% (Fig. 4.4). The variance of the 

calculated normalized time shift is less than 0.01%, implying a potential ability to resolve 

temperatures of up to 0.05°C.  
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Figure 4.4: Temperature resolution measurements for ultrasound-based thermal imaging. 

The temperature rise computed from the normalized time shifts was compared 

with true temperature obtained from a thermistor (±0.05°C accuracy) inserted within a 

previously calibrated PVA phantom (Fig. 4.5a). The maximum error obtained for the 



 66

measured temperature rise by ultrasound-based thermal imaging was less than 0.2°C 

while the average error was less than 0.1°C (Fig. 4.5b).  
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Figure 4.5: (a) Photograph of the PVA phantom with embedded thermistor. (b) 
Temperature rise measured by ultrasound imaging compared with 
temperature rise obtained from the thermistor. 

4.4.2 Laser irradiation measurements 

4.4.2.1 Phantom studies 

The ultrasound image of tissue mimicking phantom is presented in Fig. 4.6a with 

a photograph of the phantom shown in Fig. 4.6b. The thermal images of the phantom 

recorded during 30, 60 and 180 seconds of laser irradiation are shown in Figs. 4.6c-e. All 

images in Fig. 4 correspond to a 20 mm by 20 mm field of view. 

The cylindrical inclusion representing the tumor is easily identified in the 

grayscale B-mode ultrasound image (Fig. 4.6a). Data obtained from the water bath 

experiments (Fig. 4.3a) was used to convert the normalized time shifts from the captured 
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ultrasound frames to temperature. The thermal maps (Figs. 4.6c-e) after 30, 60 and 180 

seconds show the progressive increase in temperature. At 180 seconds, the target 

inclusion reached a temperature increase of over 7oC while the surrounding material had 

a temperature rise of less than 2oC. In these images, temperature increase was confined to 

the inclusion due to the presence of photoabsorbers. Since thermal images are obtained 

from ultrasound images, both types of images are spatially co-registered. 
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Figure 4.6: (a) Ultrasound image of the hyperechoic inclusion with photoabsorbers 
present. (b) Photograph of the tissue mimicking phantom with a sample 
inclusion placed outside. (c-e) Thermal images recorded at 30, 60 and 180 
seconds of laser irradiation, respectively. All images cover a 20 mm by 20 
mm region. 

Figure 4.7 presents further spatio-temporal examination of the temperature rise. 

Spatial profile of temperature distribution along the vertical line passing through the 

center of the inclusion shows that the temperature rise is primarily localized to the area 
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with photoabsorbers present (Fig. 4.7a). After 180 seconds of therapy, the temperature 

increased from a baseline (room temperature) by more than 7oC.  
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Figure 4.7: (a) Spatial temperature profile along the axial line passing through the center of 
the inclusion. (b) Temporal temperature profile measured inside the inclusion 
and four regions outside of the inclusion located 6 mm to the left, above, 
below and to the right from the center of the inclusion having 3.5 mm radius.   

In addition, time-dependent temperature rise was examined in a 1 mm by 1 mm 

region inside the inclusion and four regions located 6 mm to the right, to the left, above 

and below from the center of the 3.5-mm radius inclusion (Fig. 4.7b). Mean temperature 

in the inclusion increases monotonically with time.  Rate of temperature rise in the 

inclusion is nonlinear due to heat diffusion into surrounding material. Temperature in the 

background regions surrounding the inclusion also increases with time (Fig. 4.7b) due to 

both heat diffusion from the inclusion and heat generated by the small absorption of 

radiant energy. Therefore, the region closest to the laser irradiation side (located to the 

left from the inclusion) has the highest temperature rise while the region behind the 

inclusion (located to the right) being furthest away from the laser irradiation spot has the 
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lowest rise in temperature. Finally, the regions above and below the inclusion, being 

equidistant from the laser irradiation site and the target inclusion, have similar 

temperature rise. 

4.4.2.2 Ex-vivo studies 

Temperature monitoring during laser irradiation was also performed on fresh 

porcine muscle tissue. The ultrasound and thermal images (20 mm by 15 mm field of 

view) are presented in Figs. 4.8a-e.  
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Figure 4.8: Ultrasound image of the porcine tissue sample where the photoabsorber 
injection site with respect to the laser beam is indicated by the circle. (b) 
The thermal image of the tissue sample injected with water and irradiated 
for 120 seconds at 2 W/cm2 indicates negligible laser heating of the 
specimen. In contrast, thermal images (c-e) of the tissue injected with 
photoabsorbers and irradiated for 20 seconds at 2, 3 and 4 W/cm2 
respectively, clearly indicate progressive and localized temperature increase. 
All images cover a 20 mm by 15 mm region. 
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The site of laser irradiation and nanoparticle injection are indicated in the 

ultrasound image (Fig. 4.8a). After 20 seconds of photothermal therapy, the temperature 

increased by 3oC, 6oC and 8oC for laser irradiances of 2, 3 and 4 W/cm2 respectively 

(Figs. 4.8c-e). As expected, higher energies lead to a greater temperature increase. The 

heated region was located 8 mm from the surface of the tissue where the photoabsorbers 

were injected. Negligible temperature increase was observed in the control tissue (tissue 

sample injected with water) after 120 seconds of therapy (Fig. 4.8b). 
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Figure 4.9: Spatial temperature profile measured along the horizontal dotted line shown in 
Fig. 4.8a for tissue specimens injected with either aqueous solution of 
photoabsorbers and water without photoabsorbers. (b) Temporal temperature 
profile measured inside and outside of the targeted area (site of injection). The 
1.5 mm by 1.5 mm regions for temporal assessment of temperature are 
indicated by squares in Fig. 4.8a. 

Spatial temperature profiles (Fig. 4.9a) were computed along the direction of laser 

beam, i.e., the horizontal line shown in Fig. 4.8a. Two tissue samples (one sample 

containing injected nanoparticles and another control sample injected with water without 

nanoparticles) underwent laser heating for 120 seconds at 2 W/cm2. In both samples, the 

temperature rises by about 4oC near the surface and then rapidly falls to below 1oC at a 
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depth of 3 mm. However in the tissue with nanoparticles, the temperature rise exceeds 

12oC at a depth of 8 mm. This thermal zone is highly localized and corresponds to the 

targeted site with injected photoabsorbers. In the control tissue sample, no significant 

temperature rise was observed beyond 3 mm from the tissue surface. 

The temporal behavior of temperature (Fig. 4.9b), measured within a 1.5 mm by 

1.5 mm region inside and outside the targeted site was similar to that observed in the 

phantom experiment. In the targeted area, a steady increase in average temperature with 

time reached over 10oC after 120 seconds of laser irradiation while the temperature in the 

background tissue (outside of the targeted area) showed a gradual, 1.5oC temperature 

increase due to thermal diffusion and negligible optical absorption. 

Ultrasound images recorded before and after irradiation (Figs. 4.10a-b), covering 

16 mm by 12 mm field of view, demonstrate the spatial location and extent of the thermal 

lesion created during laser heating. The experiment was performed on a tissue sample 

irradiated at 3 W/cm2 for 180 seconds. The thermal map (Fig. 4.10c) shows that the 

temperature increased by over 25oC in the targeted region with injected photoabsorbers. 

In ultrasound images, there was an increase in echogenicity at the injection site after laser 

irradiation accompanied by a shadow below the region of high echogenicity (Fig. 4.10b). 

Per ultrasound and thermal images, the rounded, 3 mm diameter heated region is located 

at 8 mm depth. Visual inspection of the sample cross-section (Fig. 4.10d) reveals that the 

location of the injection site is consistent with the region of elevated temperature 

observed in both ultrasound and thermal images. 
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Figure 4.10: Photothermal laser heating of porcine muscle tissue (16 mm by 
12 mm) performed using 3 W/cm2 laser irradiation for 180 
seconds. Ultrasound image (a) before and (b) after laser 
irradiation indicate the location of heated region associated with 
changes in echogenicity. The location and the extend of the 
heated region is further confirmed in (c) thermal image 
computed after 180 seconds of laser heating. The region of 
elevated temperature is consistent with injection site visible on 
the photograph (d) of the tissue sample. 

4.5 DISCUSSION 

The 532 nm optical wavelength used in this study closely matches the absorption 

spectra of the photoabsorbers. However, to carry out photothermal therapy at reasonable 

depths, laser irradiance in the near infrared (NIR) spectrum must be used [24]. In 

addition, various photoabsorbers such as gold nanorods, nanoshells, and nanocresents 

have their optical absorption resonance in this NIR window [2, 3, 5]. By selecting a 
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wavelength in the NIR and appropriately matched photoabsorbers, tumors at depths of a 

few centimeters can be treated photothermally. 

The temperature distribution during photothermal therapy is affected by two 

processes – heat generation due to absorption of laser energy and spatial redistribution of 

heat due to thermal diffusion. Mean temperature in the tumor-mimicking inclusion with 

nanoparticles increases with laser heating over time (Fig. 4.7b and 4.9b). Heat diffusion 

results in a gradual increase of temperature around the therapeutic zone. Therefore, 

during the photothermal therapy, it is essential to monitor temperature not only within the 

tumor, but also in the surrounding healthy tissues. Ultrasound and thermal images (Fig. 

4.6 and 4.8) illustrate the feasibility of spatial and temporal tracking of temperature 

increase throughout the region of interest. Thermal maps show a progressive temperature 

increase in tissue under laser irradiation. The heated zone was shown to be highly 

localized to the region with photoabsorbers. The results indicate that ultrasound-based 

imaging is a candidate approach to guide and monitor photothermal cancer therapy. 

In the preliminary experiments performed here, the laser irradiation was delivered 

from the left side of the specimen (Fig. 4.2). In clinical settings, a more practical 

configuration is preferable with light delivery and acoustic transducer on the same side. 

For example, optical fibers placed along the sides of the transducer can be used for 

delivering the radiant energy to the tissue [25, 26].  

A pre-therapy water-bath experiment was performed to establish the relationship 

between normalized time shift and temperature. However, it is possible to measure 

temperature using a generalized and known a priori tissue specific calibration [11]. A 

database can be obtained to allow calculation of temperature from ultrasound time shifts 

directly without a calibration procedure. For tissue temperatures of 55oC and higher, the 

backscattered ultrasound signal will be significantly different due to tissue state change 
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[27]. Under such circumstances, the ultrasound-based estimation of temperature may fail 

to provide accurate results. However, breakdown of ultrasound temperature monitoring 

may also suggest thermal damage and possibly confirm the success of treatment. 

Physiological motion (e.g., cardiac, respiratory) could lead to artifacts in 

ultrasound based temperature measurements. For example, periodic heart beats cause 

tissue motion which appears as time shifts on the ultrasound signal and could lead to an 

error in the temperature measurement. However, utilizing an electrocardiogram (ECG) to 

trigger data capture, ultrasound frames can be collected at the same point in the cardiac 

cycle and thus potentially minimize motion artifacts [28]. 

Finally, ultrasound can be combined with photoacoustic and elasticity imaging to 

form a synergistic imaging system [29, 30]. The same transducer can be used in 

ultrasound, photoacoustic and elasticity imaging [29]. The imaging contrast in 

photoacoustic imaging is provided by the inherent difference in the optical properties of 

the tumor and surrounding tissue [31, 32]. Photoabsorbers used during photothermal 

therapy significantly enhance this optical contrast [30, 33, 34]. Therefore, photoacoustic 

imaging can be used to visualize the tumor and identify the presence of photoabsorbers. 

Elasticity imaging on the other hand employs the difference in tissue stiffness for image 

contrast. Elastic properties of thermally damaged and cancerous tissue are vastly different 

from normal tissue [35]. Progression of tumor necrosis can be assessed using elasticity 

imaging at regular intervals during and after therapy [13, 35]. Ultrasound, photoacoustic 

and elasticity imaging can be utilized to evaluate anatomical, functional and mechanical 

properties of tissue during therapy, thus providing additional diagnostic tools to the 

clinician. 
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4.6 SUMMARY 

Results of this chapter suggest that ultrasound can be used to non-invasively 

image and guide photothermal cancer therapy. Experimental results show that 

temperature elevations of more than 20oC can be obtained using gold nanocolloids and 

matching continuous wave laser irradiation. Furthermore, the temperature increase during 

the photothermal therapy can be monitored by ultrasound-based thermal imaging. 

Changes in ultrasound and thermal images were consistent with visual inspection of the 

tissue samples after laser heating experiments. 
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Chapter 5: Photoacoustic Imaging to Monitor Temperature 

5.1 INTRODUCTION 

Success of nanoparticle-enhanced photothermal therapy depends on identifying 

the size and location of the tumor, verifying the accumulation of nanoparticles at the 

target size and noninvasively monitoring temperature change. Previous chapters have 

demonstrated that photoacoustic imaging can verify the presence and location of 

nanoparticles in tissue while ultrasound imaging can identify tissue abnormalities and 

monitor temperature elevations. Along with ultrasound [1, 2], magnetic resonance 

imaging (MRI) has also been implemented to monitor temperature rise during 

photothermal therapy [3]. 

The proton resonance frequency of water is almost linearly related to temperature 

[4]. The resulting phase change, due to the variation in resonant frequency, is monitored 

and correlated to temperature in MRI thermal imaging [3, 5]. However, for accurate 

temperature computations, an image needs to be acquired for every 2−3oC change in 

temperature, fat suppression is necessary in tissues, and excellent coregistration is 

required to avoid motion artifacts [5]. 

Ultrasound imaging, on the other hand, estimates temperature rise by measuring 

the thermally induced motion of speckle [2, 6-8]. Indeed, temperature elevations smaller 

than 1°C can be detected using ultrasound imaging with a spatial resolution similar to 

diagnostic ultrasound [9]. Ultrasound imaging is relatively inexpensive, noninvasive and 

can provide rapid feedback. However, in cases of hypoechoic tumors, the speckle 

tracking algorithms may not provide accurate measurements due to low acoustic contrast. 

Therefore, an alternative robust method to monitor temperature is needed. 
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Photoacoustic imaging can be applied to measure temperature by tracking the 

temperature-induced changes in photoacoustic signal amplitude [10-12]. Moreover, 

photoacoustic imaging can detect deeply embedded tumors based on the inherent optical 

contrast between cancerous and healthy tissue [13, 14]. The presence of nanoparticles in 

the tumor enhances the photoacoustic contrast and can further aid in identifying 

cancerous lesions [15-17]. Finally, photoacoustic imaging can be integrated with 

ultrasound imaging to perform simultaneous functional and morphological imaging [11, 

18]. 

In this chapter, we report on the feasibility of using photoacoustic imaging to 

monitor temperature during photothermal therapy. To perform image guided therapy, a 

laboratory prototype of a photoacoustic and ultrasound imaging system, consisting of a 

pulsed laser and an array-based ultrasound imaging system, was interfaced with a 

continuous wave therapeutic laser. Results from the phantoms and the ex vivo animal 

tissue samples illustrate the ability of photoacoustic imaging to monitor temperature 

elevation during therapy. In addition, ultrasound thermal imaging was simultaneously 

employed to verify the temperature estimates computed from the photoacoustic imaging. 

Finally, a discussion on combined photoacoustic and ultrasound imaging to plan, guide 

and monitor the outcome of the photothermal cancer therapy is provided. 

5.2 PHOTOACOUSTIS SIGNAL DEPENDENCE ON TEMPERATURE 

Photoacoustic [19, 20], or optoacoustic [21], or, generally, thermoacoustic 

imaging [22] relies on the absorption of electromagnetic energy, such as light, and 

subsequent emission of an acoustic wave. The pressure rise p  of the generated acoustic 

wave, when tissue is irradiated with a short laser pulse, thereby satisfying the temporal 

stress confinement, can be described by 
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Fp a ⋅⋅Γ= µ ,  
pC
c2⋅

=Γ
β ,           (5.1) 

where Γ  is the Grueneisen parameter, aµ  is the absorption coefficient, F  is the laser 

fluence, β  is the thermal coefficient of volume expansion, c  is the speed of sound, and 
pC  is the heat capacity at constant pressure [21, 23]. As evident from Eq. 5.1, the 

photoacoustic pressure amplitude is directly dependent on the dimensionless Grueneisen 

parameter. 

The volume expansion coefficient and the speed of sound are both temperature-

dependent and linearly proportional to the temperature for water-based and fatty tissues 

between 10−55°C [24-26]. Therefore, the Grueneisen parameter, and thus the 

photoacoustic signal, is directly related to temperature [27]. For example, the volume 

expansion coefficient of water changes from 0.2·10-3(K)-1 to 0.3·10-3(K)-1 while the speed 

of sound varies from 1481m/s to 1507m/s when the temperature increases from 20°C to 

30°C [25, 26]. Thus, for water, a 51% increase in photoacoustic signal amplitude occurs 

for a 10°C increase in temperature; almost a 5% per degree centigrade change in signal 

amplitude. A similar change in the photoacoustic signal is expected for tissue.. 

 Therefore, photoacoustic thermal imaging can be performed during therapy using 

the following relationship 

Γ
∆Γ

⋅=
∆

⋅=∆ a
p
paT ,            (5.2) 

where a  is a tissue dependent constant that can be experimentally determined, p∆  is the 

pressure rise when the temperature rises by T∆ , and ∆Γ  is the corresponding change in 

the Grueneisen parameter. Specifically, to measure the temperature, multiple 

photoacoustic frames have to be acquired during the therapy. The change in the 

normalized photoacoustic signal amplitude ( pp /∆ ) is then computed and converted to 

temperature change.  
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Gold nanoparticles are commonly used as photoabsorbers in experimental 

investigations of photothermal therapy [2, 3, 28]. Typically, nanosecond pulsed laser 

irradiation is used to produce photoacoustic transients. However, the laser pulses do not 

satisfy stress or thermal confinement principles in individual nanoparticles, because of 

the extremely small size of the photoabsorbers [29]. For example, in nanoscale particles, 

both acoustic and thermal relaxation times are on the order of several picoseconds long 

and are well below the typical laser pulse duration time of 5-10 ns. After photon 

absorption by the nanoparticle, a near instantaneous heat exchange occurs between the 

photoabsorber and the surrounding tissue [30, 31]. The photoabsorbers act as local heat 

sources with temperature rapidly decreasing away from the nanoparticles. Thermal 

expansion of the tissue, due to this additional temperature increase, generates a 

photoacoustic response that is greater than the response from the tissue without any 

additives [16]. 

The addition of photoabsorbers effectively enhances the local optical absorption 

coefficient. However, the speed of sound and the volume expansion coefficient of the 

surrounding bulk tissue (and, therefore, the Grueneisen parameter) are responsible for the 

thermally induced changes in the photoacoustic signal (Eqs. 5.1-5.2). Therefore, the 

temperature dependence of the photoacoustic signal will not change in the presence of 

photoabsorbers. 

5.3 MATERIALS AND METHODS 

5.3.1 Experimental setup 

An integrated imaging and therapy system was assembled to acquire 

photoacoustic and ultrasound frames during the photothermal therapy. The diagram of the 

experimental setup is presented in Fig. 5.1. A 38-mm aperture, 128 element linear array 
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transducer, with element spacing of about 300 µm, (SonixRP, Ultrasonix Medical 

Corporation, Canada) was used to capture ultrasound pulse-echo and photoacoustic 

transients. The signals were recorded using 40 MHz sampling rate. The nominal center 

frequency of the transducer in pulse-echo regime was 5 MHz. An OPO pulsed laser 

system (Vibrant B, Opotek Inc., USA) operating at an 800 nm wavelength, with a 5 ns 

pulse duration and a 10 Hz repetition rate - providing optical fluence up to 15 mJ/cm2 - 

was interfaced for photoacoustic imaging of tissue samples. An Nd:YAG pulsed laser 

(Polaris II, New Wave Research, Inc., USA) operating at a 532 nm wavelength, with a 

5 ns pulse duration and a 20 Hz repetition rate was used in the tissue-mimicking phantom 

experiments. The direction of the laser beam was orthogonal to the imaging plane as 

shown in Fig. 5.1. 
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Figure 5.1: Experimental setup for photoacoustic and ultrasound imaging during therapy. 

During the imaging, the sample was first irradiated using a pulsed laser, and the 

photoacoustic response was received on one element of the transducer array. The laser 

pulses were repeated until signals from each transducer element were collected. 

Immediately after the photoacoustic imaging, conventional pulse-echo ultrasound 

imaging was performed. The received photoacoustic and ultrasound signals were then 

used to reconstruct corresponding images using a delay-and-sum beamforming approach 
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[32]. Since both ultrasound and photoacoustic data were acquired by the same ultrasound 

transducer array, the reconstructed images were spatially co-registered. 

A continuous wave diode laser (HAM, Power Technology, Inc., USA) operating 

at 800 nm, with a maximum power of 1 W, was used as a light source for the 

photothermal therapy. During the four minute exposure, ultrasound and photoacoustic 

frames were recorded every 10 seconds. The captured data was stored offline for 

temperature processing. The experiments were performed at a room temperature of 25°C. 

5.3.2 Nanoparticle synthesis 

Gold nanoparticles of a 20 nm diameter were prepared from chloroauric acid by 

using sodium citrate as a reducing agent [33]. The extinction peak of the particles, 

determined by UV-Vis spectroscopy, was around 532 nm. For ex vivo tissue studies, 90 

nm diameter dextran–stabilized composite nanoparticles were designed to have a broad 

absorption, between 500 nm to 1000 nm wavelength [34]. To prepare the composite 

nanoparticles, iron oxide particles were first synthesized  by a coprecipitation of Fe2+ and 

Fe3+ ions in alkali conditions [35]. Gold shells were then coated on the iron oxide 

nanoparticles by reducing the chloroauric acid via iterative seeding and reduction 

methods [36, 37]. 

5.3.3 Sample preparation 

Two tissue-mimicking phantoms, measuring 50 mm by 50 mm by 50 mm (W x L 

x H), were prepared using polyvinyl alcohol (PVA). PVA has modest optical absorption, 

scatters light similar to tissues and has been used in constructing phantoms for optical 

imaging studies [38]. Additionally, PVA and tissue have a similar speed of sound [38]. 

To fabricate phantoms, an 8% aqueous PVA solution was poured into a mold and set to 

the desired shape by applying two freeze and thaw cycles [39]. Acoustic contrast was 
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obtained by adding 1.0% (by weight) silica particles of a 40 µm diameter to the PVA 

solution. Gold nanoparticles (0.096 mg Au/mL solution) were present in one phantom 

while the second phantom did not have any photoabsorbers added. 

Ex vivo tissue imaging and temperature monitoring studies were performed using 

a fresh porcine muscle specimen. The 30 mm by 30 mm by 15 mm samples were 

immersed in water for acoustic coupling between the ultrasound probe and the tissue. 

Twenty µL of composite nanoparticles (0.057 mg Au/mL solution) were injected using a 

23-gauge hypodermic needle, at depths of 8−16 mm from the tissue surface, under 

ultrasound guidance. The needle was inserted so that it was orthogonal to both the 

ultrasound imaging plane and the laser beam, thereby minimizing interference with the 

measurements. The injection lasted about 12 seconds long, after which imaging and/or 

therapy began immediately to prevent passive diffusion of the photoabsorbers in the 

tissue. 

5.3.4 Water bath experiments 

Prior to the remote measurements of the temperature, tissue phantoms and animal 

tissue samples were calibrated to establish the relationships between temperature and the 

relative change in photoacoustic signal amplitude or temperature and the relative time 

shift of ultrasound signals. The samples were immersed in a water tank capable of 

maintaining a user-defined constant temperature. A thermistor was inserted into the 

center of the sample to directly and independently measure the temperature. First, a 

baseline ultrasound and photoacoustic frames were acquired. The water tank temperature 

was then increased in 1°C increments from 25°C to 35°C. The system was allowed to 

reach equilibrium at each temperature, and photoacoustic and ultrasound frames were 

recorded. 
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The increase in the photoacoustic signal amplitude was calculated between 

successive photoacoustic frames. Before comparing the successive photoacoustic signals, 

the apparent time shift in the photoacoustic signal due to thermally induced speed of 

sound change was accounted for. A normalized change in the photoacoustic signal versus 

the temperature relationship was obtained for the sample. During therapy, the change in 

the signal amplitude was calculated between successive photoacoustic frames, and the 

temperature rise was computed from the measured photoacoustic signal amplitude-

temperature relationship. 

Apparent times shifts between successive ultrasound frames were calculated using 

a cross-correlation based, motion tracking algorithm [40].Normalized time shifts were 

then estimated by differentiating the time shifts along the temporal (i.e., axial) direction. 

Thus, a relationship between the normalized time shift and temperature was obtained for 

the sample. While performing the photothermal therapy procedure, the normalized time 

shift between successive ultrasound frames was estimated, and the previously measured 

time shift-temperature relationship was used to compute temperature. 

5.3.5 Image analysis 

Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) were used to 

quantify the quality of the photoacoustic and ultrasound thermal images. The SNR was 

calculated using the following expression: 

⎟
⎠
⎞

⎜
⎝
⎛⋅=

σ
µ

10log20SNR ,  (5.3) 

where µ  represents the mean value of the measured signal in a 1 mm by 1 mm region 

(i.e., either strain in the ultrasound image, or the normalized amplitude change in the 

photoacoustic image, respectively), and σ  represents the standard deviation of the 

corresponding signal. The CNR was estimated using   



 87

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+

−
⋅=

2/)(

)(
log20 10

outin

outinCNR
σσ

µµ , (5.4) 

where the numerator is the measure of the contrast in either the strain or the 

photoacoustic signals (in a 1 mm by 1 mm region inside the tumor, inµ  and in the 

background outµ ) while inσ  and outσ   denote the standard deviation in these regions (i.e., 

the average standard deviation).  

5.4 RESULTS 

5.4.1 Photoacoustic response to temperature increase  

Images in Fig. 5.2 show the ultrasound and photoacoustic images of the porcine 

tissue at the initial temperature of 25°C. During the measurements, the tissue sample was 

completely immersed in the water tank. Beamformed photoacoustic signals collected at 

different time/temperatures from the region, denoted by the arrows in Fig. 5.2b, are 

plotted in Fig. 5.2c. There is a steady monotonic increase in the photoacoustic signal 

intensity as the temperature increases. Overall, a 42% increase in photoacoustic signal 

intensity (Fig. 5.3) was observed for a 9°C change in temperature. 
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Figure 5.2: (a) Ultrasound and (b) photoacoustic image of a porcine muscle tissue 
covering a 15 mm by 15 mm field of view. (c) Successive beamformed 
photoacoustic A-lines plotted for increasing temperature demonstrated both 
amplitude increase and temporal shift. Note that the region between the 
arrows (Fig. 5.2b) is plotted covering a 10 mm axial distance. 
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Along with amplitude change, the photoacoustic signal (Fig. 5.2c) shifts and 

appears closer to the transducer as the temperature increases. This time shift is due to the 

thermally induced speed of sound change. The change in the speed of sound with 

temperature was used in the ultrasound-based thermal imaging, where the apparent time 

shifts of the ultrasound pulse-echo signals were measured to assess temperature. 

Compared to the normalized photoacoustic signal change, the measured normalized time 

shift (Fig. 5.3) in the ultrasound signals was less than 1% for the same temperature rise. 

Therefore, the photoacoustic thermal imaging has a greater change in the measured 

signal, when compared to the ultrasound imaging.  
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Figure 5.3: Comparison of photoacoustic signal increase and ultrasound normalized time 
shift for the same temperature rise. The error bars represent the standard 
deviations obtained from ten measurements. 

The SNR was calculated at each incremental temperature for both thermal images. 

The average SNR for the ultrasound-based strain images was 45.56 dB while the average 

for normalized photoacoustic images was 59.97 dB. The average standard deviation for 

the ultrasound signal change was 0.003%, which corresponds to a temperature resolution 
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of 0.05°C.  The average standard deviation for the photoacoustic signal change was 1%, 

which led to a temperature resolution of 0.16°C. However, temperature resolution of 

photoacoustic thermal imaging can be improved by monitoring the energy of each laser 

pulse. Indeed, the temperature resolution of the photoacoustic imaging was largely 

determined by the pulse-to-pulse stability of the laser source. Furthermore, temperature 

resolution can be increased by averaging several laser pulses. 
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Figure 5.4: (a) Photoacoustic signal change for a 9°C temperature increase in phantoms 
with and without photoabsorbing nanoparticles. (b) Photoacoustic signal 
change for a phantom at 532 nm and 1064 nm optical wavelengths. 

To examine the effect of the photoabsorbers on the temperature dependence of the 

photoacoustic amplitude, a water-bath experiment was performed on two similar PVA 

phantoms. The first phantom did not contain any nanoparticles and was used as a control 

while the second phantom had gold nanoparticles added. The photoacoustic imaging was 

performed at 532 nm to match the absorption resonance of the photoabsorber. The 

normalized change in the photoacoustic signal (Fig. 5.4a), for a 9°C increase in 

temperature, was nearly identical in both phantoms, demonstrating that gold 
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nanoparticles have no effect on the slope of the measured change in signal. However, the 

addition of photoabsorbers increases the measured photoacoustic signal as observed in 

the Chapter 3. Thus, as expected, the average SNR in the nanoparticle phantom, 

72.58 dB, was higher than the average SNR in the plain phantom, 49.01 dB. 

Finally, the effect of wavelength on the photoacoustic signal change for the same 

temperature increase was studied. Photoacoustic signal change obtained at two optical 

wavelengths of 532 nm and 1064 nm (Fig. 5.4b) was almost same for a 20°C rise in 

temperature. Therefore, the temperature dependence of photoacoustic signal is 

independent of wavelength.  

5.4.2 Temperature monitoring during laser heating 

Experimental photothermal therapy was carried out for four minutes on a fresh 

porcine muscle tissue to evaluate ultrasound and photoacoustic thermal imaging. The 

initial ultrasound and photoacoustic images are displayed in Figs. 5.5a-b, covering a 20 

mm by 20 mm region. The site of the photoabsorber injection is indicated by the dashed 

circle in the ultrasound image, which also corresponds to the location of the strong 

photoacoustic response. 

The normalized photoacoustic signal change and time shift maps obtained during 

the therapeutic procedure were converted to temperature maps using the relationship 

between the temperature and either the photoacoustic pressure, or the relative time shift 

(Fig. 5.3), respectively. Before estimating temperature, the time shift that occurs with the 

photoacoustic signals, due to speed of sound, was compensated for. The photoacoustic 

thermal images (Fig. 5.5c-e) and ultrasound thermal images (Fig. 5.5f-h), which were 

computed after 60, 120, 180 and 240 seconds of therapeutic laser radiation, show the 

progressive increase in temperature. After four minutes of therapy, the region with 

injected photoabsorbers reached a temperature elevation of slightly less than 10°C while 
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the surrounding region had a temperature rise of less than 2°C. The therapeutic region is 

spatially and temporally co-registered in both ultrasound and photoacoustic thermal 

images. 
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Figure 5.5: Initial ultrasound (a) and photoacoustic (b) images of porcine tissue. 
The injection site is marked by a dashed circle in the ultrasound 
image. Photoacoustic-based thermal images (c-e) and ultrasound-
based thermal images (f-h) after 60, 120 and 240 seconds of 
therapy. All images cover a 20 mm by 20 mm field of view. 
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The temperature elevation obtained, by the photoacoustic and ultrasound thermal 

imaging, was compared in a 1 mm by 1 mm region, approximately centered in the 

therapeutic zone. The temperature rise computed by both methods was highly correlated 

(Fig. 5.6a) throughout the procedure. The maximum temperature difference between the 

two imaging techniques was less than 0.5°C while the mean absolute temperature 

difference over the four minute procedure was 0.26°C. However, the photoacoustic 

thermal imaging had a higher CNR compared to the ultrasound imaging (Fig. 5.6b). The 

CNR for both techniques increased as the temperature increased. Indeed, a higher 

temperature at the therapy region leads to a greater photoacoustic signal as well as a 

higher normalized time shift. Overall, the results indicate temperature monitoring during 

an experimental photothermal therapy procedure can be performed by both photoacoustic 

and ultrasound thermal imaging simultaneously. 
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Figure 5.6: (a) Comparison of photoacoustic and ultrasound temperature measurements 
in a 1 mm by 1 mm region inside the therapy zone. (b) Contrast-to-noise 
ratio (CNR) measurements indicate that the CNR increases with 
temperature for both thermal imaging techniques. 
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5.5 DISCUSSION 

Photothermal therapy can be carried out on phantom tumors at a depth of a few 

centimeters by selecting laser irradiation in the NIR spectrum and appropriately matched 

photoabsorbers. When injected into the blood stream, nanoparticles smaller than 400 nm 

extravasate and accumulate in the tumor due to the enhanced permeability and retention 

effect [41, 42]. In addition, the nanoparticles can be bioconjugated with antibodies to 

make them tumor specific [43, 44]. However, therapy cannot commence until a sufficient 

concentration of photoabsorbers have accumulated in the tumor for efficient heat 

generation. Ultrasound imaging can be used to identify tissue inhomogeneities and 

abnormalities. The presence and location of the photoabsorbers was identified by 

performing photoacoustic imaging (Fig. 5.5a-b) before the therapeutic procedure. 

In the photoacoustic thermal imaging (Fig. 5.5c-f), performed on the porcine 

tissue during photothermal therapy, the measured temperature elevation was comparable 

with the estimates obtained from ultrasound-based methods (Fig. 5.6a). However, in the 

presence of the photoabsorbers, the photoacoustic thermal imaging has a higher CNR 

(Fig. 5.6b), when compared to ultrasound. 

Temperature distribution during the photothermal therapy is a result of both heat 

generation, due to the absorption of laser energy, and heat diffusion. Indeed, heat 

diffusion will result in a gradual temperature increase outside of the therapeutic zone 

[45]. Since photoacoustic imaging is performed using NIR wavelengths for deeper 

penetration, the photoacoustic response from the surrounding tissue without 

photoabsorbers may not have a sufficient SNR for reliable measurements of the 

temperature change. Therefore, a combination of the two thermal imaging techniques, 

ultrasound and photoacoustics, can be used to monitor the temperature, with a high SNR 

throughout the tissue, during the therapeutic procedure. Because photoacoustic imaging 
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has a higher sensitivity, it may be utilized in the photoabsorber-injected tumor while 

ultrasound imaging can be used in both the tumor and the surrounding healthy tissue, 

albeit with lower sensitivity. 

For remote temperature assessment, the phantoms and porcine tissue were 

calibrated prior to thermal imaging experiments (Fig. 5.3). Real time temperature 

mapping, using either ultrasound or photoacoustic imaging, will require tissue specific 

look-up tables to convert the temperature-induced change in signal, to the absolute 

temperature. In ultrasound thermal imaging, temperature may be measured using a 

generalized and known a priori tissue specific calibration [8]. Photoacoustic thermal 

imaging is based on temperature-induced changes in the speed of sound [24] and the 

volume expansion coefficient [25]. Thus, a similar database can be obtained to directly 

calculate the temperature from change of photoacoustic signal amplitude without a 

calibration procedure. 

The water-bath experiments were performed at temperatures within 25−35°C 

range. These curves, however, are valid at physiological temperatures, because the speed 

of sound and the volume expansion coefficient both nearly have a linear relationship with 

temperature at range of 10−55°C [24, 25]. Tumor damage by laser therapy typically 

commences at 41°C for a treatment time lasting tens of minutes, with higher temperatures 

leading to reduced treatment times [46]. For temperatures of 55°C and higher, the tissue 

state changes due to vascular stasis, protein denaturization, cellular coagulation and tissue 

necrosis [47]. Under such circumstances, temperature estimation may fail to provide 

accurate results. However, the breakdown of ultrasound or photoacoustic temperature 

monitoring may be used as an indication of thermal damage, and therefore, possibly 

confirm the success of treatment. 
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5.6 SUMMARY 

The results of this chapter suggest that photoacoustic imaging is a candidate 

approach to guide and monitor photothermal therapy. Photoacoustic signal from water-

based tissues and tissue-mimicking phantoms was shown to rise proportionally to a rise 

in temperature independent on the presence of nanoparticles and irrespective to 

wavelength used. Furthermore, ex vivo tissue studies indicate that photoacoustic and 

ultrasound thermal imaging can be used together to compute temperature change during 

photothermal therapy with high sensitivity and a SNR throughout the imaging volume. 
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SECTION 3:  IN-VIVO IMAGING 

Chapter 6: Ultrasound and Photoacoustic Imaging during 
Photothermal Therapy in Mice 

6.1 INTRODUCTION 

Ultrasound imaging can be used to guide photothermal therapy by visualizing the 

tissue anatomy [1, 2], differentiating the tissue composition [3, 4] and monitoring the rise 

in temperature during the laser heating [5, 6]. Photoacoustic imaging, on the other hand, 

can detect the presence of nanoparticles in tissue based on increased optical contrast [7-

10]. In addition, photoacoustic imaging can also be used to monitor temperature 

elevations during thermal therapy [9, 11, 12]. Finally, photoacoustic imaging can be 

easily integrated with ultrasound imaging to perform simultaneous functional and 

morphological imaging [13]. Overall, combined ultrasound and photoacoustic imaging 

have several advantages of being relatively inexpensive, noninvasive and providing 

instantaneous feedback. 

There are however, several challenges to perform in-vivo image guided 

photothermal therapy. The nanoparticles used for efficient heat generation must have 

their optical resonance in the near infrared spectrum and must be bio-conjugated. It is 

also essential to identify the presence of the nanoparticles in the tumor prior to initiating 

therapy. Finally, though ultrasound and photoacoustic imaging can be used to monitor 

temperature, they might be affected by tissue motion such as cardiac or respiratory 

motion.  

In this chapter, the feasibility of performing in-vivo ultrasound and photoacoustic 

imaging to guide nanoparticle-enhanced photothermal therapy is investigated. A 

continuous wave laser was used to carry out photothermal therapy on tumor bearing mice 
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injected with bio-compatible gold nanorods. A laboratory prototype was assembled to 

perform real time ultrasound and photoacoustic imaging during the therapeutic 

procedure. Results from mice illustrate the ability of the imaging system to detect the 

gold nanorods and monitor the temperature elevation during the therapy. 

6.2 MATERIALS AND METHODS 

6.2.1 Nanoparticle preparation 

Gold nanorods having an average size of 40 nm by 10 nm (Concurrent Analytical 

Inc., UT) were used in this study. The peak optical absorption of the gold nanorods, 

measured by UV-Vis spectroscopy, was 808 nm (Fig. 6.1). Thus, the near infrared 

spectrum is utilized for photothermal therapy and photoacoustic imaging [14]. 
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Figure 6.1: Extinction spectra of gold nanorods used in photothermal therapy study 
showing peak absorption near 808 nm wavelength. 

Gold nanorods were washed once via centrifugation and re-suspended in 

deionized water to remove excess CTAB [15]. They were then coated with poly(ethylene 

glycol) (PEG) by combining 10 µl of methoxy-PEG-thiol (mPEG-SH, 10-4M conc.) with 
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1ml nanorods (9x1011 nanorods/ml) in deionized water for 1 hr [15]. The nanorods were 

washed again to remove excess mPEG-SH and the particles were re-suspended at 10x 

concentration in PBS and stored at 4°C prior to animal studies. 

6.2.2 Tumor inoculation 

Therapy was performed on female NU/NU mice (5-6 weeks of age, 15-23 g, 

Charles Rivers Laboratories Inc., MA). First, the mice were subcutaneously inoculated 

with 1x106 (100-µl injection volume) A431 human epithelial carcinoma cells (American 

Type Culture Collection (ATCC), VA). When the tumors reached 6-8 mm in diameter 

(Fig. 6.2, typically 8-12 days post inoculation), the mice were selected for imaging and 

therapy.  

 

1 cm1 cm

 

Figure 6.2: Typical mice with 6-8 mm diameter tumor ready to nanoparticle injection and 
imaging.  
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6.2.3 Nanorod injection and photothermal therapy 

Experiments were performed under isoflurane gas anesthesia with a dose of 1% 

pure oxygen at a 1L/min flow rate. The body temperature of the animal was maintained at 

37°C using a heating pad. PEGylated gold nanorods (100-µl solution) were directly 

injected in the tumor. Ultrasound and photoacoustic imaging was performed before and 

after the injection of nanorods. One hour after the injection, therapy was carried out using 

a continuous wave laser (HAM, Power Technologies Inc., USA) operating at 808 nm 

with peak power of 1 W. During the three minute exposure, photoacoustic frames were 

recorded every 15 seconds. Immediately after therapy, the mice were sacrificed. The 

tumors were removed and fixed in formalin. The samples were stained with hematoxylin 

and eosin (H & E stain) along the laser exposure plane. In addition, silver staining was 

performed to identify the presence of nanorods. A separate set of mice were euthanized 

one hour after the injection of nanorods and therapy was then performed on dead mice. 

Ultrasound frames were captured every 15 seconds during the three minute continuous 

wave laser exposure and stored for offline processing. All the experimental procedures 

were approved by the Institutional Animal Care and Use Committee (IACUC) of the 

University of Texas at Austin. 

6.2.4 Imaging setup 

An imaging and therapy experimental system was assembled to acquire real time 

ultrasound and photoacoustic frames before and during the therapeutic procedure. The 

diagram of the experimental setup is presented in Fig. 6.3. 
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Figure 6.3: Experimental setup for ultrasound and photoacoustic imaging during 
photothermal therapy in mice. 

A 14-mm aperture, 128 element linear array transducer operating at 7.5 MHz 

center frequency in the pulse-echo regime was used to capture the ultrasound pulse-echo 

and photoacoustic transients. In addition, a 128 element linear array transducer operating 

at 10 MHz was used for ex-vivo ultrasound imaging. An OPO pulsed laser system 

(Vibrant B, Opotek Inc., USA) capable of operating at wavelengths between 680 – 900 

nm and providing optical fluence of up to 20 mJ/cm2 at 5 ns pulse duration was used for 

photoacoustic imaging. An optical fiber bundle consisting of 19 fibers of 0.6-mm 

diameter was used to deliver the laser light from the same plane as the acoustic pulses. 

Therefore, both ultrasound and photoacoustic images were inherently co-registered. 

The received ultrasound and photoacoustic signals were used to reconstruct 

corresponding images using a delay-and-sum beamforming approach [16]. Photoacoustic 

signal is directly related to temperature, typically the signal amplitude increases with 

temperature for water-based tissues [9, 11, 12]. During therapy, the change in the 

photoacoustic signal amplitude was calculated between successive photoacoustic frames 
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and temperature rise was computed from the previously measured normalized 

photoacoustic signal amplitude-temperature relationship [9, 12]. Ultrasound thermal 

imaging was performed by monitoring the temperature-induced time shifts in the 

received ultrasound RF echos and comparing against previously computed normalized 

time shift and temperature relationships [6]. 

6.3 RESULTS 

6.3.1 Nanoparticle detection 

The in-vivo ultrasound and photoacoustic images before and after the injection of 

gold nanorods are presented in Figs. 6.4a-g. All images represent a 10.5 mm by 20 mm 

field of view. The ultrasound images before (Fig. 6.4a) and after (Fig. 6.4d) injection 

shows the outline of the tumor. However, the injected nanorods are not visible on the 

ultrasound images. 

Pre-injection photoacoustic images at 700 nm (Fig. 6.4b) and 800 nm (Fig. 6.4c) 

optical wavelengths displays low photoacoustic contrast. Since imaging is done in the 

near infrared window, the signal from the tissue is relatively small. The post injection 

photoacoustic image captured at 800 nm (Fig. 6.4f) clearly shows the elevated signal due 

to the presence of the gold nanorods. Note, the post injection photoacoustic image at 700 

nm (Fig. 6.4e) has lower signal as the nanorods have their peak absorption around the 

808 nm wavelength. In addition, the overlaid ultrasound and photoacoustic image (Fig. 

6.4g) at 800 nm, displays the complementary characteristics of each imaging technique. 

The anatomical structure is displayed in ultrasound image while the optical contrast 

enhanced by the presence of the gold nanorods is illustrated in the photoacoustic image. 
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(f) 
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Figure 6.4: Pre-injection (a) ultrasound and photoacoustic images at (b) 700 nm and (c) 
800 nm. (d) Ultrasound and photoacoustic images at (e) 700 nm and (f) 800 
nm respectively after the injection of nanorods illustrating photoacoustic 
signal increase at 800 nm. (g) Combined ultrasound and photoacoustic post 
injection image at 800 nm. 

Multi-wavelength photoacoustic imaging was performed, before and after the 

nanorod injection, at wavelengths from 700 nm to 900 nm in 20 nm increments. The 

mean photoacoustic signal received from the tumor is plotted against wavelength in Fig. 

6.5. Note that, the signals have been normalized for laser energy variations at different 

wavelengths. Before injection, there is not much variation in the photoacoustic signal at 
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different wavelengths. However after nanorod injection, a sharp peak is observed. The 

signal is highest close to 800 nm while decreasing at other wavelengths. The computed 

absorption spectrum after injection closely matches with the absorption spectrum of the 

nanorods in the study (Fig. 6.1). Therefore, using multi-wavelength photoacoustic 

imaging we can confirm the presence of nanorods in the tumor.  
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Figure 6.5: Multi-wavelength photoacoustic imaging showing signal strength after 
injection is highest near 800 nm wavelength matching the nanorod 
absorption spectrum. 

6.3.2 Temperature monitoring 

Temperature monitoring was performed during the laser irradiation of nanorod 

injected tumors in three mice using photoacoustic thermal imaging. The representative 

ultrasound and computed thermal images computed after 60, 120 and 180 seconds are 

displayed in Figs. 6.6a-d representing a 10.5 mm by 20 mm field of view. The arrow in 

the ultrasound image in Fig. 6.6a shows the continuous wave laser irradiation direction. 
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Figure 6.6: (a) Ultrasound image of tumor under laser irradiation. Arrow represents the 
laser irradiation direction. (b-d) Computed thermal images after 60, 120 and 
180 seconds of therapy. 

The thermal images, displayed overlaid on the ultrasound image (Fig. 6.6b-d), 

show the gradual increase in temperature as the therapy time increases. The tumor region 

reached a temperature elevation of greater than 20°C after 3 minutes of therapy.  

The temperature rise in the tumor was further evaluated, spatially and temporally. 

Figure 6.7a shows the spatial temperature rise along the laser irradiation direction. A 

maximum temperature of close to 25°C is observed. Temperature elevations of up to 

10°C are seen at a depth of a 4 mm. Spatial-temporal temperature rise was also examined 

in a 2 mm by 2 mm region within the tumor, shown as a box in the ultrasound image 

(Fig. 6.7b). Mean temperature rises monotonically with time and reaches a maximum of 

over 20°C indicating thermal damage. Overall, therapy carried out on three mice tumors 

reached mean temperature elevations of 20.36 ± 1.5°C, 22.48 ± 1.2°C and 19.78 ± 0.72°C 

respectively. 
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Figure 6.7: (a) Temperature elevation along the laser irradiation direction indicated by the 
arrow in the ultrasound image. (b) Temperature elevation within a 2 mm by 2 
mm box in the tumor indicated by the box in the insert image. 

Histological evaluation was performed on the nanorod injected tumors after the 

laser therapy. Thermal damage markers such as coagulation and loss of birefringence 

were observed (Fig. 6.8a). In addition, silver enhancement staining identified the 

presence of gold nanorods in the same tumor slice (Fig. 6.8b). Since the nanorods were 

directly injected in the tumor region, they were present within the tumor and around it.  
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Figure 6.8: (a) H&E stain of the nanorod injected tumor slice after laser irradiation 
suggesting thermal damage. (b) Silver staining reveals the presence of the 
nanorods (black arrows) within the same plane. 

Ex-vivo therapy was performed on two tumors, one injected with gold nanorods 

and one without gold nanorods. The ultrasound and overlaid thermal maps are presented 

in Figs. 6.9a-d representing a 15 mm by 15 mm field of view. Ultrasound thermal 

imaging shows that as expected the nanorod injected tumor shows significant increase in 

temperature reaching over 25°C while the control tumor reaches a temperature elevation 

close to 10°C after 3 minutes of laser irradiation. Note, since laser irradiation was 

performed on ex-vivo tumors without blood perfusion, higher temperatures compared to 

in-vivo therapy are expected for the same concentration of nanorod injections. 
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Figure 6.9: Ultrasound images of (a) tumor injected with nanorods and (b) 
control tumor without nanorod injection. Arrow represents the 
laser irradiation direction. Thermal images overlaid on 
ultrasound images of (c) nanorod tumor and (d) control tumor. 
All images cover a 15 mm by 15 mm field of view. 

Temporal comparison of temperature elevation in the two tumors is shown in Fig. 

6.10. The average temperature in a 2 mm by 2 mm region within the nanorod injected 

tumor reaches close to 35°C while the control tumor temperature elevation is below 

10°C. The results illustrate that the temperature elevation is considerably enhanced due to 

the presence of nanorods reaching temperatures capable of thermal damage.  
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Figure 6.10: Temporal temperature increase comparison within a 2 mm by 2 mm region 
within the nanoparticle injected tumor and control tumor. 

6.4 DISCUSSION 

The ultrasound images (Figs. 6.4-6.6) were used to identify tissue 

inhomogeneities and provide anatomical information of the tumor. The boundaries of the 

tumor can be identified as the tumor itself was hypoechoic compared to the surrounding 

tissue. Complementary photoacoustic images (Fig. 6.4) illustrate the capability of 

identifying the presence and location of the injected gold nanorods before initiating 

photothermal therapy. In addition, multi-wavelength photoacoustic imaging (Fig. 6.4-6.5) 

can be used to further confirm the presence of nanoparticles in the target area. 

In the current setup, the nanorods were directly injected in the tumor and were not 

targeted to the cancer cells. In clinical settings, a more practical approach is preferable 

with nanorods bio-conjugated with tumor specific antibodies injected in the blood stream. 

For example, tail vein injections can be performed in mice [17]. In addition, the gold 

nanorods can be targeted to epidermal growth factor (EGFR) which is over expressed in 
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the A431 human epithelial cancer cell line used in this study for active accumulation in 

the tumor region [18]. 

Photoacoustic thermal imaging performed during the photothermal therapy (Figs. 

6.6-6.7) showed temperature increase greater than 20°C were achieved within three 

minutes of therapy. All tumors injected with the same amount of nanoparticles achieved 

comparable temperature elevations suggesting thermal damage. Histological evaluation 

of the tumor slice showed signs of thermal damage such as coagulation and loss of 

birefringence.  

However, photoacoustic imaging was performed at near infrared wavelengths 

where the tissue does not absorb significantly [14]. Therefore, the photoacoustic contrast 

from the tumor without nanoparticles injected was fairly low and insufficient for thermal 

imaging. Ex-vivo ultrasound thermal imaging was thus performed to evaluate non-

specific temperature increase in the absence of nanoparticles. The tumor with 

nanoparticles had three times higher temperature elevation as compared to the control 

tumor (Fig. 6.10) indicating the efficiency of nanorods for heat generation.  

6.5 SUMMARY 

The results of this chapter suggest that in-vivo ultrasound and photoacoustic 

imaging has the potential to guide nanoparticle enhanced photothermal therapy. 

Ultrasound and photoacoustic imaging identified the tumor boundaries and the presence 

of nanoparticles in the tumor before therapy. Furthermore, both ex-vivo and in-vivo 

studies indicate ultrasound and photoacoustic imaging can be used to compute 

temperature estimates during photothermal therapy. 
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Chapter 7:  Conclusions and Future Work 

7.1 MOTIVATION  

Nanoparticle-enhanced photothermal therapy is an alternative to surgery for 

cancer treatment. Radiant energy, typically from a near infrared laser source [1], is 

absorbed and converted to heat leading to tumor destruction in photothermal therapy [2-

4]. Bio-conjugated metal nanoparticles are employed as photoabsorbers to increase the 

absorption coefficient of cancerous tissue compared to the surrounding healthy tissue [4, 

5]. Therefore, efficient heating can be achieved in a localized region making 

photothermal therapy tumor specific as well as noninvasive.  

Prior to photothermal therapy. the tumor size and anatomical location needs to be 

identified to select appropriate laser parameters such as exposure time and wavelength. 

Photoabsorbers when injected in the blood stream will gradually accumulate in the tumor 

[6, 7]. The rise in temperature during therapy depends on the absorption of light by the 

photoabsorbers and subsequent conversion and transfer of thermal energy to surrounding 

cancer cells. Therefore, it is important to identify the accumulation of nanoparticles in the 

tumor before initiating laser therapy. The heat generated in the tumor will be spatially 

redistributed in the surrounding healthy tissue due to diffusion [8]. In addition, the 

incident laser energy will heat the surrounding tissue, especially in the near field. 

Therefore, it is also essential to monitor the temperature elevation during photothermal 

therapy in real time. Finally, the treatment outcome needs to be monitored over time to 

verify complete tumor destruction and to check for possible resurgence. Thus a need is 

recognized for an imaging technique to plan, guide and monitor photothermal therapy.  

Ultrasound imaging has been utilized for visualizing tissue structures and 

identifying cancerous tissue [9, 10]. The temperature-dependent speed of sound 
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variations in tissues can be used to differentiate between water-based and lipid-based 

tissue [11, 12]. Thus, ultrasound imaging can potentially be used for tissue 

characterization. In addition, it is possible to perform temperature monitoring using 

ultrasound imaging by computing the thermally-induced motion of speckle in successive 

ultrasound frames [13-16]. Finally, ultrasound-based elasticity imaging can monitor the 

therapy outcome [14, 17]. 

Photoacoustic imaging, on the other hand, can identify the cancerous tissue due to 

inherent optical contrast between the tumor and surrounding tissue [18]. Additionally, the 

nanoparticles used during photothermal therapy enhance the photoacoustic contrast in the 

tissue [19]. Thus, photoacoustic imaging can identify the presence and spatial location of 

the nanoparticles [20, 21]. Temperature monitoring can also be performed by monitoring 

the amplitude changes in the photoacoustic signals [22, 23]. Overall, ultrasound and 

photoacoustic imaging seem naturally suited to execute image-guided photothermal 

therapy.   

Commercial ultrasound systems can be integrated with pulsed lasers to form a 

combined ultrasound and photoacoustic imaging system [24]. The same array transducer 

can be thus utilized to generate ultrasound pulse-echo signals and to receive 

photoacoustic transients [25]. Therefore, the overall goal of this dissertation is to develop 

a combined ultrasound and photoacoustic imaging system to perform image-guided 

therapy. 

7.2 SUMMARY 

The investigation of utilizing ultrasound and photoacoustic imaging to assist 

photothermal therapy was performed in several logically sequential studies.  

Initially, an ultrasound-based imaging technique was developed to differentiate 

between water-based and lipid-based tissue (Chapter 2). The studies were performed on 
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porcine skin with subcutaneous fat and using a high frequency (10 MHz) ultrasound 

transducer and a continuous wave laser as a source of radiant energy. Ultrasound imaging 

was used to demarcate the dermal-fat boundary in the ex-vivo tissue under sub-damage 

laser exposure, thus identifying tissue composition.  

Next, a combined ultrasound and photoacoustic imaging system was designed for 

nanoparticle detection (Chapter 3). A pulsed laser was used for photoacoustic imaging 

while a linear array transducer captured ultrasound pulse-echo as well as photoacoustic 

transients. Ex-vivo tissue experiments showed that the contrast in the photoacoustic 

images was significantly enhanced when optical absorbers were added. Multi-wavelength 

photoacoustic images were further used to confirm the presence of photoabsorbers in 

tissue. Overall, the combined ultrasound and photoacoustic images showed synergistic 

functionality with photoacoustic imaging showing the presence of nanoparticles while 

ultrasound imaging providing structural context.  

   Temperature monitoring algorithms were then developed using ultrasound 

imaging (Chapter 4). Apparent time shifts in ultrasound RF signals were measured and 

used to compute temperature. Resolution and accuracy of the temperature monitoring 

technique was performed using water-bath experiments. Ultrasound thermal imaging was 

employed to monitor the temperature elevation during laser therapy of tissue mimicking 

phantoms and ex-vivo tissue injected with nanoparticles. Spatial and temporal 

temperature monitoring showed localized temperature increase in target region with 

significantly lower temperature rise elsewhere.  

Photoacoustic imaging was also investigated to estimate temperature elevation 

during laser therapy (Chapter 5). The photoacoustic signal amplitude was shown to 

increase almost linearly with temperature. In addition, in the presence of nanoparticles, 
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photoacoustic thermal imaging had higher signal-to-noise ratio (SNR) and sensitivity 

compared to ultrasound-based methods.  

Photothermal therapy was carried out on ex-vivo tissue samples injected with 

composite gold nanoparticles (Chapter 5). Combined ultrasound and photacoustic 

imaging first identified the spatial location of nanoparticles in tissue. Thermal imaging in 

the target region by both ultrasound and photoacoustic techniques showed similar 

temperature profiles. A temperature monitoring algorithm was proposed – using 

photoacoustic imaging in nanoparticle enhanced regions due to high SNR while 

ultrasound imaging used everywhere where photoacoustic imaging has poor contrast. 

The ex-vivo tissue studies were followed by animal studies on tumor bearing nude 

mice (Chapter 6). Gold nanorods were directly injected into the tumor prior to performing 

photothermal therapy. In-vivo ultrasound and multi-wavelength photoacoustic imaging 

performed before and after the injection showed the presence of nanoparticles in the 

tumor which was later confirmed by silver staining of tissue slices. Photoacoustic thermal 

imaging performed on three separate mice showed significant temperature elevations 

within the tumor in response to laser irradiation suggesting thermal damage. Histological 

assessment of the tumor showed signs of tumor necrosis. Finally, ex-vivo ultrasound-

based temperature monitoring was performed to evaluate the temperature elevation in 

nanorod injected tumor and control tumor. The nanorod injected tumor had three times 

higher temperature rise as compared to the control tumor.  

Overall, the results show that ultrasound and photoacoustic imaging have the 

potential to identify tissue composition prior to therapy, detect the nanoparticles 

accumulation in the tumor and finally monitor temperature elevation during therapy.  
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7.3 LIMITATIONS 

7.3.1 Motion compensation 

In animal or human clinical studies, tissue motion due to respiration or cardiac 

cycle during the therapy will influence the temperature monitoring. Ultrasound thermal 

imaging will be affected primarily as the tissue motion such as bulk translation or rotation 

of tissue appears as time shifts on the ultrasound signals. For example, the translation 

movement of a mouse during a photothermal therapy experiment is plotted in Fig. 7.1.  
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Figure 7.1: Axial motion in an ultrasound RF line from a mouse due to breathing and 
cardiac motion. 

Such motion led to significant errors in the temperature measurement as the 

motion was on the same scale as the axial kernel employed to calculate the displacement. 

Typically, the kernel size is selected as a trade-off between SNR and spatial resolution 

with a larger kernel having better SNR while a smaller kernel is needed for better spatial 

resolution [26]. Therefore, ex-vivo ultrasound thermal imaging was performed during 

mice studies, instead of in-vivo thermal imaging. Interestingly, MR thermal imaging also 
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suffers from tissue motion [27, 28]. Photoacoustic thermal imaging, which depends on 

amplitude shift rather than time shifts, is not significantly affected by tissue motion.  

One method to reduce the effect of tissue motion is to trigger data capture based 

on physiological motion. For example, an electrocardiogram (ECG) can be utilized as a 

external trigger, and imaging frames can be collected at the same point in the cardiac 

cycle to minimize motion artifacts [29]. Another alternative might be to use a two step 

motion tracking algorithm. In the first step, a larger kernel could be employed to first 

identify and then compensate for the tissue motion-induced time shifts. After the global 

motion is compensated, a second smaller kernel can be used to estimate the temperature-

induced time shifts. 

7.3.2 Homogeneity of signal change and temperature relationships 

Prior to photothermal therapy procedure, water-bath experiment were performed 

to identify the normalize time-shift (in ultrasound) or amplitude shift (in photoacoustic) 

relationship to temperature rise for ultrasound or photoacoustic thermal imaging 

respectively. In tissue mimicking phantoms or ex-vivo tissue sample, such experiments 

are trivial to perform though spatial invariance must be assumed. However, for in-vivo 

experiments especially in several tissues or different animals, calibrating the temperature 

response may be difficult.  

Recent investigations of ultrasound thermal imaging have shown small variations 

(less than 22%) between apparent time shift vs. temperature relationship between a 

particular organ from a particular species [30]. In addition, the photoacoustic signal 

change with temperature for three separate porcine tissue samples showed that the 

photoacoustic signal variation between different samples was less than 15% for the same 

temperature rise (Fig. 7.2). Therefore, it might be possible to use an average value for a 
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particular organ to convert the ultrasound time shift or photoacoustic signal change to 

temperature though further studies are required to establish the relationship. 
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Figure 7.2: Photoacoustic signal change and temperature relationship for three different 
porcine liver samples. 

7.3.3 Real time dosimetry control 

According to the Arrhenius damage coefficient analysis, thermal damage depends 

on the temperature attained and the exposure time [31]. However in the current setup, the 

ultrasound and photoacoustic frames were captured during laser therapy and stored for 

off-line processing. Temperature estimates were then computed by comparing successive 

ultrasound or photoacoustic frames. Therefore, the temperature elevations obtained could 

not be utilized as a feedback mechanism to control the laser dosimetry.  

In order to achieve real time temperature monitoring, faster implementation of the 

temperature estimation algorithms needs to be developed. For example, efficient block 

matching algorithms have been employed for real time ultrasound-based elasticity 

imaging and could be readily modified for ultrasound thermal imaging [32-34]. Then, the 
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temperature estimates can be used to update the therapy delivery parameters, thus 

providing real time feedback. 

7.4 FUTURE DIRECTIONS 

7.4.1 Ultrasound guidance for laser-fat removal 

A continuous wave laser operating at 1210 nm wavelength can be used for fat 

removal through the overlying skin [35]. Ultrasound imaging has the potential to guide 

laser-fat therapy by identifying the dermal-fat junction and monitoring the rise in 

temperature.  

For the same increase in temperature, the speed of sound for water-based tissues 

increases, while that for lipid-based tissues decreases. This principle was utilized to 

differentiate between the dermis and subcutaneous fat in porcine tissues (Chapter 2). 

Laser irradiation was carried out on two separate porcine skin samples. Ultrasound-based 

thermal imaging (Fig. 7.3a-b) showed that the first sample reached a temperature 

elevation of greater than 25°C within the fatty region, while the other sample had 

significantly lower temperature elevation.  Histological assessment of the sample having 

higher temperature increase (Fig. 7.3c) showed thermal damage signs with epithelial cells 

of the glandular ducts being shrunken and hyperchromatic while the surrounding 

fibroadipose tissue was torn and fragmented. The other sample having a lower 

temperature rise showed negligible thermal damage to the adipose tissue layer (Fig. 

7.3d).  
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Figure 7.3: Combined ultrasound and thermal images showing temperature increase of (a) 
greater than 25°C and (b) less than 15°C in porcine tissue specimen. (c) The 
adipose tissue of specimen shown in Fig. 7.3a is torn (arrows) and 
fragmented associated with subcutaneous defects. (d) Specimen in Fig. 7.3b 
shows normal glandular ducts surrounded by compressed fat cells (arrows). 
[H&E stains]  

Ultrasound imaging can provide real time feedback during the therapeutic 

procedure. In addition, ultrasound thermal imaging can also be utilized to monitor 

temperature elevation in the dermis and trigger a periodic burst of cryogen spray cooling, 

thereby protecting the dermal layers from thermal damage [36].  

7.4.2 Photoacoustic imaging for tissue differentiation 

Along with ultrasound imaging, photoacoustic imaging also has the potential to 

identify tissue composition based on amplitude changes in the photoacoustic signal in 

response to a small increase in temperature. The photoacoustic signal depends on 
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Grueneisen parameter which is directly proportional of the speed of sound and volume 

expansion coefficients (Eq. 5.1).  

The Grueneisen parameter, and therefore the photoacoustic signal, is directly 

related to temperature (Eq. 5.2). For example, the change in the speed of sound is 1.83 

m/(°C·s) for bovine liver and -7.4 m/(°C·s) for bovine fat, compared to 2.6m/(°C·s) for 

water [37]. Furthermore, water bearing tissues have a volume expansion coefficient in the 

range of 0.26·10-3(K)-1 to 0.37·10-3(K)-1 while lipid bearing tissues have a volume 

expansion coefficient in the range of -0.87·10-3(K)-1 to -1.76·10-3(K)-1 [38]. Note that the 

opposite signs of the speed of sound and the thermal expansion coefficient will lead to a 

positive and negative change in the photoacoustic signal, allowing for an easy 

differentiation between the water-based and fatty tissues. 

Photoacoustic signal change for a 16°C increase in temperature is plotted in Fig. 

7.4 for a porcine fatty tissue sample. The photoacoustic signal is monotonically 

decreasing with a rise in temperature. This is in contrast with photoacoustic signal 

increasing in other water-based tissue samples as illustrated in Figs. 7.2 and 5.3.  
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Figure 7.4: Photoacoustic signal response to a temperature increase in a porcine fatty 
tissue sample.  
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This technique could be used to detect and characterize the lipid content in 

arteries using intravascular photoacoustic (IVPA) imaging and a small rise in the arterial 

temperature. Lipid content and distribution is an important parameter in determining 

vulnerable plaque [39]. Furthermore, this technique can be used in conjunction with 

spectroscopic IVPA imaging to further characterize the plaque content [40]. 

7.4.3 In-vivo studies 

Although the preliminary in-vivo studies suggest that the combined ultrasound 

and photoacoustic imaging system can be used to guide photothermal therapy, long term 

and more detailed in-vivo studies are needed. Some of the important testing parameters 

include sensitivity of the system to detect small concentration of nanoparticles, efficacy 

of conjugation protocols and temperatures needed to ensure thermal damage.  

Two different tumor models can be employed in these studies, one over-

expressing EGFR (e.g. A431 human epithelial cancer cell line) while another not 

expressing EGFR (e.g. MDA-MB-435 breast cancer cell line). Different concentrations 

of targeted nanoparticles can be injected via the tail vein. Therefore, the photoacoustic 

contrast at the tumor site will illustrate the minimum concentration of nanoparticles 

needed for efficient detection. In addition, the time dependence of the signal, i.e. the bio-

distribution, can be monitored. Finally, the signal contrast between the two tumor sites 

will also determine the binding efficiency.  

The temperature rise obtained in each tumor and the corresponding thermal 

damage observed in the histological slices will help determine the concentration of 

nanoparticles needed for efficient heat generation and the temperature rise needed for 

complete tumor destruction. 
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7.4.4 Thermal damage assessment 

The elastic properties of healthy tissue, cancerous tissue and thermally damaged 

tissue are vastly different [17, 41]. Therefore, ultrasound-based elasticity imaging which 

employs the differences in tissue hardness for image contrast can be used to assess 

treatment efficiency.  

A PVA phantom having a harder inclusion within a softer homogenous 

background material is displayed in Fig. 7.5 in an 18 mm by 20 mm field of view. The 

inclusion, simulating a tumor, has more ultrasound scatterers compared to the 

background and, therefore, appears brighter in the grayscale ultrasound image (Fig. 7.5a). 

The circular shape, i.e. the structure, is visible in the image. Additionally, the harder 

inclusion is visible in the strain image (Fig. 7.5b) since the harder inclusion is less 

deformed compared to the surrounding material.  
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Figure 7.5: (a) Ultrasound image of PVA phantom with an inclusion. (b) Harder inclusion 
has lower strain as seen in the strain image. All images cover a 18 mm by 20 
mm region. 

As therapy progresses, elasticity imaging can be performed at regular interval to 

monitor the progression of tumor necrosis [17]. In addition, elasticity imaging can also be 
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employed for long-term monitoring to ensure complete tumor destruction and check for 

potential resurgence. Furthermore, the combined ultrasound and photoacoustic imaging 

system can be easily used for elasticity imaging to evaluate anatomical, functional and 

mechanical properties of the tumor [14, 15, 23, 42, 43]. 

7.5 CONCLUSION 

A combined ultrasound and photoacoustic imaging system was proposed to plan, 

guide and monitor photothermal therapy of cancer. In this study, laser therapy 

experiments were carried out in tissue-mimicking phantons, ex-vivo tissue and in-vivo 

mice. Ultrasound imaging was first used to image tissue structure and identify tissue 

composition. Photoacoustic imaging, performed in conjunction with ultrasound imaging, 

detected the presence and location of nanoparticles. Finally, temperature monitoring was 

performed during photothermal therapy by both imaging techniques. Quantitative 

analysis showed that both, ultrasound and photoacooustic imaging, can be used for 

temperature monitoring with photoacoustic imaging having higher signal-to-noise ratio in 

the presence of exogenous optical absorbers, while ultrasound preferable elsewhere.  

Further in-vivo studies are required to establish the requirements for photothermal 

therapy such as the concentration of nanoparticles and temperature elevation needed for 

tumor necrosis. In addition, real time treatment monitoring can be performed by using 

ultrasound-based elasticity imaging for thermal damage assessment. Overall, the 

combined imaging system has the potential to perform image-guided therapy.    

7.6 REFERECES 

[1] R. Weissleder, "A clearer vision for in vivo imaging," Nature Biotechnology, vol. 
19, pp. 316-7, 2001. 

[2] W. R. Chen, R. L. Adams, S. Heaton, D. T. Dickey, K. E. Bartels, and R. E. 
Nordquist, "Chromophore-enhanced laser-tumor tissue photothermal interaction 
using an 808-nm diode laser," Cancer Letters, vol. 88, pp. 15-9, 1995. 



 129

[3] L. R. Hirsch, R. J. Stafford, J. A. Bankson, S. R. Sershen, B. Rivera, R. E. Price, 
J. D. Hazle, N. J. Halas, and J. L. West, "Nanoshell-mediated near-infrared 
thermal therapy of tumors under magnetic resonance guidance," Proceedings Of 
The National Academy Of Sciences Of The United States Of America, vol. 100, 
pp. 13549-54, 2003. 

[4] X. Huang, I. H. El-Sayed, W. Qian, and M. A. El-Sayed, "Cancer cell imaging 
and photothermal therapy in the near-infrared region by using gold nanorods," 
Journal Of The American Chemical Society, vol. 128, pp. 2115-20, 2006. 

[5] C. Loo, A. Lin, L. Hirsch, M. H. Lee, J. Barton, N. Halas, J. West, and R. Drezek, 
"Nanoshell-enabled photonics-based imaging and therapy of cancer," Technology 
In Cancer Research & Treatment, vol. 3, pp. 33-40, 2004. 

[6] S. K. Hobbs, W. L. Monsky, F. Yuan, W. G. Roberts, L. Griffith, V. P. Torchilin, 
and R. K. Jain, "Regulation of transport pathways in tumor vessels: Role of tumor 
type and microenvironment," Proceedings Of The National Academy Of Sciences 
Of The United States Of America, vol. 95, pp. 4607-12, 1998. 

[7] R.-L. Hong, C.-J. Huang, Y.-L. Tseng, V. F. Pang, S.-T. Chen, J.-J. Liu, and F.-H. 
Chang, "Direct comparison of liposomal doxorubicin with or without 
polyethylene glycol coating in c-26 tumor-bearing mice: Is surface coating with 
polyethylene glycol beneficial?," Clinical Cancer Research, vol. 5, pp. 3645-3652, 
1999. 

[8] J. J. Crochet, S. C. Gnyawali, Y. Chen, E. C. Lemley, L. V. Wang, and W. R. 
Chen, "Temperature distribution in selective laser-tissue interaction," Journal of 
Biomedical Optics, vol. 11, pp. 34031, 2006. 

[9] B. Y. Karlan and L. D. Platt, "Ovarian cancer screening. The role of ultrasound in 
early detection.," Cancer, vol. 76, pp. 2011-5, 1995. 

[10] W. Teh and A. R. M. Wilson, "The role of ultrasound in breast cancer screening. 
A consensus statement by the european group for breast cancer screening," 
European Journal of Cancer, vol. 34, pp. 449-450, 1998. 

[11] F. R. Pereira, J. C. Machado, and F. S. Foster, "Ultrasound characterization of 
coronary artery wall in vitro using temperature-dependent wave speed," IEEE 
Transactions on Ultrasonics, Ferroelectrics and Frequency Control, vol. 50, pp. 
1474-1485, 2003. 

[12] Y. Shi, R. S. Witte, S. M. Milas, J. H. Neiss, X. C. Chen, C. A. Cain, and M. 
O'Donnell, "Ultrasonic thermal imaging of microwave absorption," Proceeding of 
the 2003 IEEE Ultrasonics Symposium, vol. 1, pp. 224-227 2003. 



 130

[13] R. Seip, P. VanBaren, C. Simon, and E. S. Ebbini, "Non-invasive spatio-temporal 
temperature estimation using diagnostic ultrasound," Ultrasonics Symposium, 
1995. Proceedings., 1995 IEEE, vol. 2, pp. 1613-1616, 1995. 

[14] J. Shah, S. R. Aglyamov, K. Sokolov, T. E. Milner, and S. Y. Emelianov, 
"Ultrasound-based thermal and elasticity imaging to assist photothermal cancer 
therapy - preliminary study," Proceeding of the 2006 IEEE Ultrasonics 
Symposium, pp. 1029-1032, 2006. 

[15] J. Shah, S. R. Aglyamov, K. Sokolov, T. E. Milner, and S. Y. Emelianov, 
"Ultrasound imaging to monitor photothermal therapy – feasibility study," Optics 
Express, vol. 16, pp. 3776-3785, 2008. 

[16] T. Varghese, J. A. Zagzebski, Q. Chen, U. Techavipoo, G. Frank, C. Johnson, A. 
Wright, and F. T. Lee, Jr., "Ultrasound monitoring of temperature change during 
radiofrequency ablation: Preliminary in-vivo results," Ultrasound in Medicine and 
Biology, vol. 28, pp. 321-9, 2002. 

[17] T. Varghese, J. A. Zagzebski, and F. T. Lee, Jr., "Elastographic imaging of 
thermal lesions in the liver in vivo following radiofrequency ablation: Preliminary 
results," Ultrasound in Medicine and Biology, vol. 28, pp. 1467-73, 2002. 

[18] A. A. Oraevsky, V. A. Andreev, A. A. Karabutov, D. R. Fleming, Z. Gatalica, H. 
Singh, and R. O. Esenaliev, "Laser optoacoustic imaging of the breast: Detection 
of cancer angiogenesis," presented at Society of Photo-Optical Instrumentation 
Engineers (SPIE) Conference, San Jose, CA, 1999. 

[19] S. Link and M. A. El-Sayed, "Spectral properties and relaxation dynamics of 
surface plasmon electronic oscillations in gold and silver nanodots and nanorods," 
J. Phys. Chem. B, vol. 103, pp. 8410-8426, 1999. 

[20] J. A. Copland, M. Eghtedari, V. L. Popov, N. Kotov, N. Mamedova, M. 
Motamedi, and A. A. Oraevsky, "Bioconjugated gold nanoparticles as a molecular 
based contrast agent: Implications for imaging of deep tumors using optoacoustic 
tomography," Molecular Imaging and Biology: MIB: The Official Publication of 
the Academy of Molecular Imaging, vol. 6, pp. 341-9, 2004. 

[21] Y. Wang, X. Xie, X. Wang, G. Ku, K. L. Gill, D. P. O'Neal, G. Stoica, and L. V. 
Wang, "Photoacoustic tomography of a nanoshell contrast agent in the in vivo rat 
brain," Nano Letters, vol. 4, pp. 1689-1692, 2004. 

[22] I. V. Larina, K. V. Larin, and R. O. Esenaliev, "Real-time optoacoustic 
monitoring of temperature in tissues," Journal of Physics D:Applied Phystics, vol. 
38, pp. 2633-2639, 2005. 



 131

[23] J. Shah, S. Park, S. Aglyamov, T. Larson, L. Ma, K. Sokolov, K. Johnston, T. 
Milner, and S. Emelianov, "Photoacoustic imaging and temperature measurement 
for photothermal therapy," Journal of Biomedical Optics, vol. 13, pp. 034024, 
2008. 

[24] S. Y. Emelianov, S. R. Aglyamov, A. B. Karpiouk, S. Mallidi, S. Park, S. 
Sethuraman, J. Shah, R. W. Smalling, J. M. Rubin, and W. G. Scott, "Synergy and 
applications of combined ultrasound, elasticity, and photoacoustic imaging," 
Ultrasonics Symposium, 1995. Proceedings., 1995 IEEE, pp. 405-415, 2006. 

[25] S. Park, S. Mallidi, A. B. Karpiouk, S. Aglyamov, and S. Y. Emelianov, 
"Photoacoustic imaging using array transducer," Proc. SPIE, vol. 6437, pp. 
643714, 2007. 

[26] S. Srinivasan, R. Righetti, and J. Ophir, "Trade-offs between the axial resolution 
and the signal-to-noise ratio in elastography," Ultrasound in Medicine and 
Biology, vol. 29, pp. 847-866, 2003. 

[27] Y. Ishihara, A. Calderon, H. Watanabe, K. Okamoto, Y. Suzuki, K. Kuroda, and 
Y. Suzuki, "A precise and fast temperature mapping using water proton chemical 
shift," Magnetic Resonance in Medicine, vol. 34, pp. 814-23, 1995. 

[28] B. Quesson, J. A. de Zwart, and C. T. Moonen, "Magnetic resonance temperature 
imaging for guidance of thermotherapy," Journal of Magnetic Resonance 
Imaging, vol. 12, pp. 525-33, 2000. 

[29] C. Simon, P. D. VanBaren, and E. S. Ebbini, "Motion compensation algorithm for 
noninvasive two-dimensional temperature estimation using diagnostic pulse-echo 
ultrasound," SPIE- Surgical Applications of Energy, vol. 3249, pp. 182-192, 
1998. 

[30] N. R. Miller and J. C. Bamber, "Ultrasonic measurement of the temperature 
distribution due to absorption of diagnostic ultrasound: Potential and limitations," 
Journal of Physics: Conference Series vol. 1, pp. 128-133, 2004. 

[31] J. Pearce and S. Thomsen, "Rate process analysis of thermal damage," in Optical-
thermal response of laser-irradiated tissue, A. J. Welch and M. J. v. Gemert, Eds. 
New York: Plenum Press, 1995. 

[32] R. F. Havre, E. Elde, O. H. Gilja, S. Odegaard, G. E. Eide, K. Matre, and L. B. 
Nesje, "Freehand real-time elastography: Impact of scanning parameters on image 
quality and in vitro intra- and interobserver validations," Ultrasound in Medicine 
and Biology, 2008. 



 132

[33] J. Jiang and T. J. Hall, "A parallelizable real-time motion tracking algorithm with 
applications to ultrasonic strain imaging," Physics in Medicine and Biology, vol. 
52, pp. 3773-90, 2007. 

[34] Y. Zhu and T. J. Hall, "A modified block matching method for real-time freehand 
strain imaging," Ultrasonic Imaging, vol. 24, pp. 161-76, 2002. 

[35] R. R. Anderson, W. Farinelli, H. Laubach, D. Manstein, A. N. Yaroslavsky, J. G. 
III, K. Jordan, G. R. Neil, M. Shinn, W. Chandler, G. P. Williams, S. V. Benson, 
D. R. Douglas, and H. F. Dylla, "Selective photothermolysis of lipid-rich tissues: 
A free electron laser study," Lasers in Surgery and Medicine, vol. 38, pp. 913-
919, 2006. 

[36] T. J. Pfefer, D. J. Smithies, T. E. Milner, M. J. C. v. Gemert, J. S. Nelson, and A. 
J. Welch, "Bioheat transfer analysis of cryogen spray cooling during laser 
treatment of port wine stains," Lasers in Surgery and Medicine, vol. 26, pp. 145-
157, 2000. 

[37] J. C. Bamber and C. R. Hill, "Ultrasonic attenuation and propagation speed in 
mammalian tissues as a function of temperature," Ultrasound in Medicine and 
Biology, vol. 5, pp. 149-157, 1979. 

[38] F. A. Duck, Physical properties of tissue: Academic, New York, 1990. 

[39] R. Ross, "Atherosclerosis--an inflammatory disease," N Engl J Med, vol. 340, pp. 
115-26, 1999. 

[40] S. Sethuraman, J. H. Amirian, S. H. Litovsky, R. W. Smalling, and S. Y. 
Emelianov, "Spectroscopic intravascular photoacoustic imaging to differentiate 
atherosclerotic plaques," Opt Express, vol. 16, pp. 3362-7, 2008. 

[41] A. Sarvazyan, "Mechanical imaging: A new technology for medical diagnostics," 
International Journal of Medical Informatics, vol. 49, pp. 195-216, 1998. 

[42] S. Y. Emelianov, S. R. Aglyamov, A. B. Karpiouk, S. Mallidi, S. Park, S. 
Sethuraman, J. Shah, R. W. Smalling, J. M. Rubin, and W. G. Scott, "Synergy and 
applications of combined ultrasound, elasticity, and photoacoustic imaging," 
presented at Ultrasonics Symposium, 1995. Proceedings., 1995 IEEE, Vancouver, 
Canada, 2006. 

[43] J. Shah, S. Park, S. Aglyamov, T. Larson, L. Ma, K. Sokolov, K. Johnston, T. 
Milner, and S. Emelianov, "Photoacoustic and ultrasound imaging to guide 
photothermal therapy: Ex-vivo study," Proc. SPIE, vol. 6856, pp. 68560U, 2008. 



 133

Bibliography 

 

"Optical Absorption Spectra." http://omlc.ogi.edu/spectra/index.html. 
  
(2000). "American National Standard for Safe Use of Lasers." Laser Institute of America; 
ANSI Z136.1. 
  
(2008). "American Cancer Society ". 
  
Altshuler, G. B., R. R. Anderson, et al. (2001). "Extended theory of selective 
photothermolysis." Lasers in Surgery and Medicine 29(5): 416-432. 
  
Anderson, R. R., W. Farinelli, et al. (2006). "Selective photothermolysis of lipid-rich 
tissues: A free electron laser study." Lasers in Surgery and Medicine 38(10): 913-919. 
  
Arthur, R. M., W. L. Straube, et al. (2003). "Noninvasive temperature estimation based 
on the enery of backscattered ultrasound." Medical Physics 30(6): 1021-1029. 
  
Bamber, J. C. and C. R. Hill (1979). "Ultrasonic attenuation and propagation speed in 
mammalian tissues as a function of temperature." Ultrasound in Medicine and Biology 5: 
149-157. 
  
Chen, W. R., R. L. Adams, et al. (1995). "Chromophore-enhanced laser-tumor tissue 
photothermal interaction using an 808-nm diode laser." Cancer Letters 88(1): 15-9. 
  
Copland, J. A., M. Eghtedari, et al. (2004). "Bioconjugated gold nanoparticles as a 
molecular based contrast agent: implications for imaging of deep tumors using 
optoacoustic tomography." Molecular Imaging and Biology: MIB: The Official 
Publication of the Academy of Molecular Imaging 6(5): 341-9. 
  
Crochet, J. J., S. C. Gnyawali, et al. (2006). "Temperature distribution in selective laser-
tissue interaction." Journal of Biomedical Optics 11(3): 34031. 
  
Dolmans, D. E., D. Fukumura, et al. (2003). "Photodynamic therapy for cancer." Nature 
Reviews Cancer 3(5): 380-7. 
  
Duck, F. A. (1990). Physical properties of tissue, Academic, New York. 
  
Egerev, S. V. and A. A. Oraevskv (2006). "Nonlinear optothermoacoustic phenomena in 
highly diluted suspensions of gold nanoparticles." Journal of Physics IV France 137: 273-
281. 



 134

  
Egerev, S. V., O. B. Ovchinnikov, et al. (2005). "Pulsed optoacoustic interaction in 
suspension of gold nanoparticles: detection sensitivity based on laser-induced 
nanobubbles." SPIE Photons Plus Ultrasound: Imaging and Sensing 5697: 73-81. 
  
Emelianov, S. Y., S. R. Aglyamov, et al. (2006). "Synergy and applications of combined 
ultrasound, elasticity, and photoacoustic imaging." IEEE Ultrasonics Symposium: 405-
415. 
  
Esenaliev, R. O., A. A. Karabutov, et al. (1999). "Sensitivity of laser opto-acoustic 
imaging in detection of small deeply embedded tumors." IEEE Journal of Selected Topics 
in Quantum Electronics 5(4): 981-988. 
  
Falk, M. H. and R. D. Issels (2001). "Hyperthermia in oncology." International Journal of 
Hyperthermia 17(1): 1-18. 
  
Frens, G. (1973). "Controlled Nucleation for the Regulation of the Particle Size in 
Monodisperse Gold Suspensions." Nature Physical Science 241: 20-22. 
  
Gao, L., K. J. Parker, et al. (1996). "Imaging of the elastic properties of tissue-a review." 
Ultrasound in Medicine and Biology 22(8): 959-77. 
  
Goldberg, S. N., G. S. Gazelle, et al. (2000). "Thermal Ablation Therapy for Focal 
Malignancy: A Unified Approach to Underlying Principles, Techniques, and Diagnostic 
Imaging Guidance." American Journal of Roentgenology 174(2): 323-331. 
  
Gref, R., A. Domb, et al. (1995). "The controlled intravenous delivery of drugs using 
PEG-coated sterically stabilized nanospheres." Long-circulating Drug Delivery Systems 
16(2-3): 215-233. 
  
Hassan, C. M. and N. A. Peppas (2000). "Structure and applications of poly(vinyl 
alcohol) hydrogels produced by conventional crosslinking or by freezing/thawing 
methods." Advances in Polymer Science 153: 37-65. 
  
Havre, R. F., E. Elde, et al. (2008). "Freehand Real-Time Elastography: Impact of 
Scanning Parameters on Image Quality and In Vitro Intra- and Interobserver 
Validations." Ultrasound in Medicine and Biology. 
  
Hirsch, L. R., R. J. Stafford, et al. (2003). "Nanoshell-mediated near-infrared thermal 
therapy of tumors under magnetic resonance guidance." Proceedings Of The National 
Academy Of Sciences Of The United States Of America 100(23): 13549-54. 
  
Hobbs, S. K., W. L. Monsky, et al. (1998). "Regulation of transport pathways in tumor 
vessels: role of tumor type and microenvironment." Proceedings Of The National 
Academy Of Sciences Of The United States Of America 95(8): 4607-12. 



 135

  
Hong, R.-L., C.-J. Huang, et al. (1999). "Direct Comparison of Liposomal Doxorubicin 
with or without Polyethylene Glycol Coating in C-26 Tumor-bearing Mice: Is Surface 
Coating with Polyethylene Glycol Beneficial?" Clinical Cancer Research 5(11): 3645-
3652. 
  
Huang, X., I. H. El-Sayed, et al. (2006). "Cancer cell imaging and photothermal therapy 
in the near-infrared region by using gold nanorods." Journal Of The American Chemical 
Society 128(6): 2115-20. 
  
Huttmann, G. and R. Birngruber (1999). "On the possibility of high-precision 
photothermal microeffects and the measurement of fast thermal denaturation of proteins." 
IEEE Journal of Selected Topics in Quantum Electronics 5(4): 954-962. 
  
Illouz, Y. G. (1990). "Study of subcutaneous fat." Aesthetic Plastic Surgery 14(1): 165-
177. 
  
Ishihara, Y., A. Calderon, et al. (1995). "A precise and fast temperature mapping using 
water proton chemical shift." Magnetic Resonance in Medicine 34(6): 814-23. 
  
Jacques, S. L. (1992). "Laser-tissue interactions: photochemical, photothermal, and 
photomechanical." Surgical Clinics 72: 531-558. 
  
Ji, X., R. Shao, et al. (2007). "Bifunctional Gold Nanoshells with a Superparamagnetic 
Iron Oxide-Silica Core Suitable for Both MR Imaging and Photothermal Therapy." 
Journal of Physical Chemistry C 111(17): 6245-6251. 
  
Jiang, J. and T. J. Hall (2007). "A parallelizable real-time motion tracking algorithm with 
applications to ultrasonic strain imaging." Physics in Medicine and Biology 52(13): 
3773-90. 
  
Karlan, B. Y. and L. D. Platt (1995). "Ovarian cancer screening. The role of ultrasound in 
early detection." Cancer 76: 2011-5. 
  
Kharine, A., S. Manohar, et al. (2003). "Poly(vinyl alcohol) gels for use as tissue 
phantoms in photoacoustic mammography." Physics in Medicine and Biology 48: 357-
70. 
  
Kikoin, I. K. (1974). Handbook of chemistry and physics, CRC Press, Cleveland, Ohio. 
  
Kohrmann, K. U., M. S. M. J. G. E. Marlinghaus, et al. (2002). "High intensity focused 
ultrasound as noninvasive therapy for multilocal renal cell carcinoma: case study and 
review of the literature." Journal of Urology 167(6): 2397-403. 
  



 136

Kong, G., R. D. Braun, et al. (2000). "Hyperthermia enables tumor-specific nanoparticle 
delivery: effect of particle size." Cancer Research 60(16): 4440-5. 
  
Kruger, R. A., P. Liu, et al. (1995). "Photoacoustic ultrasound (PAUS)-reconstruction 
tomography." Medical Physics 22(10): 1605-9. 
  
Kruger, R. A., D. R. Reinecke, et al. (1999). "Thermoacoustic computed tomography-
technical considerations." Medical Physics 26(9): 1832-1837. 
  
Ku, G. and L. V. Wang (2005). "Deeply penetrating photoacoustic tomography in 
biological tissues enhanced with an optical contrast agent." Optics Letters 30: 507-509. 
  
Larina, I. V., K. V. Larin, et al. (2005). "Real-time optoacoustic monitoring of 
temperature in tissues." Journal of Physics D:Applied Phystics 38: 2633-2639. 
  
Link, S. and M. A. El-Sayed (1999). "Spectral Properties and Relaxation Dynamics of 
Surface Plasmon Electronic Oscillations in Gold and Silver Nanodots and Nanorods." 
Journal of Physical Chemistry B 103(40): 8410-8426. 
  
Loo, C., A. Lin, et al. (2004). "Nanoshell-enabled photonics-based imaging and therapy 
of cancer." Technology In Cancer Research & Treatment 3(1): 33-40. 
  
Loo, C., A. Lowery, et al. (2005). "Immunotargeted nanoshells for integrated cancer 
imaging and therapy." Nano Letters 5(4): 709-11. 
  
Lu, Y., G. L. Liu, et al. (2005). "Nanophotonic crescent moon structures with sharp edge 
for ultrasensitive biomolecular detection by local electromagnetic field enhancement 
effect." Nano Letters 5(1): 119-24. 
  
Lubinski, M. A., S. Y. Emelianov, et al. (1999). "Speckle tracking methods for ultrasonic 
elasticity imaging using short-time correlation." IEEE Transactions on Ultrasonics, 
Ferroelectrics and Frequency Control 46(1): 82-96. 
  
Lyon, J. L., D. A. Fleming, et al. (2004). "Synthesis of Fe Oxide Core/Au Shell 
Nanoparticles by Iterative Hydroxylamine Seeding." Nano Letters 4(4): 719-723. 
  
Maass-Moreno, R. and C. A. Damianou (1996). "Noninvasive temperature estimation in 
tissue via ultrasound echo-shifts. Part I. Analytical model." The Journal of the Acoustical 
Society of America 100(4 Pt 1): 2514-21. 
  
Maass-Moreno, R., C. A. Damianou, et al. (1996). "Noninvasive temperature estimation 
in tissue via ultrasound echo-shifts. Part II. In vitro study." The Journal of the Acoustical 
Society of America 100(4 Pt 1): 2522-30. 
  



 137

Mallidi, S., T. Larson, et al. (2007). "Molecular specific optoacoustic imaging with 
plasmonic nanoparticles." Optics Express 15: 6583-6588. 
  
Meaney, P. M., K. D. Paulsen, et al. (1993). Microwave thermal imaging using a hybrid 
element method with a dual mesh scheme for reduced computation time. Engineering in 
Medicine and Biology Society, 1993. Proceedings of the 15th Annual International 
Conference of the IEEE. 
  
Miller, N. R. and J. C. Bamber (2004). "Ultrasonic measurement of the temperature 
distribution due to absorption of diagnostic ultrasound: potential and limitations." Journal 
of Physics: Conference Series 1: 128-133. 
  
Miller, N. R., J. C. Bamber, et al. (2004). "Imaging of temperature-induced echo strain: 
preliminary in vitro study to assess feasibility for guiding focused ultrasound surgery." 
Ultrasound in Medicine and Biology 30(3): 345-56. 
  
Mirza, A. N., B. D. Fornage, et al. (2001). "Radiofrequency ablation of solid tumors." 
The Cancer Journal 7(2): 95-102. 
  
Moskowitz, M. J., K. D. Paulsen, et al. (1994). "Temperature field estimation using 
electrical impedance profiling methods. II. Experimental system description and phantom 
results." International Journal of Hyperthermia 10(2): 229-45. 
  
Oldenburg, S. J., R. D. Averitt, et al. (1998). "Nanoengineering of optical resonances." 
Chemical Physics Letters 288(2-4): 243-247. 
  
Ophir, J., S. K. Alam, et al. (1999). "Elastography: ultrasonic estimation and imaging of 
the elastic properties of tissues." Proceedings of the Institution of Mechanical Engineers 
[H] 213(3): 203-33. 
  
Oraevsky, A. A., V. A. Andreev, et al. (1999). Laser optoacoustic imaging of the breast: 
detection of cancer angiogenesis. Society of Photo-Optical Instrumentation Engineers 
(SPIE) Conference, San Jose, CA. 
  
Oraevsky, A. A., S. L. Jacques, et al. (1993). Determination of tissue optical properties 
by time-resolved detection of laser-induced stress waves. Society of Photo-Optical 
Instrumentation Engineers (SPIE) Conference, San Jose, CA. 
  
Oraevsky, A. A. and A. A. Karabutov (2003). Optoacoustic Tomography, CRC Press. 
  
Park, S., S. Mallidi, et al. (2007). "Photoacoustic imaging using array transducer." Proc. 
SPIE 6437: 643714. 
  



 138

Park, S., J. Shah, et al. (2006). "System for ultrasonic, photoacoustic, and elasticity 
imaging." SPIE Medical Imaging Symposium: Ultrasonic Imaging and Signal Processing 
6147. 
  
Paulsen, K. D., M. J. Moskowitz, et al. (1994). "Temperature field estimation using 
electrical impedance profiling methods. I. Reconstruction algorithm and simulated 
results." International Journal of Hyperthermia 10(2): 209-28. 
  
Pearce, J. and S. Thomsen (1995). Rate process analysis of thermal damage. Optical-
thermal response of laser-irradiated tissue. A. J. Welch and M. J. v. Gemert. New York, 
Plenum Press. 
  
Pereira, F. R., J. C. Machado, et al. (2003). "Ultrasound characterization of coronary 
artery wall in vitro using temperature-dependent wave speed." IEEE Transactions on 
Ultrasonics, Ferroelectrics and Frequency Control 50(11): 1474-1485. 
  
Quesson, B., J. A. de Zwart, et al. (2000). "Magnetic resonance temperature imaging for 
guidance of thermotherapy." Journal of Magnetic Resonance Imaging 12(4): 525-33. 
  
Sarvazyan, A. (1998). "Mechanical imaging: a new technology for medical diagnostics." 
International Journal of Medical Informatics 49(2): 195-216. 
  
Seip, R. and E. S. Ebbini (1995). Non-invasive monitoring of ultrasound phased array 
hyperthermia and surgery treatments. IEEE 17th Annual Conference on Engineering in 
Medicine and Biology Society. 
  
Seip, R. and E. S. Ebbini (1995). "Noninvasive estimation of tissue temperature response 
to heating fields using diagnostic ultrasound." IEEE Transactions on Biomedical 
Engineering 42(8): 828-839. 
  
Seip, R., P. VanBaren, et al. (1995). "Non-invasive spatio-temporal temperature 
estimation using diagnostic ultrasound." IEEE Ultrasonics Symposium 2: 1613-1616. 
  
Seki, T., M. Wakabayashi, et al. (1999). "Percutaneous microwave coagulation therapy 
for patients with small hepatocellular carcinoma: comparison with percutaneous ethanol 
injection therapy." Cancer 85(8): 1694-702. 
  
Shah, J., S. R. Aglyamov, et al. (2006). "Ultrasound-based thermal and elasticity imaging 
to assist photothermal cancer therapy - Preliminary study." Proceeding of the 2006 IEEE 
Ultrasonics Symposium: 1029-1032. 
  
Shah, J., S. R. Aglyamov, et al. (2008). "Ultrasound imaging to monitor photothermal 
therapy – Feasibility study." Optics Express 16(6): 3776-3785. 
  



 139

Shah, J., S. Park, et al. (2008). "Photoacoustic and ultrasound imaging to guide 
photothermal therapy: ex-vivo study." Proc. SPIE 6856: 68560U. 
  
Shah, J., S. Park, et al. (2008). "Photoacoustic imaging and temperature measurement for 
photothermal therapy." Journal of Biomedical Optics 13(3): 034024. 
  
Shen, T., R. Weissleder, et al. (1993). "Monocrystalline iron oxide nanocompounds 
(MION): physicochemical properties." Magnetic Resonance in Medicine 29(5): 599-604. 
  
Shi, Y., R. S. Witte, et al. (2003). "Ultrasonic thermal imaging of microwave absorption." 
Proceeding of the 2003 IEEE Ultrasonics Symposium 1: 224-227  
  
Sigrist, M. W. (1986). "Laser generation of acoustic waves in liquids and gases." Journal 
of Applied Physics 60(7): R83-R122. 
  
Simon, C., P. VanBaren, et al. (1997). Quantitative analysis and applications of non-
invasive temperature estimation using diagnostic ultrasound. Ultrasonics Symposium, 
1997. Proceedings., 1997 IEEE. 
  
Simon, C., P. D. VanBaren, et al. (1998). "Motion compensation algorithm for 
noninvasive two-dimensional temperature estimation using diagnostic pulse-echo 
ultrasound." SPIE- Surgical Applications of Energy 3249: 182-192. 
  
Skovoroda, A. R., S. Y. Emelianov, et al. (1995). "Tissue elasticity reconstruction based 
on ultrasonic displacement and strain images." IEEE Trans on Ultrasonics, Ferroelectrics 
and Frequency Control 42(4): 747-765. 
  
Smith, R. W., B. Leppard, et al. (1995). "Chrysiasis revisited: a clinical and pathological 
study." British journal of dermatology 133(5): 671-8. 
  
Sokolov, K., J. Aaron, et al. (2003). "Optical systems for in vivo molecular imaging of 
cancer." Technology in Cancer Research and Treatment 2(6): 491-504. 
  
Sokolov, K., M. Follen, et al. (2003). "Real-time vital optical imaging of precancer using 
anti-epidermal growth factor receptor antibodies conjugated to gold nanoparticles." 
Cancer Research 63(9): 1999-2004. 
  
Srinivasan, S., R. Righetti, et al. (2003). "Trade-offs between the axial resolution and the 
signal-to-noise ratio in elastography." Ultrasound in Medicine and Biology 29(6): 847-
866. 
  
Svaasand, L. O., C. J. Gomer, et al. (1990). "On the physical rationale of laser induced 
hyperthermia." Lasers in Medical Science 6(2): 121-128. 
  



 140

Teh, W. and A. R. M. Wilson (1998). "The role of ultrasound in breast cancer screening. 
A consensus statement by the European Group for breast cancer screening." European 
Journal of Cancer  34(4): 449-450. 
  
Thomsen, S. (1991). "Pathologic analysis of photothermal and photomechanical effects 
of laser-tissue interactions." Photochemistry and Photobiology 53(6): 825-35. 
  
Varghese, T., J. A. Zagzebski, et al. (2002). "Ultrasound monitoring of temperature 
change during radiofrequency ablation: preliminary in-vivo results." Ultrasound in 
Medicine and Biology 28(3): 321-9. 
  
Varghese, T., J. A. Zagzebski, et al. (2002). "Elastographic imaging of thermal lesions in 
the liver in vivo following radiofrequency ablation: preliminary results." Ultrasound in 
Medicine and Biology 28(11-12): 1467-73. 
  
Wang, X., Y. Xu, et al. (2002). "Photoacoustic tomography of biological tissues with 
high cross-section resolution: reconstruction and experiment." Medical Physics 29(12): 
2799-805. 
  
Wang, Y., X. Xie, et al. (2004). "Photoacoustic tomography of a nanoshell contrast agent 
in the in vivo rat brain." Nano Letters 4(9): 1689-1692. 
  
Weissleder, R. (2001). "A clearer vision for in vivo imaging." Nature Biotechnology 
19(4): 316-7. 
  
Zemp, R. J., R. Bitton, et al. (2007). "Photoacoustic imaging of the microvasculature with 
a high-frequency ultrasound array transducer." Journal of Biomedical Optics 12(1): 
010501. 
  
Zhu, Y. and T. J. Hall (2002). "A modified block matching method for real-time freehand 
strain imaging." Ultrasonic Imaging 24(3): 161-76. 
  
 
 

 



 141

Vita 

 

Jignesh Shah was born in Mumbai, India on October 28, 1979, the son of Mukesh 

M Shah and Mrudula M Shah. He obtained his Secondary School Certificate from the 

Utpal Sanghvi School, Mumbai, India in June 1995 and the Higher Secondary School 

Certificate from Mithibai Science College, Mumbai, India from May 1997. Following 

this, he obtained a Bachelors Degree in Biomedical Engineering from D.J. Sanghvi 

College of Engineering, Mumbai, India. From there, Jignesh received a Master degree in 

Biomedical Engineering from the University of Texas at Austin in 2003. 

For his doctoral studies, Jignesh concentrated on utilizing combined ultrasound 

and photoacoustic imaging to assist photothermal cancer therapy. The results of his work 

were presented at 8 international conferences. He wrote 3 first author publications and 

was a contributor to a few other articles. He was a recipient of Outstanding Teaching 

Assistant Award from the Biomedical Engineering Department in 2004, 5th place winner 

at the I2P competition at University of Texas at Austin in 2005 and 1st place winner at 

Interdisciplinary Perspectives: A Graduate Student Research Showcase at University of 

Texas at Austin in 2008.  

 

 

Permanent address: 12/177 Azad Nagar, Andheri (W) 

   Mumbai – 400053, India 

This dissertation was typed by Jignesh Mukesh Shah. 

 


