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Biomedical Applications of Photoacoustics for Thermal Therapy

Robin Castelino, Master of Applied Science, 2008

Department of Electrical and Computer Engineering, Ryerson University

Abstract

This work demonstrates the feasibility of Photoacoustic tomography (PAT) and
real-time photoacoustic (PA) monitoring using a single transducer prototype system to
detect and/or monitor tumour growth using low absorbing targets embedded in turbid
phantom and thermal lesions in tissue. A single transducer PA prototype system is built
utilizing a laser system producing light in the near infra-red while ultrasonic transducers
detects the PA pressure waves generated. The ability to image tissue using PAT is
initially demonstrated using gelatin phantoms with targets of similar optical properties to
native and coagulated prostate tissue. Next, lesions in bovine muscle tissue and bovine
liver are also imaged demonstrating the effectiveness of PAT to detect lesions during
thermal therapy (TT). Selective imaging is shown by varying the optical wavelength to
preferentially absorb light and target specific structures which in turn produce high
contrast after image reconstruction. Finally, the capability of using PA to monitor TT is
explored by measuring the changes in the optical and mechanical properties of tissue
equivalent albumen phantoms as a function of thermal dose on PA signals, thereby

demonstrating the real time capability of this modality to monitor TT.
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1 Introduction

1.1 Overview

The photoacoustic (PA) effect refers to the generation of acoustic waves by the
absorption of electromagnetic (EM) radiation. This effect has been known since the
discovery by Bell et al. on the effect of sunlight on a selenium cells [1]. Not until the
advent of lasers was it feasible to efficiently generate acoustic waves in biological media
[2] however since then, much theoretical and experimental work on photoacoustics for
biological imaging has been conducted [2-8].

There currently are two modes to create a PA effect. A frequency domain (FD)
method where the excitation source is by a continuous wave (CW) laser [9] and a pulsed
method, introduced in the late 1970% [2], whereby the deposition of energy is by a pulsed
laser. When a light source irradiates an absorbing medium, the absorbed energy is
converted into heat by a photothermal interaction. This thermal expansion induces
pressure transients which propagate through a medium giving rise to pressure waves
typically with frequencies from 50kHz to 5MHz, depending on the size of the absorbing
structures [10]. To effectively produce the photoacoustic effect, the condition of
temporal confinement must be satisfied where the optical pulse duration must be shorter
than the time required for the deposited energy to propagate away acoustically and
thermally [2]. By its dual nature, PA imaging overcomes the poor resolution due to light
scattering associated with pure optical imaging and the poor tissue contrast associated

with ultrasound imaging [3].



The work presented in this thesis provides background on PA generation,
detection and image reconstruction using only the pulsed PA method. The long term goal

of the work is to use PA imaging to succeSsﬁilly guide and monitor thermal therapy (TT).

1.2 Optical Properties

There are two optical windows that allow light to penetrate relatively deep into
biological tissues. They are between 600 — 1300 nm and 1600 — 1850 nm, the visible to
near infra-red (NIR) and the mid infra-red, respectively. The former is of more interest
because of the high contrast of blood and also since many laser sources are available in
this range.

Optical properties in a turbid medium, such as tissue, are described by the
absorption coefficient u, v[cm'l], the scattering coefficient u; [cm™] and the index of
refraction n. Molecules that absorb photons such as hemoglobin and melanin are called
chromophores. Differences in chromophore concentrations within tissues cause tissue-
specific absorption coefficients values which are typically in the range of ~0.1cm™ to ~
10 cm™ in the visible to NIR window [11]. Figure 1-1 shows the optical absorption in
several biological tissues in as a function of wavelength [12].

The scattering of photons is caused by microscopic changes in the tissue
refractive index. This effects the spatial distribution of the photons through the medium
[13] and is expressed as the scattering coefficient, u, [cm™], which is related to
probability of the number of scattering events per unit distance in a medium. The

anisotropy factor, g, describes the directional probability of scattering. It ranges from -1
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Figure 1-1: Absorption coefficients of several biological tissues at typical laser wavelengths [12]

to 1 where g = 1 describes total forward scattering, g = -1 indicates total backward
scattering and g = 0 implies scattering about the backward and forward direction. The

reduced or effective scattering coefficient u;’ [cm™'] incorporates both u; and g and is

defined by:

He=p,(1-8) (1.1)

In tissue, u; is typically ~100 cm ! to ~250 cm ™! and g ~ 0.9 in the visible to near-IR
region [11]. A notable characteristic in tissue is its strong scattering as compared to
absorption. When scattering is much greater than absorption, as in tissue, the effective

attenuation coefficient ,ueﬁf[cm'l] can be defined by:

ll'leﬁr = V 3/'la (/ua + /";) (1 '2)



This becomes a useful parameter as 1t descrlbes the effective penetration depth, d, which
is the rec1procal of [11 14]. The effectlve attenuation shows that in turbid media
light penetration is dependent not only on absorption but also on scattering too. Tissue
optical absorption and scattering is wavelength dependent which makes the penetration
depth in tissues a function of wavelength. Within the visible and NIR region photons
penetrat:lon in t1ssue can be up to several centimeters [1 1, 13].

Flgure 1-2 shows Monte Carlo simulations of the behaviour of light in media with
different optical properties. Light is focused downwards and is positioned so that it is
incident on the surface of an infinitely long media. Figure 1-2(a) shows photon paths for
a medium with low absorption and low scattering. As shown, the photon path is straight
and the propagation of light deep as compared to Figure 1-2(b) where the photons are
more highly absorbed and with low scattering causing only a small amount of photons to
travel far from the point where they entered into the medium. However, due to the low
scattering the photons that do travel further follow a straight path. Figure 1-2(c)
illustrates an example of low absorption and high scattering. In this simulation, photons
are not highly absorbed and therefore can travel significantly more. Due to the high
scattering their path is very spread laterally out in all directions. The medium in Figure
1-2(d) is highly scattering, such that photons are quickly absorbed due to the nature of the
medium and this prevents them from traveling far from the plane of incidence. It is
apparent from these simulations that in the presence of high scattering, as in tissue,
penetration depth will be limited. The anisotropy factor for all simulations is 0.9 and to
increase readability, all photons traveling backwards past the past the plane of incidence

are ignored.
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c) d)

Figure 1-2: Monte Carlo simulation depicting the effect of optical absorption and scattering of light
propagation in a medium. The images show the paths of individual photons traveling in a medium
with: (a) low absorption and low scattering, (b) high absorption and low scattering, (c) low
absorption and high scattering and (d) high absorption and high scattering

The PA pressure transients generated during PA imaging are proportional to the
number of photons absorbed. Therefore, if the medium has a higher absorption
coefficient a PA pressure wave with greater amplitude will result. Also, since tissue is
highly scattering it can significantly effect the optical distribution of photons resulting

within the medium thus affecting generation of PA waves.

1.3 Acoustic Properties

Acoustic properties of tissue influence how an acoustic wave travels once it is

generated and also determines the characteristics of the wave in the medium. Speed of



sound, c, is the acoustic velocity in a medium. At 20°C, the speed of sound in water is
1480m/s while the mean speed of sound in soft tissue at 37°C is ¢ = 1540m/s [15].

Sound propagation is dependant on acoustic scattering, refraction and attenuation.
As waves propagate from one medium to another a portion of the energy is reflected
which is determined by the acoustic impedance difference between two media. If two
media have different speed of sounds, refraction will be experienced by the propagating
wave, in a way similar to optical refraction.

The dominant loss mechanism of sound energy in tissues is attenuation which is
primarily due to acoustic absorption which is dependent on frequency and temperature [15-
17].  Attenuation is proportional to frequency and so with increased frequency the
distance traveled by an acoustic wave before most of its energy is lost, is greatly lowered
[18]. Losses also occur when the acoustic waves are scattered due to small size particles within
a medium but, as opposed to light propagation, this effect is not as dominant. The mean
ultrasound attenuation in soft tissue is ~0.6 dB cm™ MHz ! and at 3MHz the effective
penetration depth is ~150mm [16, 17].

Low frequency ultrasound (<10MHz) typically has low scattering and can travel
larger distances without being attenuated, however it is associated with longer
wavelengths, thus limiting the size of objects that can be resolved. In comparison, high
frequency ultrasound provides better resolution at the cost of greater attenuation and is
limited to surface applications. PA imaging can be used with both high frequency and low
frequency transducers to detect the pressure transients. The application determines the
choice of transducer and it is left to the designer to optimally balance resolution with

imaging depth. However, in PA imaging the acoustic wave travels only once between the



target and the detector, as opposed to ultrasound imaging (in pulse-receive mode) where

the distance is twice

1.4 Safety

Exposure to EM radiation must be controlled for safety reasons. The safety

limiting parameter is called the maximum permissible exposure (MPE) and is defined as

the amount of EM radiation to which tissue may be exposed without hazardous effects or

biological changes. The American National Standard (Z136.1-2000) tabulates the MPE

for specific laser wavelengths from 180nm — Imm and for different exposure durations

[19]. MPE levels are a function of optical wavelength, exposure time and pulse repetition

frequency and are expressed in terms of radiant exposure (J/cmz) or irradiance (W/cmz).

The general rule of thumb is the longer the wavelength, the higher the MPE; and the

longer the exposure time, the lower the MPE.

For exposure to a laser beam in the visible and NIR wavelength region (4 =

400nm — 1400nm)

MPE =

L

200c, ™ 105 <T <30000s
cm
1.1C,1°% _,/_2 107s<T <10s
cm
200c, ™ 10%s<T<107s
cm

where T is the exposure duration and where

(1.3)



1.0 400nm < A < 700nm
C, =410**7  700nm < A <1050nm (1.4)
5.0 1050nm < A <1400nm

Therefore, a CW laser source at 650nm will have a MPE of 20~'mW/cm2 compared to a
single pulse with duration of 10ns which will have a MPE of 200 mJ/cm?.
To calculate the MPE due to repetitive-pulse laser the pulse repetition frequency
(PRF), the duration of any pulse groups, 7, and the duration of a complete exposure, Zjqx,
must be known in addition to the wavelength and the single pulse length. Using the
minimum of the following three rules the MPE/pulse can be attained:
Rule 1: The single pulse limit: MPEsp is limited by any single pulse during the
exposure
Rule 2: The average power limit: MPE is limited by the duration of all pulse
trains, ¢, divided by the number of pulses, , for all exposure durations up
t0 Toax
Rule 3: The repetitive pulse limit: MPE is limited by MPEgp multiplied by a

(02 where n is the number of pulses during the

correction factor, n
€XPOSUIE Ly
In a typical PA experiment and for a 650nm exposure with a PRF = 10Hz, 7=10s and a
pulse width of 10 ns the above three rules produce the following:
Rule 1: MPEgp = 200 mJ/cm®
Rule 2: MPE = 1.1 x 10°*=2 J/cm®. Therefore, MPE/pulse = 2/100 J/cm? =
20mJ/cm® where n = PRFx10 = 100 pulses

Rule 3: MPE/pulse = n™*?% x MPEgp = 100°°% x 200 mJ/cm? = 63 mJ/cm>



The MPE/pulse is therefore derived using Rule 2 and is limited to 20mJ Jem?.

1.5 Photoacoustic Effect

In this work the PA generation is caused by a pulsed optical source delivering low
levels of radiation that cause pressure transients due to thermoelastic expansion induced
by a small temperature rise resulting from the absorbed energy deposition inside the
tissue. For the PA effect to be produced efficiently during laser heating, the pulse
duration must be shorter than two timescales. They are the thermal relaxation time and

stress relaxation time. Thermal relaxation time is defined by [8]:

d2
7, =—° 1.5)
ay

where «,, [m?/s] is the thermal diffusivity and d. [m] is the characteristic dimension of

the heated region of the structure of interest (e.g. absorber radius). Stress relaxation time

is defined by [8]:

T ==c (1.6)

where ¢ [m/s] is the speed of sound in the sample. When the laser pulse is much shorter
than 7, and 7, the excitation is said to be in thermal and stress confinement respectively;
such that heat conduction and stress propagation during laser heating are negligible

thereby efficiently generating PA waves.



PA waves, like acoustic waves, propagate in three-dimensional space and can be

described by the change in pressure AP(z) [20]:

AP(z) =T 11, ¥(2) .7

where I” is the Griineisen parameter, ¥(z) [J/cm?] is the laser fluence at depth z and y, is
the absorption coefficient of the optical absorber. The Griineisen parameter, I} is a
dimensionless quantity which represents thermoacoustic efficiency. It is a temperature
dependent factor proportional to the fraction of thermal energy converted into mechanical

stress and can be expressed as:

=— = (1.8)

where M [Pa] is the bulk modulus, p [g/cm’] is density, C, [J/gK] is the heat capacity at
constant pressure and B [K] is the thermal coefficient of volume expansion of the
sample. At 20°C, I" = 0.1 for water and aqueous solutions [21]. In comparison for fats,
lipids, and oils, I = 12.7 and as such are the most efficient biological media for PA
generation in the presence of chromophores that would absorb light [3]. Within the range

of 4°C to 100°C in liquid water, the Griineisen parameter can be expressed by the

following [3, 22]:

[(T) =-0.0000236T* +0.0077 —0.033 (1.9)

10
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Figure 1-3: PA pressure P (in arbitrary units) vs. dimensionless retarded time 7 for short pulse
heating of optically thin (a) fluid layer (b) cylinder and (c) sphere [7]

where T is measured in degrees Celsius. It can therefore be seen that I” changes from
0.194 at 37°C to 0.376 at 80°C which is a typical temperature reached during TT.

The induced acoustic waves travel through the medium where they can be
detected. Analytical solutions for specific optically thin well defined geometries when
heated with a short pulse ﬁave been reported by Diebold et al., and their pressure profiles
for are shown in Figure 1-3 [7]. When the excitation source produces a long Gaussian
pulse, as in a practical case of a typical pulsed laser output, the profiles of these
geometries are shown in Figure 1-4 [7]. In the cylindrical or spherical cases, the
difference of peaks in the N-shape feature corresponds to the diameter of the absorber.

Equation (1.7) is only valid when the conditions of thermal and stress confinement
are satisfied [8]. If this is not the case, the PA signal will be much weaker thereby causing
the reconstructed PA image to lose both sensitivity and resolution due to the decreased
SNR. Although there are many methods of detecting propagating acoustics waves, the
most common method involves using wideband ultrasonic transducers which are

sensitive to small vibrations across a large frequency range.

11
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Figure 1-4: PA pressure P (in arbitrary units) vs. dimensionless time 7 for heating by a long Gaussian
pulse of (a) fluid layer (b) cylinder and (c) sphere [7]

1.6 Photoacoustic Tomography

Photoacoustic tomography (PAT) also called optoacoustic or thermoacoustic to-
mography in can be described as optically induced ultrasound imaging; however it is
significantly different from traditional ultrasound imaging [2, 3]. The acoustic waves
produced in PAT are broadband and generally have higher frequency content than
traditional ultrasound. In pulse/echo ultrasound, the acoustic source is in the externally
positioned transducer and the frequency content of the detected signals is primarily
determined by the acoustic pulse used. The ultrasound images produced depend mainly
on the acoustic frequency and contrast. In PAT, the acoustic waves are created within the
tissue and primarily depend on the contrast between the optical and mechanical properties
of the absorber and the surrounding media, thus enhancing the differences of the targeted
tissue and surrounded media. The frequencies generated in PAT can be as high as
100MHz and are dictated by the absorber size [3] . Laser pulses directed at targeted
tissue, at most, raise the temperature by a fraction of a degree; and like ultrasound, PAT

has the benefit over positron emission tomography (PET), computer tomography (CT) and

12



x-ray imaging methods in that the acoustic waves produced are not created by ionizing
radiation.

The advantage of PAT is that it possesses the benefits of optical and ultrasound
imaging systems — good optical contrast and high spatial resolution. It inherently
overcomes the problems of loss in resolution and sensitivity due to light scattering in pure
optical imaging as well as poor tissue contrast and low SNR associated with pure
ultrasound imaging [3, 23-25]. The induced acoustic signals exhibit the heterogeneity of
optical absorption in the samples and reveal the different structure of tissues. For select
wavelengths of light, the absorption coefficient of blood can be up to 10 times greater
than that of the surrounding tissues [26] and due to the abnormal vasculature in malignant
tumours, it has been reported that the absorption contrast between breast tumours and
normal breast tissues can be as high as 300% [25, 27].

PAT can be performed using three detection modes: (i) forward mode, (ii) side
mode and (iii) backward mode [3]. In forward and side modes, the laser irradiation and
acoustic detection are not performed on the same surface of the tissue while in backward
mode, the irradiation and detection share the same tissue surface. Forward mode requires
the acoustic waves to propagate to the other side of the tissue and can be impractical in
settings outside the laboratory. Side mode has been successfully used in breast cancer
detection and small animal imaging [10, 28, 29]. Backward mode is least used but finally
may prove to be the most clinically practical method of detection.

The sensitivity of PAT to detect small embedded tumours, differentiate objects in
layered tissues such as the skin and image blood vessels with high resolution has been

reported by several groups [24, 30-39]. In recent years, many different methods have
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been developed to generate PA images. For example, focused ultrasonic transducers
have been used to localize the PA sources in linear or sector scans and then reconstruct
the images directly from the data, analogous to clinical ultrasound [40]. Another method
which is more commonly employed is the use of wideband unfocused detectors to detect
the PA pressure transients and reconstruct the image by scanning the acoustics waves
generated due to the absorption distribution within the sample. This reconstruction is an
inverse source problem and many methods can be used including the weighted delay-and-
sum, optimal statistical Radon transform and the back-projection method based on the
Fourier transform [33, 41-44].

As early as 1995, Kruger et al. demonstrated how to obtain two dimensional
images in tissue-mimicking phantoms using the Radon transform [45]. Soon after they
showed that it was possible to differentiate among different types of tissues in porcine
kidney with PAT [46] and detect early cancers in the human breast tissue using PAT [46,
47]. The imaging of deeply embedded tumours, such as breast tumours, was also followed
up by Esenaliev et al. [48], Manohar et al. [36],Oraevsky et al. [48, 49] and Andreev et al.
[10] who used an arc-array of PVDF transducers to image deeply embedded tumours in
human breast tissue. Kolkman et al [50] used photoacoustic imaging to detect and resolve
blood vessels while Paltauf et al. [37] used an imaging camera and a HeNe photoacoustic
wave detector to get two dimensional images of small absorbers such as hair and small
absorbing spheres. PA image contrast caused by heat-induced changes as a result of
tissue coagulation during thermal therapy due to changes in optical absorption and
thermo-elastic properties of tissues have been reported by Spirou et al. [51] and Richter

et al. [52]. A different method of detection using a Fabry Perot interferometer system has
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been used by Beard et al. to detect displacement on the surface of a sample induced by PA
signal by observing optical interference patterns [32, 53, 54]. This technique has potential

where backward-mode detection is the only option.

1.7 Photoacoustic Tomography in Thermal Therapy

Minimally invasive thermal therapy (MITT) has been explored as a means of
treating small solid tumours with minimal damage to adjacent soft tissue by achieving
coagulative necrosis in a targeted tumour region over a period of a few minutes.
Coagulation occurs between 55°C and 95°C and can be characterized by a change in the
tissue optical and mechanical properties [55] as seen in Figure 1-5. Laser MITT was
introduced by Bown [56] and has been investigated by researchers as an alternative
treatment modality for many tumours including the breast [57], liver [58] and prostate
[59].

The damage to tissue is a function of both temperature and exposure time.
Thermal damage is quantified by the thermal dose and is defined as the time at which
tissue should be maintained at 43°C for an equivalent therapeutic effect to occur. It can be

calculated from the time-temperature history using [60]:

tﬁnal
_ (43-T7)
ty = I C™dt (1.10).

Liitial

where #, is the equivalent time at 43°C and T is the history of the time-temperature

between fiiriqr and tnq and
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0.25 forT<43°C
C= (1.11)
0.5 forT=43C

The greatest challenge in TT is the capability to target a specific tumour without
thermally damaging the surrounding healthy tissue. Due to the dynamic changes in
temperature, optical and mechanical properties during TT, the ability to model and predict
the treatment affects is very complicated. Since there is a large variability in the type of
response among patients, a solution to minimize risk and account for dynamic changes is
to monitor and implement a feedback control system into the treatment protocol. Various
minimally or non-invasive methods of guiding and monitoring MITT include fluoroptic
temperature sensors [61], magnetic resonance temperature imaging (MRTI) [62-64], the use
of radiance/fluence probes [65, 66] and ultrasound imaging [67].

Models have been used to predict tissue damage but are limited as they cannot account
for the large dynamic ranges of tissue optical properties during the heating process. Therefore,
monitoring MITT is mostly conducted by means of probes placed within the tumour volume.
There are limitations to this practice, as probes are can only detect local changes in temperature
and also generate artifacts due to direct absorption of NIR light. These phenomena can limit
the accuracy of computing the tumour response due to incorrect temperature readings [61, 68].
MRTI has been demonstrated as another monitoring system to monitor prostate thermal
therapy, however it is costly thus limiting its use [62, 64].

There are several benefits in using PAT as a guiding and monitoring system in
TT. It has the potential to accurately discriminate a tumour from the surrounding normal

tissue and then provide an effective means of real-time mapping of treatment progression

16



Figure 1-5: Lesion caused in bovine liver using 4W CW laser for 10 minutes at 805nm with a2 cm
cylindrical diffuser tip

during TT since the changes in the tumour optical and mechanical properties can be
identified. This will ensure the least amount of healthy tissue damage while targeting the
tumour volume. PAT has an advantage over pure optical techniques due to its hybrid
nature as it can detect both optical and mechanical changes in the tissue thereby

compensating for the dynamic changes that can occur during TT.

1.8 Outline

Chapter 2 will discuss the implementation of a working prototype PA system and
detail how to generate, detect and reconstruct a PA image. In Chapter 3, monitoring of
TT will be explored, in particular, a characterization of how TT affects a PA signal due to
the changes in both optical and mechanical properties that occur during tissue

coagulation. The final chapter will present the conclusions and future work.
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Aims

. Develop and build a working PA prototype system. Technical specifications and

a detailed description of how the system is implemented and operated are detailed
in Chapter 2.

Measure optical properties of turbid tissue-like media using a double integrating
sphere (DIS) system.

Produce phantoms with different optical and mechanical properties that mimic the
optical and mechanical properties of tissue. Two different phantoms are used: (i)
gelatin phantoms — that mimic the optical properties of native and coagulated
tissue and (ii) albumen phantoms that mimic both the optical and mechanical
properties of prostate tissue in its native and coagulated states.

Demonstrate the effectiveness of PAT and evaluate the ability of detecting
thermal lesions using tissue mimicking phantoms.

Image thermal lesions in bovine muscle and bovine liver and demonstrate the
effectiveness of using PAT to detect and image lesions in tissue ex vivo.
Demonstrate selective imaging using PAT. Illustrate how image contrast can be
influenced in PAT by matching the illuminating wavelength with the optical
properties of a sample.

Demonstrate the real time capability in monitoring and detecting thermal lesions
using PA. The PA signals are influenced by the optical and mechanical changes
in tissue during thermal therapy. By understanding how the changes affect the PA

signal, the potential for real time monitoring of thermal therapy is possible.

18



2 MATERIALS AND METHODS

2.1 Introduction

By combining the benefits of conventional optical and ultrasound imaging, PA
imaging inherently possesses good optical contrast and high spatial resolution. This is
possible due to the heterogeneity of optical absorption within tissues thereby creating
pressure transients which effectively convert the optical information into sound. This
information is far less susceptible to acoustic attenuation and absorption and can travel
further with little loss of signal integrity in comparison to light, which is highly scattering
and absorbed very quickly. Chapter 2 reviews the experimental setup of a working
prototype single transducer PA system. It details the image reconstruction algorithm
which creates a two dimensional image from the detected PA signals using a radial back-
projection technique. Optical properties of tissues are measured using a setup called a
double integrating sphere (DIS) system. Using a white light source, it calculates the
absorption and scattering coefficient by measuring the amount of light that is reflected by
and transmitted through a sample. Also, discussed is the preparation for two types of
phantoms; the first is gelatin based where the optical properties of the target and the
surrounding can be adjusted to mimic different optical properties of native and coagulated
tissue. The other phantom is albumen based which not only aims to mimic the coagulative

nature of prostate tissue when heated during TT, but also its optical properties.
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2.2 Photoacoustic Tomography Experimental Setup

There are two main components to any PA system: one that generates EM
radiation (eg. light) and the other that detects the acoustic waves generated by the PA
effect. The experimental setup of PAT used in all experiments in this thesis is shown in
Figure 2-1.

Laser light is delivered using a Vibrant B 532 (Opotek Inc., Carlsbad, CA, USA)
laser system fed by a Q-switched Nd:YAG laser at 1064nm with a pulse duration of
~6.5ns and a repetition rate of 10Hz. The maximum output power of the Nd:YAG laser
is 800mJ/pulse with a beam diameter of ~9mm. This source is fed into an Optical
Parametric Oscillator (OPO) which provides many wavelengths that are tunable between
680nm — 950nm delivering a maximum power output of 75mJ/pulse at ~710nm. The
output of the OPO is the irradiation source. Due to the Gaussian nature of the laser beam,
an optical engineered diffuser (RPC Photonics, Rochester, NY, USA) is used to
homogenize the beam to provide a uniform fluence field before illuminating the sample
from the top. The engineered diffuser also diverges the beam so that the entire top
surface of the sample is properly illuminated. The pulse energy density on the sample
surface is limited by the MPE for human skin at a specific wavelength as defined by
ANSI (Section 1.4).

The PA system, designed in-house, consisted of one detection channel which can
receive PA signals. A variety of ultrasonic transducers can be used to detect objects,
however, in this work, a transducer having a central frequency of 1MHz (Panametrics—

NDT V-303, Waltham, MA, USA), with an active surface diameter of 10mm, is sufficient
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Figure 2-1: Photoacoustic Tomography Experimental Setup

and therefore used. The nominal bandwidth of the transducer is approximately 60% of
the central frequency. The transducer converts the laser-induced photoacoustic waves
into electrical signals that are amplified by a low noise power amplifier (Panametrics-
NDT 5670, Waltham, MA, USA).

The transducer is mounted to a post and positioned so that it can rotate in a
complete 360° circular scan in a horizontal plane around the sample. It is also vertically
adjustable to scan a particular plane of interest. The post is connected to a motor driven
rotary table which can sequentially move with a variable step size (typically between 1° —
3°) in a circular manner. A stepper motor (Parker Hannifin Corp.) drives the rotary table

which is controlled by a LabView program. To ensure best detection, the active surface
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of the transducer is aligned so that it is perpendicular to the rotational axis of the circular
path by which the transducer face follows. For optimal coupling, the transducer and the
sample are immersed in water and the SNR of the signals is improved by averaging over
several acquisitions at a particular transducer location. For random Gaussian noise, the

improvement in SNR is proportional to square root of the number of averages i.e. if 36

measurements are averaged the SNR is improved by a factor of 36 =6 times. To
prevent aliasing, a low pass filter connected at the input of an oscilloscope filters
frequencies greater than half the sampling rate.

An oscilloscope card (National Instruments NI-5112) digitizes the photoacoustic
signal. It is controlled by LabView which synchronizes the acquisition from the trigger
generated when the laser fires and then automates the data acquisition and positioning of
the transducer. Figure 2-2 shows the sequential process in which signals are acquired.
First, the stepper motor is energized and driven to a predetermined location. Once the
transducer is positioned, the data acquisition card captures the signal which is
synchronized with the trigger of the laser pulse. SNR is improved by averaging between
30 — 50 times and then the digitized signal is written to file for later retrieval. This
completes one step of the process and the transducer is then moved to the next location
until an entire 360° scan is completed.

A digital band-pass filter corresponding to the central frequencies and bandwidths
of the ultrasonic transducers is used to eliminate additional noise from the signals.
Finally, an image is reconstructed using a radial back-projection (RBP) algorithm by
mapping the absorption of light using the information contained within the acoustic

waves that were detected and stored from all the different transducer locations.
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Figure 2-2: Single transducer data acquisition flowchart
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2.3 Photoacoustic Image Reconstruction

A RBP algorithm is used to reconstruct and create a visual two dimensional
image from PA signal data. It relies on signal integrals projected backwards onto a
grid while taking into account the angle of acceptance of the transducer at each
successive location during the scan. The image represents the distribution of the
product of thermoacoustic efficiency, optical absorption coefficient, and effective

laser ﬂuénce in the sample [3].
In response to a heat source, the behavior of photoacoustic waves with pressure
p(r.t) at position r at time # in an acoustically homogenous liquid like medium can be
~ expressed as [69]:

azp(rﬁt) _02v2p(r t) =£2£6H(r,t)

2.1
or’ C, ot @D

H(r, 1) is the heat-producing radiation deposited in the tissue per unit volume per unit

time which can be expressed by:

H(r,t)=A(r)I(t) 2.2

where A(r) describes the optical energy deposition within the tissues and I(£) describes
the temporal shape of the irradiation pulse, which can be further expressed as a delta

function, §(¢) , for impulse heating.
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The objective of PAT is to reconstruct the distribution of the optical absorption
A(r) in tissue from a set of detected acoustic signals p(r, 7). For the case where the
scanning radius is in a circular scan configuration, the exact inverse solution can be
derived, however, it is computationally intensive. A simplified version of the image
reconstruction algorithm can be used if the detection radius, r, is assumed to be much
larger than the wavelength that corresponds to the central frequency of the detection
device i.e. far-field detection [39]. This assumption holds true in this case and thus

significantly reduces reconstruction time. The approximated inverse solution is [39]:

2

rctp a ! ot

H—Tr
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where p(ry, t) is the photoacoustic signal detected at each scanning angle 6y. The relation
of p(ry, t) from r with respect to the origin, O, is depicted in Figure 2-3. RBP images
using a limited number of transducer positions will inherently produce artifacts in the
reconstruction due to an incomplete data set. To minimize artifacts techniques such as signal
interpolation can be used. Also, image quality can be improved by using image processing
after reconstruction. To attain visually satisfactory images the step sizes in the experiments

are limited between 1° — 3° over the 360° circular scan.
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Figure 2-3: Geometry of PA detection used in RBP

2.4 Resolution and Image Analysis

Resolution in PAT is limited by the laser pulse duration and the bandwidth of the
transducer. Although Equation (2.3) can exactly reconstruct the varying absorption
contrast in tissue, it assumes an ideal acoustic detector that is able to cover the entire
frequency spectrum. In practice, however, for a single transducer element, this is
impossible and so only a fraction of the spectrum is detected thereby acting as a band-pass
detector. The signals attained by limited bandwidth transducers cause blurring in the
reconstructed image. Blurring is further increased by the duration of the laser pulse since
Equation (2.3) also assumes impulse heating. Therefore, the reconstructed image is
influenced by a convolution between the differences in absorption of tissue structures, the
pulse width of the laser profile and the impulse response of the acoustic transducer. The

reconstructed image /(7) can be described by [70]:

I(r)=S(r)*L(t-c)*D(¢ - ¢) 2.4)

where S(r) represents the optical structure of tissues, L(¢ - ¢) and D(t - c) are the laser

pulse and transducer impulse responses in the spatial domain, respectively.
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The frequency content of PA signals depends on the size of the absorbers. In the
example of an absorbing sphere shown in Figure 1-4(c), an N-shaped profile will be
observed and its characteristics are depended on its size since the opposite polarity peaks
correspond to the diameter of the absorber. Therefore, with decreasing diameter of the
absorbing sphere, an increase in PA signal frequency will be observed. This shows the
importance of choosing the optimal transducer with the best frequency response for a
specific application. Figure 2-4 shows the dominant frequency from spherical PA signals
as a function of diameter [71]. It shows that by using high frequency transducers (band-
limiting to only high frequencies), edges or boundaries of absorbers will be detected since
there is a sharp difference at boundaries. The internal contents, however, have small
variation in optical properties and this information will be lost because high frequency
transducers will not be able to properly detect the slow changes associated with the
smooth variation in optical properties within the object. ~Therefore, the larger the

frequency response of a transducer is, the better the ability to visualize the entire object.

Sphere diameter [mm]
o o
o~ [4,]

Frequency [MHz]

Figure 2-4: Dominant frequency of PA signal versus sphere diameter
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2.5 System Verification ‘

To calibrate the PA system a turbid gelatin phantom is constructed as explained in
Section 2.7. One highly absorbing gelatin target with a circular cross séction of diameter
~10mm is placed in the centre of a gelatin phantom which has a low optical absorption but
is highly scattering as shown in Figure 2-5(a). The phantom has a diameter of 8cm and a
height of 5cm and is illuminated with a wavelength of 810nm from above causing the light
to be incident on the top face of the phantom. The acoustic pressure wave is detected in
side mode using a 1MHz transducer in 2° steps around the phantom. Figure 2-5(b) shows
the PA profile detected by the transducer when light is incident on it. Due to the
symmetric nature of the target with respect to the detector, in this simple case, the PA
profile should be similar at all transducer positions. The result is acoustic waves with
profiles resembling depth or axial distribution of the absorbed optical energy. The N-
shape feature is caused by the absorbing target with the distance between the peaks
corresponding to the diameter of the target i.e. the time #y = d/c, where d is the diameter
and c is the speed of sound in the target. This experiment shows that the system responds

and detects the PA wave as expected by the theoretical models.

2.6 Double-Integrating Sphere System

To understand and better predict light propagation and distribution within tissues,

an accurate determination of the optical properties is needed. A double integrating sphere
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Figure 2-5: (a) Turbid gelatin phantom with highly absorbing target. (b) Corresponding normalized
N-shaped PA signal

setup (DIS) is used to experimentally measure optical properties of tissue phantom
samples. This is done by measuring the diffuse reflectance, R4, diffuse transmittance, Ty,
and the collimated transmittance, 7., of an irradiated slab of tissue between the two
spheres that collect light. From these three measurements the optical properties of tissues
can be estimated.

To measure the optical properties, a sample is placed between two identical
integrating spheres of 30.5 cm (12 in.) diameter with a circular sample window of 25mm
diameter and illuminated with a white light (Ocean Optics, Dunedin, FL, USA) operating
at 7 W. Light is focused onto the sample using a set of optics that collimate and produce
a 5 mm beam diameter. R, and T, are collected in the first and second sphere
respectively and T is collected by capturing the collimated transmittance at a distance of
100 mm beyond the second sphere as shown in Figure 2-6. Measurements are collected
using an optical spectrometer which is capable of detecting light from 650nm — 900nm.

R, and T are measured relative to a baseline signal using a 99% reflecting plate (Sphere
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Optics, SG2052, Concord, NH, USA) that is placed at the sample aperture while T is

determined

TRANSMITANCE

Figure 2-6: DIS experimental setup using white light source. Dg, D, D¢ are the locations where R,
T4 and T, are measured from respectively.

relative to 100% transmission i.e. with no sample.

From these three measured parameters, it is assumed that a unique relationship
exists from which the absorption coefficient and scattering coefficient can be derived.
Different methods to compute the optical properties on measured values are available like
the inverse adding doubling algorithm (IAD) [72]. Another more sophisticated but highly
computationally intensive method is using Monte Carlo (MC) simulations where the

measured values are correlated using an inverse MC [73, 74].
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2.7 Tissue Mimicking Gelatin Phantom

The use of tissue samples can sometimes be impractical due to the constraints of
accessibility and storage. Reproducibility of results may also be poor because of the
difficulty in finding identical specimens due to the complex structures that exist within
the tissue such as the vasculature. An alternative method is to use tissue-mimicking
phantoms which are usually homogeneous and provide a means of producing highly
repeatable samples for investigating the propagation and absorption of light. Phantoms
do not reflect the true complexity of tissue structures making their response an
approximation however, they provide a means of testing the parameters and assumptions
made in mathematical models and may indicate generally important tissue features for
PAT [75].

Tissue mimicking phantoms are made of Type A Gelatin from porcine skin (300
Bloom, Sigma) and distilled water. One litre of distilled water is brought to a boil and
then 85g of Type A gelatin is added and allowed to dissolve. To mimic the effect of
scattering, 10ml/L of homogenized whole milk (3.25% fat content) is added. The entire
solution is stirred until it is homogeneous and then the mixture is poured into a mold
where small targets are added by suspending them using thin wires. The entire mold is
placed into the fridge to cool for approximately 4 hours. Figure 2-7 shows gelatin
phantoms with different optical properties. The phantom on the left is plain gelatin -
having low absorption and scattering therefore appearing transparent. The middle
phantom has a high scattering component due to milk causing the whitish appearance.

The last phantom to the right is highly absorbing caused by the addition of India Ink.
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Figure 2-7: Examples of gelatin phantoms — the left phantom is pure gelatin, the middle contains
milk causing high scattering and the right phantom contains a high concentration of India Ink
making it highly absorbing.

Published values are reported which can be used to estimate the optical properties
of gelatin. The values as determined by Spirou et al for the optical absorption and
scattering are ~0.13cm™ and 4.2cm™ respectively at 1064nm [51]. The main goal of
using phantoms is to substitute them in the place of tissue and image embedded targets to
serve as tumours with comparable optical properties. The targets are produced by taking
a batch of the same gelatin solution and adding dye (India Ink) of different
concentrations. They are then molded into many different shapes and placed within the

phantom.

2.8 Tissue Equivalent Albumen Phantom

An albumen-based phantom is used for all TT experiments due to its ability to
mimic tissue coagulation and its construction is based on a paper reported by Jizuka et al
[75, 76]. Albumen is chosen because it is homogeneous, uniform in appearance and it is
hypothesized that changes in optical and mechanical properties due to thermal
denaturation is similar to that seen in tissue. It is comprised mainly of water (88.1%),

globular proteins (10.2%) and lipids (0.05%) and is commercially available in powered
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Figure 2-8: Albumen phantoms heated for different time periods. The number on each phantom
represents the amount of time, in minutes, that each phantom was immersed in the water bath at
70°C

form, composed of dehydrated egg white. Exposure to heat causes an unfolding of the
albumen proteins which produces the visible whitening and is quantified by an increase

in the reduced scattering coefficient, similar to the response of tissue [77].

The phantom consists of chicken egg albumen (Crude, Grade II, Sigma, St. Louis,
MO, USA), bacteriological agar (Agar #1, Oxoid, Hampshire, England) and Naphthol
Green dye (Sigma, St. Louis, MO, USA) and is prepared by combining two mixtures: a
stock albumen solution and an agar-dye solution. Stock solution of the albumen mixture
consists of 77.8% by weight distilled water and 22.2% by weight powdered egg white.
The albumen is stirred until fully dissolved producing a translucent yellow liquid. A
53.3% by weight albumen stock solution is measured and warmed up in a water bath to
40°C to be mixed with the agar-dye solution later. The dye solution is prepared
separately by dissolving 0.387g of Naphthol Green dye powder into 1 liter of distilled
water. A 13.3% by weight dye solution is then combined with a 32.0% by weight amount

of distilled water. It is heated up to 70°C before adding agar powder of 1.4% by weight.
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palom] | g [em?) palem'] | gl [em!]
Native 0.50 2.67 Native 0.6 1.28
Coagulated 0.7 13.1 Coagulated 0.94 13.0
(a) (b)

Table 2-1: (a) Optical properties of albumen phantoms in native and coagulated states as reported by
lizuka et al and (b) optical properties of albumen phantoms using the same recipe and measured
using the DIS system.

The agar-dye solution is slowly heated to 85°C and then cooled down to 45°C. At this
temperature, the agar-dye solution is mixed into the albumen stock solution, poured into
cylindrical molds with diameter of Scm and height of 3cm and cooled to room

temperature — typically around 2 hours.

Figure 2-8 shows different phantoms that have been heated in a water bath at
70°C in five minute intervals from five minutes to forty minutes to demonstrate how the
optical properties change when exposed to heat. The optical properties of these phantoms
as reported by lizuka et al at 850nm are listed in Table 2-1(a) while the optical properties
measured by the DIS system at 850nm is shown in Table 2-1(b) [75]. The phantoms used
to represent the native and coagulated states of prostate tissue when measured with the

DIS system are phantom 0 and phantom 40 respectively from Figure 2-8.

2.9 Summary

This chapter outlined the implementation of a working prototype PA system and
fabrication of tissue mimicking phantoms. Being able to characterize optical properties of
samples makes it possible to study the response generated by the PA effect. This is done

by capturing acoustic signals at several angles around a sample and from this a two
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dimensional image is reconstructed that shows the heterogeneity of optical absorption in
the sample. The use of phantoms allows for a more controllable and repeatable
experimental response thereby reducing the large variations mostly observed in tissue —
making it easier and more practical to understand how PA signals are affected by different

physical conditions.
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3 PHOTOACOUSTICS IN MONITORING THERMAL THERAPY

3.1 Introduction

The goal of this work is to investigate the possibility of using PAT to image tissue
during TT and also to monitor tissue coagulation induced by TT in real time by analysis
of the associated PA signals.

TT is the treatment of cancerous tissue by causing coagulative necrosis due to
exposure to temperatures in excess of 55°C. Experimentally, it has been known that
when coagulation occurs, not only does the mechanical structure of tissue change but also
the optical properties [51, 52, 75]. This change should affect the PA signals detected
making it easier to differentiate them from the surrounding healthy tissue. One of the
current clinical limitations of TT is the inability to monitor the treatment in real-time. PA
is sensitive to changes in both the optical and mechanical properties of tissue and
therefore is a potential candidate for the monitoring of TT.

To demonstrate the ability to image native and coagulated tissue using PAT,
tissue mimicking gelatin phantoms are made having optical properties similar to native
and coagulated prostate tissue as reported in literature [78]. Targets are embedded in a
gelatin phantom. The optical absorption and reduced optical scattering of the targets are

~0.6cm™ — ~1.6cm™ and ~6cm™ — ~17cm’! respectively, similar to optical properties of
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coagulated tissue. In addition, thermal lesions created in bovine muscle and bovine liver

P

are’ imaged.

Selective imaging using PAT is also demonstrated;i;y embedding two targets into a
turbid gelatin phantom w1th each target cof;taining;va different dye i.e. different absorption
coefficient. B??llummatmgwﬂhseveral diff:erenf wavelengths between 730nm and
950nm, the contrast of the imaged targets varies depending on its wavelength specific
absorption coefficients.

To demonstrate the capability of PA to monitor TT, albumen phantoms that
mimic both the optical and mechanical properties of prostate tissue are developed. By
heating phantoms for different time periods, a correlation between the thermal dose and
the PA signals detected can be investigated. With increased thermal dose a measurable

change in the PA signal relative to a native sample is anticipated. This information

potentially can be used to monitor the coagulation of tissue during TT.

3.2 Photoacoustic Images of Gelatin Phantoms

Four phantoms, as explained in Section 2.7, are constructed with different targets
of varying optical properties, shapes and sizes as shown in Figure 3-1(a — d) and imaged
to demonstrate the capability of PAT in imaging localized changes in tissue properties.
The physical properties of all the different targets shown are listed in Table 3-1. The

optical properties for the targets are measured using the DIS system. The choice of size

and optical properties are made to mimic tissues. For all experiments discussed in Section

3.2 the illumination is at 810nm and the fluence ﬁeld‘is set below SmJ/cm? (well below
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Figure 3-1: Turbid gelatin phantoms constructed with different targets varying in size, shape and
optical absorption.

ANSI standards). If two absorbers are positioned on one axis in the phantom as in Figure
3-1(a), the spatial distribution can be calculated. Figure 3-2(a) shows one such RF signal
recorded from the two targets spaced 1cm from the centre with the transducer positioned
perpendicular to the bottom of the lower target shown in Figure 3-1. This demonstrates
the potential to use PAT for localization and size estimation. When the transducer is
positioned to the right of the targets equidistant from each of them as seen in Figure
3-2(b), the signal detected is a superposition of the PA profiles from both targets.

Figure 3-3 shows a reconstructed image of a phantom which contains two
cylindrical targets with different radii but identical optical absorption of ~1.6cm™
corresponding to the photograph in Figure 3-1(b). Since both targets have the same
absorption characteristics, they have similar signal amplitudes and therefore have
comparable pixel intensity values. The difference in cross sectional diameters is visually
recognizable from the reconstructed image and can be calculated from the difference
between the peak-to-peak times (fy) from the N-shaped profiles. The first N-shaped
signal corresponds to the bottom target while the second N-shaped signal results from the

top target. Al and A2 in Figure 3-3(b) are 2.8psec and 4.8usec, respectively. Assuming
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Table 3-1: Physical properties for all targets in Figure 3-1

the speed of sound in water to be 1500m/s, the cross-sectional diameter of the targets can
be estimated to be 4mm and 6.75mm for the top and bottom targets, respectively. This
correlates well with its physical dimensions listed in Table 3-1.

Figure 3-4(a) shows two spherical targets with different optical absorption
coefficients embedded in the gelatin phantom. The photograph of this phantom is shown
in Figure 3-1(c). The upper target has a u, of ~1.6cm™ while the lower target has a ua of

~0.7cm™. The optical absorption of the bottom target is lower and hence, a weaker PA
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Figure 3-2: Normalized PA signals captured from two different transducer locations from a phantom
with two absorbing target as shown in Figure 3-1(a). (a) transducer positioned directly below lower
target and (b) transducer positioned to the right of the phantoms equidistant from both targets.
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Normalized PA signal

(a) (b)

Figure 3-3: (a) PA image of phantom containing two targets with different radii shown in Figure
3-1(b). (b) PA signal with transducer positioned directly below lower target. Diameter of each target
can be determined from the signal data by calculating the difference in the time at which the signal
peaks. The difference in peaks denoted by Al and A2 are ~2.8 psec and ~4.8 psec respectively.

response is detected (Figure 3-4(b)). The upper target, on the other hand, absorbs more
light and in turn produces a stronger signal. The stronger signal translates into darker
pixels in the reconstructed image thereby producing greater image contrast than the lower
target. A3 and A4 in the graph correspond to 0.4 and 0.8 normalized units (normalized to
the peak amplitude) respectively. This doubling of the PA signal agrees well with the
increa;e in optical absorption as expected (Equation (1.7)), demonstrating a powerful
advantage in PAT where contrast is produced by the inherent optical properties of a tissue
target.

Figure 3-5 shows two absorbing targets in the shape of a square and triangle. The

optical absorption of both targets is ~1.6cm™

and they are easily distinguishable with
clear edges. The photograph of this phantom is shown in Figure 3-1(d). This

demonstrates the capability of the PA system to image arbitrary shapes.
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Normalized PA signal

(a)

Figure 3-4: (a) PA image of phantom containing two targets with different optical absorptions with
~1.6cm™ for the upper target and ~0.7cm’! for the lower target photographed in Figure 3-1(c). (b)
PA signal data showing the change in the rising peak due to the difference in optical absorption. The
difference in the rising peak of each signal in normalized units denoted by A3 and A4 are ~0.4 and
~0.8 respectively. Higher optical absorption in a target will cause its PA signal to increase as seen
above and create greater image contrast in the image.

In all the PA images, an optical diffuser is used to homogenize the incident light
field on the phantoms. However, this cannot guarantee a uniform fluence incident on the
targets since the light distribution from the laser is Gaussian. Hence, the number of
photons absorbed by the target/phantom will vary as a function of radial distance from to
the center of the beam such that, even with identical optical absorption, one target may
appear brighter than another. Since this variation is not accounted for in the
reconstruction algorithm i.e. the fluence field is assumed to be homogeneous, a
quantitative comparison of the images is not possible. The reconstruction algorithm
assigns a pixel value to a range of summed signal points after back-projection. This pixel
assignment effectively normalizes the summation of signal amplitudes for a give pixel
location and then calculates its grayscale value depending on the peak summation.

Therefore, for a quantitative analysis of target absorption, one must compare pixel data

41



Figure 3-5: PA image of two absorbing targets in the shape of a square and triangle. Both targets
have the same optical absorption.

from a single image since the grayscale assignment is processed using the same data set.
Comparing multiple images will not necessarily yield a correct representation of the
optical characteristics since the pixel values are proportionally allocated with reference to
the peak within a specific image matrix. To compare multiple images, a reference target
with known optical properties must be fabricated and imaged. By knowing the optical
characteristics of the reference target and its PA response, it will be possible to scale the
pixel values accordingly for identical exposure settings.

The above experiments demonstrate the potential of PAT to image small (< Smm)
diameter targets in a turbid gelatin medium using a 1MHz transducer. Due to the
difference in optical properties between targets and the surrounding gelatin medium, the

PA system is capable of discriminating with high image contrast.

Wavelength | ga[em?] | pf[em!] | peglem!]
Human (native) 850nm 0.6 6 3.45
Human (coagulated) 850nm 0.7 13.8 5.52

Table 3-2: Optical properties of native and coagulated human prostate tissue [78]
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3.3 Photoacoustic Images of Human Prostate Tissue

Mimicking Gelatin Phantoms

To resemble native anq% coagulated prostate tissue, targets with optical properties
similar to human prostate are constructed and imaged. Theoptlcal properties of human
prostate at 850nm are shown in Table 3-2 [78]. Instead of embedding purely absorbing
targets in a turbid gelatin surrounding, like previously done, in this experiment the embedded
targets are constructed to mimic the optical properties of human prostate with both absorption
and scattering components. Figure 3-6 shows the embedded targets in a clear gelatin
phantom where the top target mimics coagulated tissue while the bottom target mimics native
tissue.

The PA image, acquired at 850nm (Figure 3-7), clearly shows two targets and
demonstrates the sensitivity of the system to image targets with optical absorption as low as
0.6cm™. In the images, the darker pixels relate to greater PA signal strength. Although it is

not visually apparent, in Figure 3-7(a), there is a difference in pixel intensity between the two

Figure 3-6: Optical mimicking phantom with two embedded targets representing the optical
properties of native and coagulated prostate tissue as listed in Table 3-2. The lower target represents
the native tissue while the upper target represents the coagulated tissue with .z of 3.45 cm’ ! and 5.52

cm’ respectxvely
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10mm

(2) ®)
Figure 3-7: Two different representations showing PA images of the gelatin phantom in Figure 3-6.
The lower sphere represents the non-coagulated tissue while the upper sphere represents the
coagulated tissue with 4 of 3.45 cm™ and 5.52 cm™ respectively.

targets. The averaged pixel value of the bottom target is 21% lower than the upper one.
Although the optical absorption is higher in the upper target, the PA image does not show
this. Instead, the lower target (with a lower u,) is 21% darker. The cause for not seeing a
proportional increase in pixel intensity with optical absorption is due to the influence of
optical scattering. Introducing scattering affects the propagation and penetration of light into
the target and in turn, there is a reduction in PA signal strength. This reduction of the PA
signal is shown as lighter pixels in the PA image. Another way of representing the image is
by ignoring the derivative of the pressure in Equation (2.3) as shown in Figure 3-7(b). It
produces an image with much lower resolution thereby causing the targets to appear larger
than actual. Nevertheless, when depicted in this form, it is much easier to visualize which
target produced a higher PA signal by examining the difference in pixel intensity.

When optical scattering is much greater than optical absorption (as in tissue), the
propagation of photons within a target is limited and this affects the strength of the PA signal.
As in this experiment, even though the optical absorption is slightly higher (Table 3-2) in the

coagulated tissue mimicking target, the PA signal generated may not increase due to the
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effects of scattering from within the target. Depending on where the sensing volume of the

transducer is, the fluence within the target may be lower and thus overciming the effect if a

higher y,.

R

3.4 Photoacoustic Images of Thermal Lesions in Tissue

After imaging gelatin phantoms using the PA system, which indicated the ability to
detect absorbing targets, tissue experiments are performed. Two types of tissues are used (i)
bovine muscle and (ii) bovine liver. A lesion is created in the tissue using a CW diode laser
at 5W for 12 minutes until the centre of the sample reached a temperature of 75°C. The
tissue sample is cooled to room temperature and then imaged.

Figure 3-9 is a PA image, illuminated at 950nm, showing a lateral cross section of
the bovine muscle photographed in Figure 3-8. The laser fiber is embedded into the tissue

sample which produces a well demarcated lesion inside the tissue sample. When dissected to
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Figure 3-8: (a) Bovine muscle photographed from above showing inclusion where laser fiber is placed
(b) bovine tissue transversal cross section showing extent of coagulation after laser heating.
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. Tissue boundary

Figure 3-9: PA image of a bovine tissue sample imaged at 950nm as shown in Figure 3-8. The
transducer is placed to detect a lateral cross section.

expose the middle of the sample, as shown in Figure 3-8(b), the extent of coagulation can be
seen. The transducer (Figure 2-1) is positioned so that the active region detects signals in the
lateral plane approximately 1cm below the top surface. Figure 3-9(a) ignores the derivative
of the pressure when using the RBP algorithm. The coagulated region is depicted in white
and is quickly recognizable. As the tissue coagulates, the optical and mechanical properties
change causing whitening in the image [65, 79]. The dark pixels represent higher PA signal
strength which is limited to the areas surrounding the lesion. Figure 3-9(b) is an image of the
same sample using the RBP algorithm that has been pre-processed using digital signal
processing techniques to filter noise and enhance edges in the image. The boundaries of the
tissue sample are much more clearly observed with the coagulated region in the centre.
Figure 3-11 depicts a surface lesion in bovine liver imaged at 810nm. The fiber is
placed on the top surface of the sample and held down with another larger liver sample to
ensure that the fiber is in contact with the surface at all times and held in place. The liver is
heated, using a CW 805nm laser set at SW for 6 minutes, until the lesion surface reaches a

temperature of 75°C and then cooled to room temperature. The photograph in Figure 3-10
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Figure 3-10: Bovine liver with surface lesion using CW laser at SW at 805nm

shows the lesion created on the surface of the liver. Apart from the whitish coagulated
region, two imprints are visually distinguishable — one from the fiber tip and the other from
the temperature probe. The PA image in Figure 3-11(a) ignores the derivative of the
pressure in the RBP algorithm. The image shows the extent of the lesion where the
coagulated region is depicted in white. The areas surrounding the coagulated region in the
photograph are the unaffected parts of the liver, and may absorb more light producing a
darker pixel value. Figure 3-11(b) is pre-processed using digital signal processing
techniques before image reconstruction producing an image with less noise and better
resolution as done for the bovine muscle lesion in Figure 3-9(b). The boundaries are
more pronounced and the fiber and temperature probe imprints in the coagulated region
can be distinguished.

The signal pre-processing included several steps. A peak detection algorithm is used
to identify the region of interest. Once the region of interest is found, other values outside
this window are set to zero. This removes unwanted noise and also improves image contrast
since the grayscale levels are discretized over a smaller range of values. Finally, signal

filtering is performed to produce the best image. This included noise reduction using a
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Figure 3-11: PA image depicting the thermal lesion in
Figure 3-10

moving average technique and a Fourier-based digital highpass filter to remove unwanted
frequency content greater that the 6dB cutoff of the transducer.

The tissue experiments illustrate the capability of PAT but also demonstrate the
complex and highly variable process in detecting thermal lesions in tissue. Further
research is required to obtain more quantitative results for monitoring thermal lesions and
an automated technique to pre-process the data to achieve the best images. Coagulation
changes the mechanical properties in tissue, reflected by a change in the Griineisen

parameter, I, which in turn, affects the PA signals.

3.5 Selective Imaging

Selective imaging using PAT refers to preferentially imaging structures with
wavelength specific optical absorption while not being limited by the strong scattering

inherent in tissues. Since PA images highly depend on the optical absorption in tissue, it

48



Figure 3-12: Phantom with two ~8mm diameter targets. Target A is mixed with Naphthol Green B
and target B is mixed with India Ink

is possible to selectively target specific structures that possess certain optical
characteristics.  Useful information like oxygen saturation and total hemoglobin
concentration can be obtained by this technique [69].

By preferentially varying the wavelength of light a structure can be highlighted
depending on its optical absorption characteristics i.e. high versus low absorption at a
particular wavelength. This is demonstrated by embedding two targets into a turbid
gelatin phantom containing two dyes with different absorption spectra. Target A contains
Naphthol Green B (Sigma, St. Louis, MO, USA) and target B contains India Ink as shown
in Figure 3-12. The absorption characteristics of the targets measured using the DIS
system are shown in Figure 3-13.

The absorption of India Ink gradually decreases with increased wavelength with a
~12% decrease in absorption between 730nm and 950nm. In contrast, Naphthol Green B
absorption peaks around 740nm and then rapidly decreases to ~31% of peak between
730nm and 950nm. To investigate the effectiveness of selective PAT, light is delivered in

incremental wavelengths of 20nm from 730nm — 950nm and the response of the PA
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Figure 3-13: Optical Absorption Coefficient (,) of India Ink (solid line) and Naphthol Green B
(dotted line) used in the phantom shown in Figure 3-12

pressure transients created by the targets due their optical absorption is detected and
imaged using a 1MHz transducer.

The normalized PA signals for select wavelengths are shown in Figure 3-14. All
signals are recorded at the same position with the transducer directly below target B. In
this position the first N-shaped signal created by target B and the second signal is created
by target A. The signal produced by target A, shows a decrease in amplitude with
increased wavelength illumination. This translates to a decrease in image contrast.

Figure 3-15 shows the PA reconstructed images from 730nm — 950nm with the
Naphthol Green B target on top. The reconstructed images correlate well with the
location and size of the targets. In addition, the differences in optical absorption spectra of
the targets can be easily visualized in the images using this technique. As expected at
730nm, both targets are easily detected. However, as the wavelength of light increases,

the contrast between target A and the background decreases. This is expected as the
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Figure 3-14: Normalized PA signals recorded with the transducer positioned directly below target B.
The first N-shaped signal is created by target B and followed by the second signal created by target A.
With longer wavelengths the PA signal produced by the Naphthol Green target is greatly reduced.

optical absorption by target A decreases at higher wavelengths producing a weaker PA
signal.

The image reconstruction algorithm effectively normalizes the signal when
converting signal amplitude to a pixel value, therefore, the difference in contrast can be
quantitatively compared within each image. When different images are evaluated, the
pixel values cannot be compared since they are a relative measure of the signals acquired
during a specific imaging procedure. ~Comparing the different images has errors
associated with the process, however, since the same phantom is imaged using different
wavelengths and the fluence field incident on the phantom is kept constant, the images can
be compared visually. The maximum difference in pixel intensity between images is

approximately 12%. This is because the target containing India Ink decreases in optical
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absorption by ~12% between 730nm — 950nm (Figure 3-13) and is used as the reference

~signal in every image reconstruction since the signal amplitude of this target is the largest.

The background in the images also changes in intensity due to the absorption
characteristics of gelatin and water as a function of wavelength. As mentioned in Section
2.7, the optical absorption of the background is at least a magnitude lower than the targets

and is therefore ignored.

f) 830nm

h) 870nm .

A ) 9 k) 930nm I) 950nm

Figure 3-15: Demonstration of selective imaging using PAT. Reconstructed images with laser
illumination ranging from 730nm — 950nm with the Naphthol Green B target on top and India Ink
on the bottom. The dark pixels denote greater optical absorption.
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3.6 Real Time Monitoring of Thermal Therapy

i T ST
St

Tissue damage can be quantified in terms of equivalent time exposure at 43°C
given by an exponential time-temperature relationship, #3, and is known as thermal dose
(see Section 1.7). It is described by the equivalent time it would take to produce the same
biological damage if it is exposed at 43°C using any arbitrary time-temperature profile
determined by Equation (1.10). For example, an exposure at 1 minute at 43°C is
equivalent to 0.5 minutes at 44°C and equivalent to 025 mlnutes at 45°C etc.

Tissue mimicking albumen cylindrical phantoms 5cm in diameter and 3cm in
height are fabricated as described in Section 2.8. A thermocouple is inserted at the centre
and the phantom is then enclosed in a waterproof container and heated in a water bath at
70°C. When the centre reaches 70°C, the phantom is immediately cooled by placing it

into another water bath at room temperature. A typical heating/cooling profile is shown in
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Figure 3-16: Temperature profile of albumen phantom measured at the centre while submerged in a
water bath at 70°C
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Figure 3-16 and the resulting thermal dose, #y3, at the centre of the phantom is calculated
to be 6.16 x 10" equiValenf minutes. It should be noted that thermal dose is a measure
that, in its strictest sense, is used when quantifying heat damage to living cells. However,
the parallel processes that occur during the denaturing of albumen, provides large
similarities that make it an acceptable approximation to use the measure of thermal dose
for this study.

To examine how the structural changes of the albumen phantoms affect the PA
signals, nine albumen phantoms are made, heated in 70°C water and then cooled to room
temperature. Five minute heating intervals are used from five minutes to forty minutes.
Using the measured heating/cooling profiles, thermal dose for all phantoms are calculated
using the time-temperature curve according to Equation(1.10). The results of thermal
dose for all phantoms are shown in Table 3-3.

Table 3-4 shows the optical properties of the phantoms used in experiment 3
(Figure 3-18(c)) as measured by the DIS system. When heated, the albumen coagulates
causing the phantom to turn white as seen in Figure 2-8; this is also observed in the DIS

data as an increase in optical scattering by a factor of 11. The dominant contributor to

Minutes Heated | Max Temperature (°C) | Thermal Dose (eq. min)
0 21 ;
5 ‘ 31.7 0.08
10 45.6 547.92
15 53.5 5.49 x 10°
20 61.7 5.42 x 107
25 , 65.4 7.65x 108
30 67.7 7.00 x 107
35 68.9 2.34x 1010
40 69.7 ' 6.16 x 1010

Table 3-3: Thermal dose, #,;; (equivalent minutes at 43°C), for nine time-temperature exposures
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Minutes Heated prg [emT] | ps [emT] | prggr [em!]
.0 1.11 10.35 267
5 1.12 1517 2.97
10 1.20 23.01 3755 !
15 1.22 40.44 4.38
20 1.30 67.69 5.60
25 1.36 126.00 7.54
30 1.48 135.29 8.16
35 1.58 151.62 8.91
40 1.60 170.77 9.46

Table 3-4: Optical Properties of albumen phantoms at 740nm with varying thermal dose measured
using the DIS system.

absorption is Naphthol Green B and, therefore, the DIS absorption spectrum qualitatively
possesses the same characteristic shape as in Figure 3-13 (albumen in its native state has
minimal absorption in the NIR window [75]). When measured using the DIS system at
740nm, y,, increased by 44% due to heating. The effective attenuation coefficient, uep,
rose three fold primarily due to the large increase in scattering.

To determine how these changes influence the PA signal, samples ~10mm in
diameter are bored from the centre of each phantom to minimize the effects of gradient
heating (i.e. the edges of the phantoms would have a higher thermal dose than the centre).
The PA signals are produced by illuminating the samples at 740nm and the PA transients
are detected by using a 1MHz transducer. Another experiment using an illumination
wavelength of 810nm produced very similar results, therefore only data at 740nm are
presented here. Twelve measurements are taken from around the phantom separated by
30° step increments. The twelve signals are averaged to produce one signal per phantom
by aligning the data from all 12 measurements with respect to the positive peak. The

experiment that is explained in this text, was not conducted in real-time, however, it can
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Flgure 3-17: Typical photoacoustic signal denoting features analyzed. A: amplitude of the positive
' peak, B: the slope of the rising positive peak and C: signal peak to peak difference

be done in this manner with minor changes to the experimental procedure. To investigate
the affect of thermal dose on PA signals, three specific characteristics of the signals are
examined: (i) the positive peak amplitude, (ii) the slope of the rising positive peak and
(iii) the peak to peak difference of the PA signal, denoted by A, B and C in Figure 3-17
respectively.

To improve readability, the averaged PA signals are displayed by also aligning
the positive peaks from each phantom. Figure 3-18 shows the PA signals from three
independent experiments with aligned peaks. Several observations can be made: (i) there
is in initial increase in the positive peaks of the PA signal up to 10 minutes of heating and
then, the positive peaks decrease with increased thermal dose as shown in Figure 3-19;
(ii) the slopes of the PA signals also increase until 10 minutes of heating, and then
decrease with increasing thermal dose as in Figure 3-20; and (iii) up to 10 minutes of
heating, the signal peak to peak amplitudes increase. At this point there is a decrease in
peak to peak amplitudes until 25 minutes, after which this difference once again increases

until 40 minutes of heating as shown in Figure 3-21.
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Figure 3-18: PA signals of three independent experiments showing the relationship between the PA
signals and thermal dose. All figures have the positive peaks aligned and the insets are magnified
regions of interest of the signals from each experiment.

The induced pressure transients (i.e. PA signals) are proportional to the product of
the optical fluence, the Griineisen parameter, I, and the optical absorption, u, (see
Equation(1.7)). The observed changes in the PA signals is a result of the interplay
between the optical absorption and the Griineisen parameter, since the fluence field
incident on the phantom is approximately the same for all experiments. Noticeable from
Figure 3-18 is the behaviour of the PA signal during the first ten minutes of heating.
During this time, there is an increase in all three characteristics analyzed. With the

maximum temperature reaching 45.6°C (Table 3-3) at the centre of the phantom
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Figure 3-19: Positive PA peak signal amplitude as a function of heating in minutes

at 10 minutes of heating, a very low percentage of albumen has denatured, since the
process of protein denaturing only beings around 45°C [79]. However, in the same time
period, optical absorption (Table 3-4) increases by ~8%. The increase in the PA signals
during the first 10 minutes of heating may be therefore attributed to the increase in the
optical absorption because the percentage of denatured protein would be very low.

After 10 minutes of heating, the denaturing of albumen causes a decrease in the
positive rising peak, the slope and the peak to peak difference. Even though optical
absorption of the phantoms increase with thermal dose, a proportional increase in the PA
signal strength (which would be expected) is not observed experimentally. A possible
explanation for this result can be due to the large change in optical properties caused by
heating. The increased scattering changes the fluence field inside the sample producing a
different optical distribution in the phantom. This, in turn, may lower the generation of

PA signals due to the lack of light penetration into the sample.
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Figure 3-20: PA slope of rising peak as a function of heating in minutes

The PA signal generation is also influenced by the mechanical changes that occur
during coagulation, characterized by the Griineisen parameter. The Griineisen parameter
in water increases with higher temperature (equation(1.9)). However, it has also been
shown by Larina et al, that even though a sample is allowed to cool to room temperature,
as in our experiments, the affect of coagulation causes the Griineisen parameter to
increase [22]. This could be the cause for the increase in the peak to peak difference after
25 minutes of heating. With optical scattering at 25 minutes of heating being 125cm, it
is possible that increasing the optical scattering to 170cm™, at 40 minutes of heating, does
not drastically alter the light distribution inside the phantoms. Therefore, an increase in
the peak to peak difference after 25 minutes may be attributed to an increase in the
Griineisen parameter. Further investigation is warranted. This contribution of the
Griineisen parameter manifests itself later, only after the dominant affect of the rapidly

changing optical properties have reached a plateau.
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Figure 3-21: Peak to peak PA signal difference as a function of heating in minutes

It is interesting to note that the optical and mechanical properties vary at different
rates and at different times during heating. By interpreting these variations and how they
influence the PA signals at different stages during heating, it is possible to use this
technique to monitor the progression of coagulation in albumen. This demonstrates the

potential for real-time monitoring of tissue coagulation during TT.

3.7 Summary

This chapter demonstrated the potential of using PA imaging to detect, image and
monitor thermal damage by showing how PA signals are affected by coagulation. Since
PA signals are sensitive to variations in both the optical and mechanical properties of
tissue, changes to these parameters modify the PA signals, thereby differentiating the

coagulated regions from the surrounding native tissue.
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The ability to image native and coagulated tissue using PAT was demonstrated
using gelatin phantoms with targets prepared having optical properties similar to native
and coagulated prostate tissue. After verifying that the PA system was sensitive to th'e-
low optical absorption values of prostate (4, ~0.6cm™), lesions in bovine muscle tissue
and bovine liver wer<j; imaged. -

Selective imagiﬁg ‘was demonstrated by varying the wavelength of light to image
two embedded targets in a gelatin phantom containing two different dyes with different
absorption profiles. Image contrast was then manipulated simply by selecting a
wavelength where a target would have high absorption — creating a larger PA signal and
therefore greater contrast after image reconstruction.

Finally, the capability of using PA signals to monitor TT was shown using
albumen phantoms that mimicked prostate tissue. As shown, with higher thermal dose
there is a change in the characteristics of the PA signal. A correlation between the
thermal dose and the PA signals is also discussed, however further work is needed to
determine how the interplay of the optical and mechanical properties contribute to the

change in the signal during TT.
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4 Summary and Future Work

4.1 Conclusions

This work demonstrated the feasibility of PAT and féal-time PA monitoring by
using a single transducer prototype system to detect low absorbing targets (ua ~0.6cm™)
embedded in turbid media and thermal lesions in tissue. It also showed that it is suitable
for detecting or monitoring tumour growth or angiogenesis since it is possible to non-
invasively detect deeply embedded structures in tissue at multiple time points using
intrinsic tissue contrast that can be manipulated using different illumination wavelengths.

To optimize PAT for imaging two main areas were considered (i) the excitation
source and (ii) the detection hardware. The excitation source used was in the NIR window
because it penetrates deeply into tissue while ultrasonic transducers detected the pressure
waves generated. The choice of transducer is important since the acoustic frequencies
produced by the PA effect are dependent on the sizes of the targets. In the case of
detecting targets ~7mm in diameter, a transducer with a centre frequency of IMHz was
sufficient and hence used.

The ability to prepare phantoms with known optical properties provided an
alternative method to test the feasibility of PAT by producing controlled samples for
investigating the propagation/absorption of light and the generation of PA waves with

high repeatability.
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Selective imaging was also demonstz_gted by varying the wavelength of light to
preferentially target structures that possess certain optical characteristics which in turn
create high image contrast. This occurs because the PA _im_ages reflect the optical
heterogenéity of the éafnple and so it is possible to selectively target speciﬁc structures
that possess certain opticali cﬁara;eristics while 1gnor1ng otl'iefs‘.

- The capability of using PA to monitor TT was demonstrated by showing that with
higher thermal dose there is a change in the characteristics of the PA signal. The same
change in signal characteristics is observed in three independent experiments using
different phantoms. A correlation between the PA signal and thermal dose exists
however further investigati;ﬁ is needed to understand the changes that occur.
Nevertheless, the variation in the PA signals during tissue coagulation demonstrates the
real time capability of this modality to monitor TT and can be used to quickly indicate the
progression of treatment.

The possibility of using PAT to potentially image deep vasculatures implies that
PAT has the ability to produce high image contrast due to the increased blood associated
in tissue structures. This modality also shows promise in real time monitoring of TT
however, more research is required to understand how the mechanical changes associated

with tissue coagulation affect the PA signal.

4.2 Future Work

The following summarizes some key areas where further investigating is needed to

improve PA imaging and the ability to better monitor TT:
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1))

2)

3)

4)

5)

Determine the spatial profile of the laser beam. By knowing the characteristics of
the fluence field before entering the sample and it can be possible to correct for
inhomogeneities using software algorithms that model the light distribution as it
enters the tissue to compensate for the differences in the fluence field, i.e. the
reconstructed image can be improved. |

Devise a reconstruction algorithm that produces quantitative information. A
quantitative algorithm will be a challenging task, however, if the distribution of the
fluence field is known and if the one can calibrate the reconstructed image with
specific targets of known optical properties, it will be possible to reconstruct an
image from PA signal data that can display quantitative information.

Understand the effect of the Griineisen parameter on tissue during TT. Temperature
affects the Griineisen parameter and this incfease will also proportionally affect
the PA signal. Knowing how the Griineisen parameter influences the PA signal
during temperature change will help in the monitoring of TT.

Conduct further experiments to understand the ability in monitoring TT using PA
imaging with ex vivo native and thermally coagulated human tissue experiments to
understand the detection parameters using PA imaging.

Revise the experimental protocol of real time PA monitoring to measure the PA
signals caused by thermal induced coagulation during heating. By acquiring PA data
while heating a sample, the experiment will simulate a more realistic treatment
scenario thereby the PA data will more closely represent what could be expected

during TT.
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6) Conduct experiments on animal models to observe how the PA signal is affected
by absorption of light due to skin and the ability of image below the skin. - Also
needed, will be to investigate the ability to differentiate thermal lesions using TT

in vivo.
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