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Abstract

THE USE OF MICROBUBBLES AS CONTRAST AGENTS IN THE
OPTICAL IMAGING OF TISSUE

Homa Assadi
Doctor of Philosophy, Biomedical Physics

Ryerson University, 2018

In this study, micrometer-sized (< 5um) microbubbles (MBs) were investigated as
optical contrast agents. Exogenous contrast agents in optical imaging can enhance the
detection of cancerous tissue, however they are limited by their potential side effects such as
organ accumulation and toxicity with repeated administration. In ultrasound imaging,
microbubbles are FDA approved and used clinically as contrast agents. Microbubbles can
also produce a refractive index mismatch between the gas-filled core and surrounding water
media, potentially modifying optical properties of tissue when injected intravenously into
tissue.

Cancer detection can potentially be achieved by imaging microvasculature
functionality through the blood volume fraction measurements with diffuse optical imaging
(DOD). In order to study the potential application of using MBs for DOI, the effect of MBs

on the bulk optical properties of a skin tissue phantom solution at various volume fractions



of human blood was assessed at various injection doses of Definity® microbubble. The
absorption and reduced scattering coefficients were computed and compared in the absence
and presence of microbubbles. The presence of microbubbles in the blood caused a
statistically significant enhancement in the reduced scattering contrast (~1.3 times) at 660
nm wavelength which increases with the dose of Definity® MBs (166 pL/kg) at 6% blood
volume fraction. However, the absorption contrast enhancement remained relatively constant
as microbubble dose increased. The scattering contrast enhancement confirmed the feasibility
of using MBs as DOI contrast agents to improve the detection of tissue with high blood
concentration conditions.

Microbubbles were also investigated as optical coherence tomography (OCT)
contrast agents. OCT structural and speckle variance (sv) images, as well as the speckle
decorrelation times, were evaluated under no-flow and flow conditions from a skin tissue
phantom with two embedded microtubes. Faster decorrelation times and greater structural
and svOCT image contrasts were detected with the presence of MBs. The effects of the
presence of MBs on the image contrast were maximal (2 times) at no flow in the svOCT
imaging mode and reduced with blood average flow velocity from zero to 12 mm/s. This
result confirmed the feasibility of using MBs to enhance svOCT visualization of

microvasculature morphology.
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Chapter 1 Introduction

1.1 Optical imaging of tissue and cancer detection

The motivation of the thesis was to determine if microbubble contrast agents can be
used to enhance the detection of cancerous tissue with optical imaging techniques. Cancer
detection can be enhanced by imaging microvasculature morphology and functionality. The
microvasculature is composed of capillaries, arterioles, and venules that are between 5 um
and 300 um in diameter [1] and provides the major portion of nutrient supply in the tissue
[2], [3]. The morphology of the microvasculature is important for cancer detection because
cancerous tissue typically has new vessel formation with a higher vessel density than healthy
surrounding tissue [4]. The microvasculature functionality is of great significance for cancer
detection since blood flow [5], [6] and blood volume fraction [4], [7] are generally higher
because of new vessel formation in cancerous tissue than surrounding healthy tissue.

Imaging modalities such as magnetic resonance imaging (MRI), computed
tomography (CT), x-ray and ultrasound (US) are unable to detect a cancerous tumor at an
early stage or to visualize vessels smaller than 300 um in routine clinical practice [8]. Optical
imaging offers potential for imaging both microvasculature morphology and functionality at
relatively low cost [9]. In optical imaging, light undergoes absorption and scattering in the
blood which has different optical properties compared to surrounding tissue. The higher

blood volume fraction in cancerous tissue results in larger scattering and absorption values



compared to healthy tissue. For instance diffuse optical imaging (DOI) and optical coherence
tomography (OCT) are well-established optical modalities that use visible and near infrared
(NIR) light. The microvasculature functionality can be imaged with DOI through the blood
optical properties and blood volume fraction measurements [10], [11]. Microvasculature
morphology and functionality can also be imaged with (OCT) through visualization of vessel
density and measurements of blood flow, respectively [12]. Modification of the blood optical
properties such as scattering and absorption would allow image contrast enhancement of the
microvasculature [13]. Exogenous contrast agents can be used to improve optical imaging
with the ability to enhance the optical contrast between the microvasculature and surrounding
tissues [14].

A solution termed microbubble (MB) enhanced imaging is presented in this study,
which is based on adding microbubble solution (Definity®) to the blood, thus improving the
detection of tissue microvasculature with DOI and OCT. Definity® MBs are USA Food &
Drug Administration (FDA) approved intravascular contrast agents used in diagnostic
ultrasound [15], [16]. MBs are made from non-toxic gas such as perfluorocarbon, which
introduce a refractive index mismatch that cause scattering to differentiate between blood
and surrounding tissues. Their use as potential optical contrast agents for DOI and OCT was
investigated in this study. To the best of our knowledge, this is the first study of the effect of
MBs on the DOI image contrast. This is also the first study of the effect of MBs on speckle

variance (sv) OCT image contrast of blood flow in vessels.



1.2 Diffuse optical imaging (DOI)

Diffuse optical imaging is a tomographic technique that uses light (650 nm < 1 <
1400 nm) to present quantitative spectral information regarding the optical properties of
tissue. DOI can be used to diagnose a cancerous tumor and monitor treatment response [17]—
[19]. DOI measures light intensity attenuation integrated over the depth of the bulk tissue,
and the source of the contrast comes from optical properties of tissue, such as reduced
scattering coefficient (ug), and absorption coefficients (u,). Spatial maps of these tissue
optical properties are then generated [10]. This method separates the effects of absorption
and scattering to generate images of the whole tissue volume with potential to monitor
microvasculature functionality. In DOI the region of interest is partially light-transmitting
and an example is that of the breast. By analyzing the transmitted and reflected light, optical
properties (us and u,) of the tissue are estimated with a penetration depth of a few
millimetres [10]. Spatial variations in the light scattering and absorption properties of tissue
can be imaged with the advantage of being non-invasive, fast and without the risk of ionizing
radiation [10]. DOI has been used in various applications such as breast cancer imaging, brain
functional imaging, stroke detection, photodynamic therapy monitoring and radiation therapy
monitoring [11], [20]-[22]. DOI has a low spatial resolution in the range of 6-10 mm which
makes it difficult to use as a screening tool for early stage cancer, so interest has shifted to
its use in monitoring treatment response [10]. Although, DOI cannot resolve
microvasculature due to its low spatial resolution, it can still provide valuable information

for cancer margin evaluation [10]. DOI can provide information on the blood volume fraction



in tissue [10], and such an increase of tissue blood volume can be linked with angiogenesis
[23]. Histopathological studies have also demonstrated a correlation between increased blood
volume fraction, vascular density and cancer grades [23], [24]. For example, a study on breast
cancer with DOI showed potential in differentiating between normal and malignant breast
tissue [19] and monitoring progression of neoadjuvant chemotherapy [25]. Spatial maps of
breast tissue optical properties such as total hemoglobin concentration (THC) and reduced
scattering coefficient were obtained at 786 nm in reference [26]. Patients with ductal
carcinoma of a breast had a higher THC and u; values in the tumor region which gives a

higher contrast ratio between tumor and normal tissue shown in Figure 1-1 [26].
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Figure 1-1: (a) The orientation of the three-dimensional (3D) reconstructed DOT image of a right breast with
ductal carcinoma. Slices along the y axis are arranged from left to right, from the source plane to the detector
plane, respectively. Each slice representsa 16 x 11 cm image in x-z plane with slice thickness, Ay = 1cm. Slices
at selected spatial positions are presented. The cross sectional images of (b) total hemoglobin concentration

(THC) and (c) reduced scattering coefficient of breast tissue were obtained at 786nm. Adapted from [26].

For monitoring treatment response, DOI images of total hemoglobin concentration
and reduced scattering coefficient at 786 nm (commonly available laser diode) at different

time points within the chemotherapy cycle were also shown in Figure 1-2 and Figure 1-3,



respectively [26]. In the THC images after the 7th chemotherapy cycle, the contrasted region
appears smaller than that of the corresponding 4th chemotherapy cycle [26]. The ug exhibits
a similar trend to THC, the tumor is shrinking over the course of the treatment as reflected in
reduced scattering values. However, the optical contrast between normal and the tumor
region is not significant at the 7th chemotherapy cycle because of tumor neo-vasculature
regression over the course of therapy. Microbubbles may be used to enhance the DOI optical
contrast between normal and the tumor tissues MB uptake in the tumor region therefore may

help to improve the treatment monitoring.
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Figure 1-2: Total hemoglobin concentration cross sectional images. Image slices from source to detection plane
are presented at 1 cm intervals in caudal-cranial view. DOI images corresponding to post 4th, 5th and 7th
chemotherapy are arranged from top to bottom. THC color bar scales are not fixed and are adjust to maximize

the THC color contrast between tumor and normal region. Ay is slice thickness. Adapted from [26].
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Figure 1-3: Cross sectional images of g at 786 nm. Image slices from source to detection plane are presented
at 1 cm intervals in a caudal-cranial view. DOI images corresponding to post 4th, 5th and 7th cycle of

chemotherapy are arranged from top to bottom. Adapted from [26].

Microbubbles administered intravascularly can modify the blood optical properties
and enhance the contrast between tissues with higher and lower concentrations of blood. In
this thesis, microbubbles were considered as DOI optical contrast agents to investigate the
alteration of optical properties of tissue phantoms using spectroscopy. A spectroscopy
method was used to measure total transmitted (TT) and diffuse reflected (DR) of light after
interaction with a bulk tissue phantom in order to calculate the absorption and reduced
scattering coefficients. Contrast enhancement was studied for tissue phantoms with low
blood concentration and high blood concentration, mimicking normal [27], [28] and

cancerous tissues [29]-[32], respectively.



1.2.1 Optical properties of tissue

DOI relies on the optical properties of tissue as the source of contrast; hence any
change in tissue optical properties due to microbubble agents may enhance the image
contrast. The scattering coefficient represents the probability of photon scattering in tissue
per unit path length, mm™1,

Independent approximation is defined as the distances between particles are large
compared to the particle dimensions and scattering can be considered individually. For
concentrations of particles for which the independent scattering approximation is applicable,
the scattering coefficient ug is proportional to the particle concentration [33], [34]; thus ug
increases proportionally to the concentration of the particles as

ls = €05, (1)
where ¢ is the number of particles per unit volume, mm~3, and oy is the scattering

cross section of the particle, mm™3. It is defined as
Py
Os = I_ ’ (2)
0

where the P, is the total scattered power, watt, and I, is the incident intensity,
watt. mm~3. The efficiency of a particle to scatter light can be expressed by its scattering

efficiency, Qs = ? where gy is the geometric cross section of the particle: o, = nr? [33],
g

[34], r is radious of the particle.
The absorption coefficient represents the probability of photon absorption in tissue

per unit path length, mm™1. For concentrations of particles in which the independent



scattering approximation is applicable, the absorption coefficient u, is proportional to the
particle concentration [33]; thus u, increases proportionally to the concentration of the
particles as:

Ha = €04, (3)

where g, is the absorption cross section of the particle. It is given by,

(4)
where the P, is the absorbed power and I is the incident intensity. The efficiency of

a particle absorbing light can be expressed by the absorption efficiency, Q, = ? where g
g

is the geometric cross section of the particle, o, = mr? [33], [34].

The reciprocal of the scattering coefficient, [, or the reciprocal of the absorption
coefficient, L,, is the average distance that light will travel before being scattered or absorbed,
respectively. That is called the absorption or scattering mean free path. The attenuation

coefficient is the sum of the scattering and absorption coefficient, u, = u, + us, and the

total mean free path is the reciprocal of the attenuation coefficient [, = Mi [33], [35].
t

Light propagation is also dependent upon three dimensionless parameters: the albedo,

a, the optical depth, z, and the phase function, p(s - s). The albedo defined as the ratio of

Us
Ust Ua

. The albedo varies between

scattering coefficient to the attenuation coefficient, a =

zero and one: a value of zero indicates the absence of scattering and a value of one means
that the tissue does not absorb light. The optical depth, 7, is the product of the depth, d, and

the attenuation coefficient:



T= (s + Ua)d = ped. ©)
The phase function is the fraction of light scattered into the direction of the unit vector
s’ relative to light incident from the direction of the unit vector s. The phase function is

normalized so that its integral over all directions is one,

f p(s,s)dw’' =1, (6)

4Tt

where dw' is a differential solid angle in the s’ direction. The phase function of a
volume is independent of the particle concentration [33]. Therefore, for a collection of
identical particles (monodisperse) the phase function for the volume element is identical to
the phase function for the single particle. The average cosine of the phase function,
commonly known as the anisotropy factor, g, is another property of interest in light scattering.
It is a measure of the scatter retained in the forward direction from a scattering event [33]. It

can be obtained from the phase function by,

g= jp(s,s’)(s-s’)dw. (7)

4Tt

The anisotropy factor can be any value between —1 and 1. If g = —1, then scattering
is completely in the backwards direction; if g = 1, then scattering is totally in the forwards
direction; and if g = 0, then scattering is independent of the direction of the incident light.

The reduced scattering coefficient, pg, is defined combining the scattering coefficient

and the anisotropy factor [36],

ts = us(1—g). (8)
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If there are many more scattering events than absorption events, u, < us, this is

called the diffusion regime [37]. The ug describe the diffusion of photons in a random walk

of step size of % mm (reduced scattering mean free path) where each step involves isotropic

scattering [37].

In particular the scattering properties of the medium depend on the relative refractive
index of particles, n, with respect to the background medium, nmed, 0N the size and shape of
the particles, and on the wavelength of the light, 1 [34]. The scattering dependence on size
and wavelength for spherical particles is defined by the size parameter, ka, given by:

k_err 9
a= A ()

Rayleigh scatters, (ka « 1), have a small scattering efficiency and the phase
function does not depend on A [34]. In the intermediate size-to-wavelength range, defined as

the Mie scattering, (ka = 1).
1.2.2 Calculating optical properties by inverse adding doubling (I1AD)

Inverse adding doubling (IAD) is a method for computing the intrinsic optical
properties of tissue such as ug'and u, based on the measured diffuse reflectance and total
transmittance [38], [39]. Diffuse Reflectance is the light being reflected by the sample
normalized by the incoming light intensity. Total Transmittance is the light being transmitted

by the sample normalized by the incoming light.
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The adding-doubling is an accurate solution of the radiative transport equation that
can be applied to a medium with any scattering and absorption values [35]. It has a number
of advantages [39] such as (a) a variety of optical properties can be determined; and (b) it has
an acceptable accuracy and speed. IAD starts with an initial guess of a, 7, and g obtained at
fixed intermediate values of the tissue optical properties (a = 0.5, 7 =1, and g = 0.9) for one
wavelength [35]. The IAD algorithm calculates for a series of different wavelengths, the
optical properties of the previous wavelength would be considered as the initial guess for the
next wavelength [35]. The method starts calculating the reflection and transmission for fixed
optical properties values. The calculated values are compared with the measured reflection
and transmission from spectroscopy experiments; if they match, then these values would be
recorded and used for the next wavelength. If they do not match, then another guess is made
and this process repeated until the calculated and measured values match [35]. The IAD
method has been used to compute optical properties of whole blood [40], human dermis and
human skin tissue [27] for a wide range of wavelengths. In this study, the IAD was applied

to extract the optical spectra (1 and u,) of the skin tissue phantoms.

1.3 Optical coherence tomography

Optical coherence tomography (OCT) is a noninvasive, depth resolved method to
produce cross-sectional images in ophthalmology [41], cardiovascular diagnosis, and
dermatology [42] with a typical resolution of micron. OCT is based on light backscattering
[43], [44] using wavelengths in the region 650 nm < A < 1400 nm [12], and the source of

contrast is the refractive index mismatches between structures in the tissue [45]. The use of
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infrared light (such as 1310 nm in this study) allows more penetration into the highly
scattering media such as skin tissue. OCT is an interferometric technique, light is split into
and recombined from reference and sample arms, respectively. A typical time domain OCT
Is based on a Michelson interferometer, as shown in Figure 1-4. Part of the split light travels
in a reference path and the other part of the split light travels in a sample path, reflecting from
a reference mirror and layers within a sample, respectively [46]. Constructive interference
only occurs if the optical path length of the reference and sample arm are matched to within
the coherence length of the light [12]. The coherence length is the propagation distance over
which coherent light wave maintains a coherence light. In conventional time domain OCT,
the interference pattern can be produced by moving the reference mirror to change the
reference light path length and to match various optical paths due to structures within the
sample. The speed of OCT is limited due to mechanical scanning of the reference mirror. The
reflectivity profile of structures, called an A-scan, that provides information about the spatial
distribution of structures within the sample [12]. A cross-sectional image, called a B-scan,

can be produced by laterally combining multiple A-scans.

(a) Reference mirror (b) I

Low coherence
light source

—

Samrl‘e arm Jf ‘

Beam
Splitter

out

Detector

Figure 1-4: (a) OCT system. (b) The interference pattern. Adapted from [46].
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The essential parameters are the center wavelength and the numerical aperture that
determine the OCT imaging capabilities such as the maximum imaging depth, axial
resolution and lateral resolution. In any highly scattering medium such as a biological tissue,
the depth scan is limited by scattering and absorption. The center wavelength determines the
imaging depth and spatial resolution of the system. Typical OCT systems operate with a
center wavelength of either short wavelength (300 nm - 455 nm) or longer wavelength (900
nm - 1300 nm). Short wavelength light source is popular for ophthalmic diagnostic since it
provides higher resolution [12]. The longer wavelength systems provide deeper penetration
suitable for highly scattering media such as skin tissue [12].

The axial resolution of an OCT system can be determined by the central wavelength

and wavelength bandwidth of the light source. The coherence length of a broadband light

2
source is defined by [. = 0.44 Z—; [12], where A, is the central wavelength and AA is the

bandwidth of the light source. The axial resolution of an OCT system is defined by R, =

2
% =0.22 2—; [47]. Shorter central wavelength and larger bandwidth OCT systems result in

a higher axial resolution imaging. The lateral resolution of an OCT system defined by R, =

ZN’;" , Where NAp; is the numerical aperture of the objective lens used in the sample
Obj

1.22

arm. Shorter central wavelength and larger numerical aperture OCT systems result in a higher
lateral resolution imaging. Therefore, the axial resolution and lateral resolution may be

independently controlled.
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Autocorrelation method used to provide information regarding the dynamic
properties of particles such as blood flow. An autocorrelation method is capable of mapping
transverse particles-flow velocity with an OCT system [48]. The autocorrelation function
(ACF;) is the correlation between intensity values I; of a pixel at times t; and t;,, with

increasing time delay 7 [48], given by

Yist (i = DUy = 1)

ACF, = e
L =D

(10)

Where N is number of time intervals, I is the mean intensity of that pixel over N time
interval. An autocorrelation method uses the statistical nature of the fluctuation of the
backscattered light intensity modulated by the scatterers’ displacement. In the absence of
noise, the backscattered light intensity pattern remains stationary as long as the particles do
not change their position. Particle motion leads to a temporal change in the scattered intensity
since one interference pattern is continuously replaced by another [48]. Thus, the intensity
fluctuations are linked to the movement of scatterers and therefore the temporal correlation
function depends on the scatterers’ displacement. The measurable correlation properties of
light can be linked to the dynamic properties of particles. In this thesis, an autocorrelation
function was used to assess the flow of a blood stream in the presence of microbubble contrast
agents. In flowing blood, scatterers follow the flow and produce a fluctuation in OCT
intensity. In stationary blood, MBs motion is Brownian in nature, which also produces OCT
intensity fluctuations. OCT autocorrelation analysis were used for flowing and stationary

blood conditions in the result section.
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One of the OCT imaging techniques used to visualize microvasculature is speckle
variance OCT [49]. The speckle variance OCT calculates the inter-frame intensity variance
of structural images. The speckle variance OCT contrast is based on the difference in time-
varying properties. Speckle variance OCT can be calculated from the number of B-scans

acquired from the same i-location by the following equation [50]:
1 N
—\2
SVjr = NZ(Iijk —Ty) (11)
i=1

where N = 8 is the number of B-scans acquired from the same jk-location, I; is the
intensity of the pixel of the i-th B-scan, j is the axial pixel, k is the lateral pixel, and I]_k is the

mean intensity of that pixel over N sequential B-scans [50].

1.3.1 OCT images of tissue

One of the most promising applications of functional OCT has been the imaging of
blood vessels by the speckle variance OCT that uses the blood motion as the source of
contrast to visualize microvasculature [50]. A challenge in the clinical applications of svOCT
is the development of a contrast mechanism that generates physiological information in
addition to morphological structure [51]. Optical contrast agents may be used to overcome
this limitation. In a recent in-vivo study, fluorescence imaging was used to compliment
svOCT imaging as shown in Figure 1-5 in order to visualize the response of vasculature
functionality within tumors over time [51]. FITC Dextran (green) was used as a contrast

agent for fluorescence imaging and combined with svOCT imaging to extract the
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microvasculature functional changes during therapy due to blood perfusion of the fluorescent
Dextran contrast agent. Figure 1-5 shows the response of a small region-of-interest within

the tumor area to therapy with a significant decrease in vascular perfusion.

Fluorescence

svOoCT

A W RV ’ et
Pre- Day 1 Day 2 Day 4 Day8 Day10 Day 14 Day20
e Post-irradiation

Figure 1-5: Fluorescence and svOCT imaging of response to radiation in tumor and vascular compartments in

vivo. Functional changes in perfusion in the tumor microvasculature were observed. Adapted from [51].

Since OCT imaging relies on light backscattering from tissue structures, contrast
agents that amplify the scattering in blood can potentially improve the detection of
microvasculature morphology and functionality. Light backscattering depends not only on
the refractive index difference of the contrast agent particles to the surrounding medium, but
also on particle size and shape [52]. Spherical gas-filled microbubbles have been shown to
enhance OCT scattering contrast in clear liquids [13].

In this thesis, spherical gas-filled microbubbles were investigated as OCT contrast
agents in order to enhance svOCT image contrast of a vessel phantom. Structural and speckle
variance OCT images, as well as speckle decorrelation times, were evaluated under both

stationary and varying flow conditions.
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1.4 Optical contrast agents

Optical contrast agents introduce distinct optical properties to induce detectable
changes in native tissue [53]. Current optical contrast agents include indocyanine green (ICG)
[54], gold nanoparticles [55]-[58] and gold nanoshells [59]. These contrast agents have some
limitations, two types of contrast agents will be described below.

One of the common type of optical contrast agents was indocyanine green, which is
clinically used for NIR fluorescence [60]. The short life time of ICG in blood circulation
allows repeated applications [54]. However, repeated injection of ICG is not suitable for
routine clinical practice [61], [62].

Nanosized metallic absorbing and scattering particles constitute a second well-known
class of optical contrast agents [56], [63]. These agents are limited by enhancing the contrast
with absorption and scattering in a narrow wavelength band. There are also safety concerns
surrounding nanoparticles because they can accumulate in the liver and spleen [64], [65].

The limitations and safety concerns of current optical contrast agents motivated the
investigation of microbubbles for optical imaging. Microbubbles are micrometer sized shell-
encapsulated gas-core spheres which are FDA approved intravascular contrast agents in
diagnostic ultrasound, to improve ultrasound image contrast of vessels [16], [66]-[70]. In
addition to diagnostic/imaging applications, microbubbles (in combination with therapeutic
ultrasound) are being investigated to enhance chemotherapy [71], radiotherapy [72] and
thermal therapy with gold nanoparticles [73]. Microbubble contrast agents offer several

advantages over current optical contrast agents as described below.
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Definity® microbubbles are composed of a phospholipid shell and perfluoropropane
gas core schematic shown in Figure 1-6. The in vivo lifetime of MBs are typically 40 - 45
minutes following injections, MBs shrink and are lost from the blood circulation by releasing
the gas into lungs and exhaling [69], [74]. The phospholipid shell also dissolves easily in the
blood, resulted in no accumulation in organs [16].

Microbubbles have also been shown to have scattering properties that remain
approximately constant over a band of broad optical wavelengths [75], which can be
beneficial in multi-wavelength imaging modalities such as DOI and OCT. In addition,
microbubbles remain well dispersed after intravascular injection, can flow with blood, and
hence generate a contrast effect. Micron sized microbubbles do not leak from the vessels and
circulate in the same manner as blood cells. Furthermore, microbubbles local concentration

in blood can be controlled by their injection method such as perfusion or bolus [15].

Polymer or lipid

Non-toxic gas shel

Figure 1-6: Schematic illustration of the microbubble agent particle.
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1.5 Thesis hypothesis and specific aims

The hypothesis of this thesis is that microbubbles enhance image contrast in diffuse
optical imaging and optical coherence tomography. The objective was to investigate the
effect of microbubbles on the optical image contrast. That was done by quantitatively
assessing the changes in the optical properties caused by microbubbles in bulk skin phantoms
and assessing of OCT image contrast enhancement with microbubbles in blood vessel
phantoms.

The specific aims of the research were to:

1. Conduct integrating sphere spectroscopy to measure diffuse reflectance and total
transmittance of light propagation in a broad wavelength range (300-1400nm) from
a bulk skin tissue phantom with various blood volume fractions without and with
microbubble contrast agents at various Definity® injection doses.

2. Estimate the absorption coefficient and reduced scattering coefficient from
spectroscopic data using inverse adding doubling and to analyze the changes in these
optical properties and image contrast enhancement due to the presence of
microbubbles for 20 phantom conditions at 660 nm and 1310 nm wavelengths.

3. Perform optical coherence tomography centered on a 1310 nm wavelength for
structural imaging, autocorrelation and speckle variance imaging of blood vessel
phantoms to analyze the image contrast enhancement due to the presence of

microbubbles.
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1.6 Overview of the Dissertation

Chapter 2 describes the methodology of a) spectroscopy, b) OCT and c) skin tissue
phantoms which were made for each method separately.

Chapter 3 describes the experimental results of the spectroscopy studies and the
estimated optical properties. The effect of various injection doses of microbubbles on contrast
enhancement at various blood volume fractions were discussed.

Chapter 4 describes the OCT experimental results to evaluate the image contrast
enhancement of the vessel structures in the presence of microbubble contrast agents for
different blood flow conditions.

Chapter 5 summarizes the results. The spectroscopy result of contrast enhancement
due to the presence of microbubbles at various injection doses were summarized. The OCT
image contrast enhancement of the vessel structures in the presence of microbubble were also
summarized.

Chapter 6 describes the future work. In future work the Mie simulation results were
discussed to analyze the image contrast enhancement due to the presence of microbubbles
and compared with the image contrast enhancement due to the presence of microbubbles in
6% bulk phantom experiments.

Appendix A presents the raw data obtained for total transmittance and diffuse

reflectance spectra from the spectroscopy method for the 20 phantom conditions.
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Chapter 2 Materials and Methods

2.1 Spectroscopy experiment

An integrating sphere system, ISS (UV-VIS-NIR Spectrophotometer Shimadzu UV-
3600, double beam, Japan) consists of a hollow spherical cavity with its interior covered with
a reflective coating and two holes for entrance and exit ports [76]. The spectrophotometer
system has three detectors: a Photomultiplier tube (PMT) for the ultraviolet (165 nm - 380
nm) and visible regions (380 nm - 780 nm), Indium-Gallium-Arsenide (InGaAs) (700 nm -
1800 nm) and PbS (1600 nm — 3300 nm) detectors for the near-infrared region over a wide
range. The spectrophotometer consists of two light sources; a 50W halogen lamp and a
deuterium lamp that is switched freely in accordance with the wavelength in the range 282
to 393 nm. The spectrophotometer grating and detector are switched at 830 nm and 970 nm
wavelengths, respectively. The integrating sphere system produces a diffuse scattering after
light is incident on the coating and distributes equally to all other points inside by multiple
scattering reflections. Double beam integrating sphere system uses two light paths; a sample
light beam and a reference light beam. The sample was placed in front of the sample light
beam and an empty cuvette were placed in front of the reference light beam in this study.
Two measurements are made by the sample beam and the reference beam sequentially, the

reference beam is used for integrating sphere system corrections, such as a variation of the
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lamp source with wavelength, detector changes, sphere coating defects, or anything that
affects the light path.

The Shimadzu UV-3600 with ISS provides the ratio of the normalized values of the
TT and DR as the output by computing the ratio of the sample beam to the reference beam.
The TT measurement is performed by placing the sample in front of the coherent incident
light at entrance port as shown in Figure 2-1(a). The light transmitted from the sample onto
the detector and the measured value becomes the total transmittance with respect to the
reference beam. DR measurements are performed by placing the sample in front of the
coherent incident light at exit port as shown in Figure 2-1(b). The light reflected from the
sample onto the detector and the measured value becomes the diffuse reflectance with respect
to the reference beam. Two cuvettes were used with one cuvette being a reference that allows
most of the effects of specular reflection from surfaces to be corrected and the other cuvette
were the phantom sample for both TT and DR.

The TT and DR were measured in this study in order to compute ug and u,. Quartz
cuvettes (Starna Cells Inc, USA) with 1 mm light path were used to place the bulk skin
phantom solution at the integrating sphere sample port. Quartz is a transmitting medium in
the range of 190 nm — 2500 nm. Spectra were obtained at visible and near infrared
wavelengths (300-1400 nm). This range allows flexibility in choosing measured
wavelengths for optical property calculations. The total transmittance and diffuse reflectance

spectra for the 20 phantom conditions (four blood concentrations 0.2%, 1.5%, 3% and 6%
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v/v at five Definity® microbubble injection doses 0, 25, 50, 83.3 and 166 uL/kg) were

obtained with ISS.

detector (b) detector
|
Sample E éreﬂectance E ; Sample ——J
standard

Figure 2-1: Integrating sphere system (ISS). (a) Total transmittance measurement setup. (b) Diffuse reflectance
measurement setup. Baffles are placed in the sphere to block the direct path of light from a source port to a

detector port. The light source is to the left as shown by the arrows.

2.1.1 Inverse adding doubling and optical properties

Inverse adding doubling software [77] developed by Scott Prahl was used to extract
the optical properties, us" and u,, from DR and TT spectra for low blood concentration and
high blood concentration phantom tissue conditions before and after addition of
microbubbles at five Definity® injection doses.

The settings to the IAD software were (1) phantom index of refraction was assumed
1.37, (2) index of refraction of the top and bottom slides was 1.50 (Quartz glass), (3) sample
thickness was 1.00 mm, (4) illumination beam diameter was 7.13 mm (diameter of 7.13 mm
was selected as a circle beam equivalent with an area of rectangular beam shape), (5)
reflectance of the calibration standard was 0.98 (185 - 3300 nm), (6) number of spheres used

during each measurement was 1. The properties of sphere were Sphere diameter (60 mm),
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sample port diameter (18.74 mm), entrance port diameter (16.73 mm was selected as a circle
port equivalent with an area of rectangular port shape), detector port diameter (13.12 mm
was selected as a circle port equivalent with an area of rectangular port shape), and
reflectivity of the sphere wall (0.98). A large aspect ratios for the sample is needed to let the
entire beam hit the sample and avoid the light loss. Sample port diameter (18.74 mm) is ten
times the sample thickness (1 mm) in this study.

Optical properties, signal enhancement and image contrast of low blood volume
fraction and high blood volume fraction of phantom tissue conditions with and without
microbubbles are defined by:

w'l: Reduced scattering coefficient of high blood concentration phantom tissue
/HMB,

1s :Reduced scattering coefficient of high blood concentration phantom tissue with MB

u'Y : Reduced scattering coefficient of low blood concentration phantom tissue

'MB. Reduced scattering coefficient of low blood concentration phantom tissue with MB

ull : Absorption coefficient of high blood concentration phantom tissue

u?’MB: Absorption coefficient of high blood concentration phantom tissue with MB

Uk : Absorption coefficient of low blood concentration phantom tissue

,u;"MB: Absorption coefficient of low blood concentration phantom tissue with MB

/L, MB
L S
Ss =

: Reduced scattering signal enhancement of low blood concentration

/L
Hs

phantom tissue
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/HMB
2 : Reduced scattering signal enhancement of high blood concentration

SH =
S ‘u,?

phantom tissue

L,MB
U : : :
= = — : Absorption signal enhancement of low blood concentration

M3

Sx

phantom tissue

H,MB
Ha : Absorption signal enhancement of high blood concentration

Sil =
°oull

phantom tissue

- A : Absorption contrast
Ha . .
= ———= : Absorption contrast with MB

MB

I .
Cs = Ti : Reduced scattering contrast
S

/H,MB
CcMB = 'u,iw : Reduced scattering contrast with MB

S

MB
: Reduced scattering contrast enhanecment

'HMB \alues of 20

S
L /L,MB rH
yUs, Us

To study the reduced scattering coefficient, u's, '

phantoms were plotted versus the wavelength range 300 — 1400 nm. The Sk and S was
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plotted versus blood concentrations for two chosen wavelengths 660 nm and 1310 nm. The

cMB
C

reduced scattering contrast enhancement were presented at two wavelengths.

S

To study the absorption coefficient, L, u-™B, ul, ut"™MB values of the 20
phantoms were also plotted versus wavelength range 300 — 1400 nm. The Stand S was

plotted versus blood concentrations for two chosen wavelengths 660 nm and 1310 nm. The

cMB
Ca

reduced scattering contrast enhancement were also presented at the two wavelengths.

2.1.2 Bulk tissue phantom solution (Intralipid, Human Blood, PBS)

Diffuse Optical Imaging (DOI) detects light intensity integrated over the depth from
bulk tissue to monitor spatial variations in the optical properties. Phantoms mimicking bulk
tissue were used to study the effect of MBs on the optical properties. Four phantom solutions
were made by mixing intralipid (5% v/v, diluted from 20% Stock Sigma-Aldrich, St. Louis,
MO, USA), human blood (0.2%, 1.5%, 3%, 6% v/v) and Phosphate-buffered saline (PBS).
In this study the bulk tissue phantom with a low blood concentration (0.2% v/v) mimic
normal tissue [27], [28] and higher blood concentrations (1.5% - 6% v/v) mimics cancerous

tissue [30], [78], [79].

2.1.3 Microbubbles

Definity® (Lantheus Medical Imaging, Billerica, MA), an ultrasound microbubble

contrast agent, was used in this study. Undiluted Definity® has a concentration of ~ 1.2 X
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1010 ﬁ [80] with mean diameters in the range of 1.1-3.3 um [81]. Based on equation 1, the

larger the size of scatterer (microbubble), the larger the scattering coefficient which results
in higher contrast enhancement. There is a size limit of ~ 8 um diameter of MB for in vivo
use in order for the MBs to cross the capillaries [16]. The current clinical preferred size of
microbubbles is around 3 um [16]. The ultrasound clinical imaging dose of Definity is 10 —
100 uL/kg [82],[83]. Studies in primates proved that up to 10 ml/kg of Definity can be safely
injected without affecting blood pressure [83], [84]. In order to calculate the Definity®
volume fractions, ppef, t0 add MBs into the bulk tissue phantoms the following formula was
used:

Vi
Ppef = BfV_B (12)

where 1} is Definity® microbubble injection volume, Vj is the blood volume in the
human body and By is blood volume fraction in the bulk tissue phantom. Equation 12
converts Definity® microbubble injection volume to Definity® volume fraction (v/v) in the
phantom. V; is the multiplication of Definity® injection dose, D;, to body mass in
kilogram, W, given by:
V= DIW (13)
Equation 13 converts Definity® microbubble injection doses (uL/kg) to Definity®
microbubble injection volume. In our calculation, a 60 kg patient has 5000 ml blood volume.
Following is an example of our calculation for 0.2% v/v blood phantom and a 25 uL/kg

microbubble injection dose. Utilizing equation 12 and substituting Definity® microbubble
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injection volume, the Definity® microbubble volume fraction v/v in the phantom with 0.2%

blood is:

uL
D, 25k_ X 60 kg

w
= B, . = 0.2% x = 6x1077 14
Poef = 5f 7y o X e 105 L 14

This calculation was done for all 20 phantom conditions and is summarized in Table

2-1, Table 2-2, Table 2-3 and Table 2-4.
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Table 2-1: Volume calculations in phantom 1 with 0.2% v/v human blood. The first column of the table shows

the Definity® microbubble injection doses (D;). The second column represents the Definity® volume fractions

in tissue (pper). The third column shows the Definity® volume in the phantom solution. The fourth, fifth and

seventh columns state the volume of intralipid (Vy,), 0.2% Blood (V¢ 2¢,_g), and total phantom for the relevant

D,. The sixth column represents the effective volume of PBS (Vpgs,,) in phantom 1.

Dy (ulTkg) Poet Ber [V © Vozn—s () Vemsr O | Vior (0
+1E-08 +1E-08 +1E-08 +1E-03 +1E-03

0 0.00E+00 0.00E+00 5.00E-05 2.00E-06 9.480000E-04 | 1.00E-03

25 6.00E-07 6.0E-07 5.00E-02 2.00E-03 9.479994E-01 | 1.00E+00

50 1.20E-06 1.20E-06 5.00E-02 2.00E-03 9.479988E-01 | 1.00E+00

83.3 2.00E-06 2.00E-06 5.00E-02 2.00E-03 9.479980E-01 | 1.00E+00

166 3.98E-06 4.00E-06 5.00E-02 2.00E-03 9.479960E-01 | 1.00E+00

Table 2-2: Volume calculations in phantom 2 with 1.5% v/v human blood. The first column of the table shows

the Definity® microbubble injection doses (D). The second column represents the Definity® volume fractions

in tissue (pper). The third column shows the Definity® volume in the phantom solution. The fourth, fifth and

seventh columns state the volume of intralipid (V;.), 1.5% Blood (V; 5¢,_g), and total phantom for the relevant

Dy. The sixth column represents the effective volume of PBS (Vpgs,,,) in phantom 2.

Dy (uL/kg) PDef Vper (L) Vi (L) V1s9-8 (L) VpBse (L) Vrot (L)
+1E-08 +1E-08 +1E-08 +1E-03 +1E-03

0 0.00E+00 0.00E+00 5.00E-05 1.50E-05 9.350000E-04 1.00E-03

25 4.50E-06 4.5E-06 5.00E-02 1.50E-02 9.349955E-01 1.00E+00

50 9.00E-06 9.00E-06 5.00E-02 1.50E-02 9.349910E-01 1.00E+00

83.3 1.50E-05 1.50E-06 5.00E-03 1.50E-03 9.349850E-02 1.00E-01

166 2.99E-05 3.00E-06 5.00E-03 1.50E-03 9.349701E-02 1.00E-01
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Table 2-3: Volume calculations in phantom 3 with 3% v/v human blood. The first column of the table shows
the Definity® injection doses (D;). The second column represents the Definity® volume fractions in tissue
(ppes)- The third column shows the Definity® volume in the phantom solution. The fourth, fifth and seventh
columns state the volume of intralipid (V;,), 3% Blood (V3,_g), and total phantom for the relevant D;. The

sixth column represents the effective volume of PBS (Vpgs...) in phantom 3.

eff

Dy (uL/kg) Ppef Vper (L) T (L) Vay—8 (L) VpBs, (L) Vroe (L)
+1E-08 +1E-08 +1E-08 +1E-03 +1E-03

0 0.00E+00 0.00E+00 5.00E-05 3.00E-05 9.200000E-04 | 1.00E-03

25 9.00E-06 9.0E-06 5.00E-02 3.00E-02 9.199910E-01 | 1.00E+00

50 1.80E-05 1.80E-06 5.00E-03 3.00E-03 9.199820E-02 | 1.00E-01

83.3 3.00E-05 3.00E-06 5.00E-03 3.00E-03 9.199700E-02 | 1.00E-01

166 5.98E-05 6.00E-06 5.00E-03 3.00E-03 9.199402E-02 | 1.00E-01

Table 2-4: Volume calculations in phantom 4 with 6% v/v human blood. The first column of the table shows
the Definity® microbubble injection doses (D). The second column represents the Definity® volume fractions
in tissue (pper)- The third column shows the Definity® volume in the phantom solution. The fourth, fifth and
seventh columns state the volume of intralipid (Vy..), 6% Blood (Vgo,_g), and total phantom for the relevant Dy.

The sixth column represents the effective volume of PBS (Vpgs,,) in phantom 4.

Dy (uL/kg) Ppef Vper (L) Vi (L) Vew-8 (L) VpBs, (L) Vot (L)
+1E-08 +1E-08 +1E-08 +1E-03 +1E-03

0 0.00E+00 0.00E+00 5.00E-05 6.00E-05 8.900000E-04 1.00E-03

25 1.80E-05 1.8E-06 5.00E-03 6.00E-03 8.899820E-02 1.00E-01

50 3.60E-05 3.60E-06 5.00E-03 6.00E-03 8.899640E-02 1.00E-01

83.3 6.00E-05 6.00E-06 5.00E-03 6.00E-03 8.899400E-02 1.00E-01

166 1.20E-04 1.20E-06 5.00E-04 6.00E-04 8.898805E-03 1.00E-02
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2.1.4 Optical stability of MBs solution

The time variance of the photometric value at 550 nm wavelength (maximum peak
sensitivity wavelength for PMT detector) was measured for diluted microbubbles to
investigate the stability of the MB solution. The spectra of 2.5% Definity® microbubble (can
be equivalent to the 2 mL/kg Definity® microbubble injection dose) stability in distilled and
purified water is shown in Figure 2-2 as an example. The transmittance change in first 5
minutes is less than 0.1%. That indicates the microbubble redistribution within the optical

sampling zone is not significant over the time of a single sample data collection of TT in 4

minutes.
63.5 . . .
550 nm —2.5% MB in water

63.4f .
$63.3 ]
= 63.2 ]
63.1F :

63 - - '

0 1000 2000 3000 4000
Time (s)

Figure 2-2: Time course graph to investigate MBs stability diluted in water. Total transmittance change in first

5 minutes is less than 0.1% at wavelength 550 nm.
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2.1.5 Ethic approval for use of human blood

Ethics approval was granted in 2015 by the Research Ethics Boards of Ryerson
University and the Canadian Blood Services. All experiments were conducted using whole
blood donated by healthy volunteers recruited by the Canadian Blood Services’ Network
Center for Applied Development (Vancouver, BC, Canada). The whole blood was one week
old and contained 14% Citrate Phosphate Dextrose anticoagulant in 1 L blood bag.

As mentioned, the average blood content in healthy skin tissue were considered
approximately 0.2% v/v which assumed to be uniformly distributed in skin [29]. Blood
volume fraction is larger in malignant skin tissues compared to the corresponding healthy

ones [31].

2.1.6 Optimal wavelength selection

Optical properties are wavelength dependent and DOI and OCT utilize light in the
near infrared region to measure the optical properties of tissue. The choice of a specific
wavelength band is dependent on the absorption and scattering property of the tissue of
interest. A wavelength range of 650 — 1400 nm is well suited for DOI and OCT [85] where
tissue transparency is relatively high. 1310 nm light is commonly used for highly scattering
tissues such as skin because of low absorption and scattering at this wavelength, resulting in
improved depth penetration. The choice of wavelength may also depend on the availability
light sources rather than any theoretical considerations. For example, due to relatively low
priced light sources 632.8 nm are commonly used in DOI [86]. Wavelengths of 660 nm and

1310 nm were chosen in this study to evaluate variations in the optical properties, signal
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enhancement and DOI contrast enhancement of the bulk tissue due to the presence of
microbubbles. 1310 nm was also chosen to evaluate the OCT contrast enhancement of the

blood due to the presence of microbubbles.

2.1.7 Statistical analysis method

The effect of four microbubble doses on the u} and u, of each of the phantom was
assessed statistically using one-tailed independent sample t-test between “without MB” and
“with MB” for same blood concentration with a significance level at 0.05. The one-tailed
independent sample t-test between two concentrations of blood were also conducted for the
same microbubbles dose with a significance level at 0.05, which is a standard in the analysis
of clinical trials [87]. The normality of the data sets was tested using Shapiro-Wilk test in

SPSS software (IBM SPSS statistics 24) and data was found to be normally distributed.

2.2 Optical coherence tomography method

A swept source OCT system [88] was used in this thesis. A 36 kHz short cavity laser
source with a polygon-based tuneable filter and wavelength centred at 1310 nm had a sweep
range of 110 nm and an average output power of 40 mW. The system contained a 50/50
Mach-Zender interferometer and an imaging probe mounted on 3-axis micro-positioning
stage in the sample arm. A dual-balanced photo detector was used in the output arm of the
interferometer for DC signal component removal. A fiber Bragg grating provided the A-scan
trigger at the beginning of each laser sweep. An OCT signal recalibration was performed

with a standard Mach-Zender recalibration interferometer to generate linear k-space data
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from the raw data sampled with a 125 MS/s data acquisition card. After the data was equally
spaced in k-space, it was inversely Fourier transformed for further analysis. The axial
resolution (in air) of the system was 8 um. The experimental setup is shown in Figure 2-3. In
this study microbubbles are investigated as intravascular OCT contrast agents. Four
scattering tissue phantoms with two embedded microtubes (300 um and 600 um) were
fabricated to model vascular blood flow. One microtube was filled with human blood, and

the other with a mixture of human blood+MB as shown in Figure 2-3.

40mW output power Double-syringe pump
P
SS-OCT o o
englne 3.2ml/h 8 8 &
B 36 kHz A-scan rate ‘
[ OCT gLy icteib
imaging .
— probe Sl
— Agar + Intralipid = l s
2 O phantom Blood +
microbubbles
OCT computer Platform with sample

Figure 2-3: OCT Experimental setup.

OCT imaging was performed for both stationary and various flow velocity conditions

for blood (left microtube on subsequent images) and blood+MB mixture (right microtube)
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achieved by double syringe pump. Data were recorded using Thorlabs software (Thorlabs
Inc., Newton, NJ) in 1-, 2- and 3-dimensional modes. OCT was used to assess the image
contrast enhancement of blood vessel phantoms before and after adding MBs to human
blood. This phantom experiment helped us to study the potential of using MBs as optical

contrast agents to enhance the OCT visualisation of blood vessels in micron size.

2.2.1 Structural OCT image

By combining adjacent axial OCT A-scans, a two dimensional structural image can
be created which is commonly used for depicting vessel structure morphology. The first
structural image (cross sectional image) was in ophthalmology and depicted a human eye;
enabling the analysis of details of tissue structures [12]. The source of structural OCT image
contrast is the refractive index mismatches of the optical scatterers. In this thesis a typical
OCT cross sectional structural image is presented to identify the microtubes via contrast
visibility in the phantom. Comparing the structural image with the other OCT imaging
techniques such as speckle variance helps to understand the MB-enhanced OCT mechanism.

2D images (B-scans) of each phantom were acquired with 4 mm of lateral scanning.
Matlab software (Matlab, Mathworks, Natick, MA, USA) was used for data processing.
Images of both blood and blood+MB microtubes were used to quantify the difference in
phantom contrasts. Since the majority of the signal from the bottom of the microtube was
low due to the high absorption of blood, the ROI was chosen as the top-half circular section

of the microtube lumen shown on Figure 2-4. The averaged ROI intensity was used to
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quantify the contrast by Weber equation:

-1,
Civy =

(15)

where [ is the average intensity within ROl and [, is the average intensity of the
background ROI,. The background ROI,was chosen to be in the middle of the phantom

between the microtubes, at the same depth shown in Figure 2-4.

ROl,

Blood Background BIooéHM@
tA-scan

Depth (mm)

Widthz(mm)
Figure 2-4: Typical structural B-scan of the phantom. The left microtube was filled with blood, and the right
with blood+MBs (2.5% volume fraction of a stock suspension were injected into the blood microtube). ROIs
of blood and blood+MB mixture are labeled with half-circles at the top circular section of microtube lumens.
Background ROI was chosen at the same depth as shown. The vertical dashed line indicates the location of the

acquired A-scans.
2.2.2 Autocorrelation

A-scans were acquired from both microtubes in order to quantify microbubble-
induced differences in OCT signal intensities. The autocorrelation function, defined in

equation 10, was calculated from 18 pixels along the chosen A-line within the region of
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interest (ROI) of the corresponding microtube. The average of speckle decorrelation times
(1/e level) of these 18 pixels were then recorded and are shown in the results section. For
each phantom, A-scans were recorded continuously for 8 seconds with the optical beam
positioned at the centre of the chosen microtube (with blood and blood+MB) at various
average flow velocities (0, 0.5, 1, 2, 3, 5, 8, and 12 mm/s). Each resultant record of 288,000
A-scans was divided into 240 intervals of N = 1200 A-scans with 33 ms acquisition time.

ACFs were computed for each interval and then averaged.

2.2.3 Speckle variance OCT images

3D OCT images were acquired in speckle variance (sv) mode in order to obtain sv
average intensity projections for a 3x1x1 mm?® data volume as previously described [88], with
the number of sequential same-location B-scans, N = 8 defined in equation 11, with 25 ms
step size in the slow-axis () direction. To achieve higher SNR, the gate length (N) was
optimized and N =8 was found (1) fast enough for lower BTM (bulk tissue phantom motion)
[50] and (2) sufficiently slow to ensure complete inter-frame decorrelation for pixels
representing blood [50]. Statistical analysis was performed using SPSS statistics software,
using results from the four identical independent phantoms for any given experimental point.

Results with p < 0.05 were considered statistically significant.

2.2.4 SkKin tissue phantoms for OCT

To model biological tissue, solid phantoms were made by heating 1% TCBS agar
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(Sigma-Aldrich, MO, USA) and 2% v/v Intralipid (stock solution with 20% intralipid
concentration, Sigma-Aldrich, St. Louis, MO, USA) diluted in distilled water. Intralipid
mimics the scattering properties of epidermis skin tissue [89]. Agar solidifies the resultant
suspension upon cooling. The heated mixture was cooled in chambers containing two
microtubes (Zeus medical tubing, Orangeburg, SC 29115 USA) to simulate blood vessels
shown in Figure 2-5. Four identical independent phantom chambers contained two
microtubes with internal diameters of 600 um, and 300 um were produced. A double-syringe
high-precision pump (Model NE-4002X, New Era Pump Systems, Farmingdale, NY, USA)
was used to produce blood flow in two microtubes simultaneously at various average flow
velocities. The average blood flow velocities in both microtubes were 0, 0.5, 1, 2, 3, 5, 8, and
12 mm/s (corresponding to venules, capillaries and arterioles [90], [91]). Blood flow was
laminar in the microtube, which refers to streamline movement of blood. In laminar flow the
blood flow velocity is zero for the layer in contact with the tube wall and highest at the center
of the tube lumen. Therefore, average flow velocity is defined as the average speed though a
cross section which is half of the maximum velocity.

OCT measurements under both no-flow and flow conditions were conducted. One
syringe was filled with blood, the other - with the mixture of blood (same blood concentration
as the other syrange) and microbubbles (MBs). Rotating magnets inside both syringes were
used to mix the blood solution and prevent the microbubbles from floating up during the

experiments.
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Figure 2-5: Schematic of two embedded blood vessel skin phantom fabricated for OCT experiment.

2.2.5 Microbubbles in OCT experiments

Definity® microbubble (perflutren lipid microspheres, Lantheus Medical Imaging,
Billerica, MA), were used in OCT experiments [75]. A 2.5% volume fraction of Definity®
stock suspension was injected into the blood microtubes. The 2.5% microbubbles volume
fraction is equivalent to the 2 mL/kg Definity® microbubble injection dose based on the

equation 12, considering a 60 kg patient with 5000 mL blood in body. The considered

injection dose for OCT experiment is less than the maximum tolerated dose 10 T:—; [83], [84].

A higher volume fraction of Definity® microbubble were used in OCT compared to
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DOI experiments. The MBs applied to create an increase in contrast must be at least 2.5%
Definity® volume fraction to reach a contrast enhancement of ~1.1 times in structural OCT
images (which is the minimum contrast enhancement required to detect OCT image

modification).
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Chapter 3 Tissue optical properties in

presence of microbubbles

3.1 Optical properties

The absorption and reduced scattering coefficient spectra for the 20 phantom
conditions (four blood concentrations 0.2%, 1.5%, 3% and 6% v/v at five Definity®
microbubble injection doses 0, 25, 50, 83.3, 166 uL/kg) are shown as mean + SD from three
identical independent phantoms over 300 -1400 nm wavelengths in Figure 3-2 and Figure
3-8. The standard deviations (SD) are shown with interval of every 40 nm wavelengths. In
addition, the signal-enhancement in u 'and u, due to the presence of microbubbles at two
wavelengths 660 nm and 1310 nm versus blood concentration are shown in Figure 3-4 and
Figure 3-10, respectively. Furthermore, the reduced scattering contrast enhancement and
absorption contrast enhancement versus Definity® microbubble injection doses are shown in
Figure 3-6 and Figure 3-12, respectively. The total transmittance (TT) and diffuse reflectance
(DR) spectra for the 20 phantom conditions shown as mean + SD from three identical

independent phantoms are presented in appendix A.

3.2 Reduced scattering coefficient (i)

The reduced scattering coefficient spectra for the 20 phantom conditions are shown

as mean+SD from three identical independent phantoms in Figure 3-2. The reduced scattering
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coefficients of the bulk skin-phantom is wavelength dependent and decreased with
wavelength. In addition, around 410 nm (Soret band) and 542 nm and 576 nm (Q bands),
the spectrum deviates from a monotonic dependence, which is more apparent at higher blood
concentrations; this is due to hemoglobin absorption bands [27]. The ug'deviations from a
monotonic dependence increases with the blood concentration (Figure 3-2(d)). This
behaviour is explained by anomalous light dispersion which coincides with the region of
maximum absorption [92], [93]. The reduced scattering coefficient at 830 nm and 970 nm
wavelengths decreases abruptly due to changes in the spectroscope grating and detector
wavelength. The reduced scattering coefficient results of the skin bulk tissue phantom in this
thesis are in general agreement with those given in the literature for human skin shown in

Figure 3-1 [27].
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Figure 3-1: Reduced scattering coefficient spectra measured in this thesis for the tissue phantom with low blood
concentration (0.2% v/v) in color (Asterisk) compared with reduced scattering coefficient spectra of human
skin in vitro from the literature review in black adapted from [27]. Reduced scattering coefficient results in this

thesis are in general agreement with published values.

We expected that the reduced scattering coefficient increases with increasing blood
concentrations, where the scattering coefficient is proportional to the particle concentration
and increases proportionally to the volume fraction of the blood as observed in the longer
wavelength (Figure 3-2). However, a smaller ' value are observed with increased blood
concentration at the blood absorption peaks (410, 542 and 576 nm). This can also be
explained by anomalous light dispersion due to the high absorption [93] that produces a
significant decrease of the anisotropy factor and the scattering coefficient within the

absorption band [27].
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In the presence of four Definity® microbubble injection doses, the reduced scattering
coefficient increases with the D; for higher blood concentrations (3% v/v and 6% v/v blood).
There is a statistical difference in reduced scattering coefficient of bulk tissue phantom with
and without MBs with significance level at 0.05. Increasing the D; provide significant
changes in u" for higher blood concentration (6% v/v). Analysis of the microbubble

contribution to the reduced scattering coefficient is discussed in the following section 3.2.1.
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Figure 3-2: The reduced scattering coefficient for the 20 phantom conditions (four blood concentrations at five

Definity® microbubble injection

doses (0, 25, 50, 83.3, 166 uL/kg)) (a) 0.2% blood, (b) 1.5% blood, (c) 3%

blood, (d) 6% blood. The error bars correspond to the values of standard deviation (SD) of three samples.
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3.2.1 The effect of microbubbles on u ' at wavelengths 660 nm and 1310nm

The reduced scattering coefficient versus four blood concentrations are shown in
Figure 3-3 at wavelengths 660 nm and 1310 nm. The corresponding 'enhancement for low
blood concentration (SL) and high blood concentration (SH) are shown in Figure 3-4.

In general, a higher ug value was achieved at 660 nm compared to 1310 nm for the
low blood concentration phantom tissue (Figure 3-3) which is consistent with the spectral
behaviour of the scattering properties of normal biological tissues [27]. A maximum reduced
scattering coefficient was observed at a max concentrations of MBs and blood used in this
study.

At 660 nm, a ug'of 4.93, 533, 5.57, 6.33 and 6.68 (1/mm) was measured at
microbubble doses of 0, 25, 50, 83.3 and 166 xL/kg (Figure 3-3a) corresponding to a signal
enhancement of 1.08, 1.13, 1.28 and 1.35 times (Figure 3-4a) at 6% blood, respectively. At
1310 nm and for the 6% blood phantom, ' of 1.98, 2.02, 2.36, 2.55 and 2.81 (1/mm) was
observed at microbubble doses of 0, 25, 50, 83.3 and 166 «L/kg (Figure 3-3b) corresponding

to signal enhancement of 1.02, 1.19, 1.28 and 1.41 times (Figure 3-4b), respectively.
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Figure 3-3: The reduced scattering coefficient vs blood concentrations (0.2%, 1.5%, 3% and 6%) at five
Definity® microbubble injection doses (0, 25, 50, 83.3, 166 uL/kg) at wavelengths of (a) 660 nm and (b) 1310

nm. The error bars correspond to the standard deviation (SD). Solid lines are used to guide the eye.
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Figure 3-4: The reduced scattering signal enhancement, S, is plotted for four Definity® injection doses of

microbubbles (25, 50, 83.3, and 166 pL/kg) at wavelengths of (a) 660 nm and (b) 1310 nm. The error bars

correspond to the values of standard deviation (SD).
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3.2.2 Reduced scattering contrast and reduced scattering contrast enhancement

To assess the potential of utilizing MBs in differentiating tissues with low and high

blood concentrations using DOI, reduced scattering contrast (C, and CMB) and reduced

. cMB
scattering contrast enhancement Z‘

were calculated and shown in Figure 3-5 and Figure 3-6,

S

respectively.

In the absence of MBs at 660 nm, reduced scattering contrast (Cs ) was approximately
~ 1 between phantoms with low blood concentration (0.2% v/v) and high blood
concentrations (1.5% and 3% v/v). Cs was approximately ~ 1.17 for 6% v/v blood as shown
in Figure 3-5(a). In the absence of MBs at 1310 nm, reduced scattering contrast was
approximately ~ 1 and 1.1 between phantoms with low blood concentration (0.2% v/v) and
high blood concentrations with 1.5% and 3% v/v, respectively as shown in Figure 3-5(b).
The C, was approximately ~ 1.42 for 6% v/v blood at 1310nm (Figure 3-5(b)). In general, the
contrast between phantoms with low blood concentration (0.2% v/v) and high blood
concentrations (1.5% and 3% v/v) was negligible in the absence of microbubbles except for
the 6% v/v blood concentration at the chosen wavelengths.

In the presence of MBs at 660 nm (Figure 3-5(a)), the reduced scattering contrast
(CMB) ~ 1.05 were achieved between phantoms with 0.2% v/v blood and 1.5% v/v blood for
all Definity® microbubble doses. Whereas CMB ~ 1.11, 1.16, 1.27 and 1.3 were achieved
corresponding to contrast between phantoms with 0.2% v/v blood and 3% v/v blood at

microbubble doses of 25, 50, 83.3 and 166 uL/kg, respectively. The CMB was larger for 6%
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v/v blood concentrations with approximately ~ 1.24, 1.27, 1.45 and 1.5 at microbubble doses
of 25, 50, 83.3 and 166 uL/kg, respectively (Figure 3-5(a)).

In the presence of MBs at 1310 nm (Figure 3-5 (b)), the CMB ~ 1.04, 1.16, 1.14 and
1.19 were achieved between phantoms with 0.2% v/v blood and 1.5% v/v blood at
microbubble doses of 25, 50, 83.3 and 166 uL/kg, respectively. Whereas, CMB ~ 1.29, 1.29,
1.26 and 1.33 observed corresponding to 3% v/v blood concentrations at microbubble doses
of 25, 50, 83.3 and 166 ulL/kg, respectively. The CMB was larger for 6% v/v blood
concentrations ~ 1.51, 1.77, 1.75 and 1.84 was observed at microbubble doses of 25, 50, 83.3

and 166 uL/kg, respectively (Figure 3-5 (b)).

MB
In addition, the reduced scattering contrast enhancement, CZ— was plotted versus

N

cMB
c

Definity® microbubbles doses in Figure 3-6. At 660 nm (Figure 3-6a), of approximately

S

1 was observed at all microbubble doses corresponding to 1.5% v/v blood concentration. The

cMB

of 1.02, 1.07, 1.17 and 1.21 was observed at microbubble doses of 25, 50, 83.3 and 166

S

cMB
Cs

uL/kg corresponding to 3% v/v blood concentration (Figure 3-6a). The of 1.07, 1.09,

1.26 and 1.3 was observed at microbubble doses of 25, 50, 83.3 and 166 xL/kg corresponding

to 6% v/v blood concentration (Figure 3-6a).

cMB
C

At 1310 nm (Figure 3-6b), of approximately 1.1 was observed at all microbubble

S

cMB

doses corresponding to 1.5% v/v blood concentration. The of 1.02,1.11, 1.14 and 1.21

S

was observed at microbubble doses of 25, 50, 83.3 and 166 uL/kg corresponding to 3% blood
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cMB
Cs

concentration (Figure 3-6a). The of 1.06, 1.09, 1.2 and 1.23 was observed at microbubble

doses of 25, 50, 83.3 and 166 xL/kg (Figure 3-6a) corresponding to 6% blood concentration.
Interestingly, a higher reduced scattering contrast enhancement was achieved at 660 nm
compared to 1310 nm for the phantoms with high blood concentrations.

Generally, the presence of MBs causes a reduced scattering contrast enhancement and
this effect increases with Definity® microbubble injection doses and blood concentrations.
Thus, the potential utility of these MBs appears enhanced by increasing the Definity®

injection doses at tissues contains high blood concentrations mimicking a cancerous tissue.
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Figure 3-5: The reduced scattering contrast between low blood concentration (0.2% v/v) and high blood
concentrations (1.5%, 3% and 6% v/V) tissue phantom at various Definity® microbubble injection doses (0, 25,
50, 83.3 and 166) is plotted at wavelengths of (a) 660 nm and (b) 1310 nm. The error bars correspond to the

values of standard deviation (SD).
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Figure 3-6: The reduced scattering contrast enhancement vs various Definity® microbubble injection doses (25,
50, 83.3 and 166 pL/kg) is plotted at wavelengths of (a) 660nm and (b) 1310nm. The error bars correspond to

the values of standard deviation (SD). Solid lines are used to guide the eye.
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3.3 Absorption coefficient (u,)

The absorption coefficient u, for the 20 phantom conditions are shown in Figure 3-8.
The absorption coefficient changes significantly as a function of wavelength, similar to the
spectral behaviour of the absorption properties of skin tissues [27] with 0.2% v/v blood
concentration in Figure 3-8(b).

In the range 300-650 nm, the major absorber of light in tissues is blood, which shows
distinctive, wavelength-dependent characteristics depending on its concentration. In this
range of the spectrum, the well-known peaks of blood at 410 nm (Soret band), 542 nm and
576 nm (Q bands) [94] are observed. As blood concentration increases, the intensity of these
peaks increases (Figure 3-8(d)). Water is transparent in the range of visible region and it
becomes absorbing in the near-infrared region. In the near-infrared region, the main
chromophores in skin are the water and the lipids of epidermis. In this region the absorption
bands of water at 965nm, 1200nm and 1400nm [94] are observed in Figure 3-8, which are
larger than those presented in the literature for human skin [27]. The observed discrepancies
are related to differences in the water content of the bulk tissue phantom that may lead to the
overestimation of the absorption coefficient in near-infrared region compared to human skin.
Absorption coefficient results in this thesis are in a general agreement with those given in the

literature [27] for the absorption coefficient of normal skin tissue shown in Figure 3-7(b).
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Figure 3-7: (a) Absorption coefficient spectra measured in this thesis for the tissue phantom with low blood
concentration (0.2% v/v), (b) Published absorption coefficient spectra of human skin [27]. Absorption

coefficient results in this thesis are in general agreement with published values.

The absorption coefficient of the four phantoms were measured using various D; and
are shown in Figure 3-8 with and without MBs. There is a statistical difference in absorption
coefficient of bulk tissue phantom with and without MBs with significance level at 0.05.
Analysis of the microbubble contribution to the absorption coefficient is discussed in the

following section 3.3.1.
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Figure 3-8: The absorption coefficient for the 20 phantom conditions (four blood concentrations at five
Definity® microbubble injection doses (0, 25, 50, 83.3, 166 uL/kg)) (a) 0.2% blood, (b) 1.5% blood, (c) 3%

blood, (d) 6% blood. The error bars correspond to the values of standard deviation (SD).
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3.3.1 The effect of microbubbles on u, at wavelengths 660 nm and 1310 nm

The absorption coefficient versus four blood concentrations at five Definity®
microbubble injection doses are shown in Figure 3-9 at two wavelengths (660 and 1310 nm).
The corresponding u, signal enhancement for low blood concentration (S) and high blood
concentration (S) are shown in Figure 3-9 at the two wavelengths.

At 660 nm, a u, of approximately ~ 0.08, 0.09, 0.11 and 0.15 (1/mm) was measured
at blood concentrations of 0.2%, 1.5%, 3% and 6%, respectively (Figure 3-9(a)), for all D;
corresponding to signal enhancement of 1 (Figure 3-10(a)). At 1310 nm, a u, of
approximately ~ 0.13 (1/mm) was observed at blood concentrations of 0.2%, 1.5%, 3% and
6%, respectively, corresponding to signal enhancement of 1 shown in Figure 3-10(b).

In summary, there is a statistical difference in absorption coefficient with and without
MBs, however, the absorption signal enhancement, Skand SX, were similar for all phantom

conditions with no statistical difference at both wavelengths.
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Figure 3-9: The absorption coefficient vs blood concentrations (0.2%, 1.5%, 3% and 6%) at five Definity®

microbubble injection doses (0, 25, 50, 83.3, 166 uL/kg) at wavelengths of (a) 660 nm and (b) 1310 nm. The

error bars correspond to the values of standard deviation (SD). Solid lines are used to guide the eye are a guide

to the eye.
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Figure 3-10: The absorption signal enhancement, S, , is plotted for four Definity® injection doses of
microbubbles (25, 50, 83.3, 166 pL/kg) at wavelengths of (a) 660nm and (b) 1310 nm. The error bars correspond

to the values of standard deviation (SD).
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3.3.2 Absorption contrast and absorption contrast enhancement

To assess the potential of utilizing MBs in differentiating tissues with low and high

blood concentrations using DOI at 1310 nm and 660 nm wavelengths, absorption contrast

. cMB .
(C, and CMB) and absorption contrast enhancement, ?:_ were calculated and shown in

a

Figure 3-11 and Figure 3-12, respectively. The absorption contrasts depend on the blood
concentrations and wavelengths, and they are independent of the Definity® microbubble
injection doses.

In the absence of MBs at 660 nm, absorption contrast (C, ) was approximately ~ 1.1,
1.3 and 1.7 between phantoms with low blood concentration (0.2% v/v) and high blood
concentrations (1.5%, 3% and 6% v/v) respectively (Figure 3-11(a)). In the presence of MBs,
C, was approximately ~ 1.1, 1.3 and 1.7 at 1.5%, 3% and 6% v/v blood, respectively for any
given Dy . Generally, there is no notable change in absorption contrast in the presence of
microbubbles for all phantom tissue conditions at both wavelengths (Figure 3-11).

The absorption contrast were significant between low blood concentration and high
blood concentration at 660 nm and was independent of MBs. However, the absorption

contrast in presence and absence of MBs were not significant at the 1310 nm wavelength.

The absorption contrast enhancement

cMB .
2 was plotted versus four microbubbles

a

doses at two wavelengths in Figure 3-12 (a,b). As we expected, the absorption contrast

cMB

enhancement stays constant ~ 1 with Definity® microbubble injection doses at both

Ca

wavelengths. That means there is no absorption contrast enhancement due to the Definity®
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microbubble injection. Thus, the potential utility of these MBs as optical contrast agent to

enhance the bulk tissue absorption contrast appears negligible.
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Figure 3-11: The absorption contrast between low blood concentration (0.2% v/v) and high blood concentrations
(1.5%, 3% and 6% v/v) tissue phantom at various Definity® microbubble injection doses (0, 25, 50, 83.3 and
166) is plotted at wavelengths of (a) 660 nm and (b) 1310 nm. The error bars correspond to the values of

standard deviation (SD).
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Chapter 4 Microvascular contrast
enhancement in optical coherence

tomography using microbubbles?

4.1 One dimension decorrelation analysis

The average of speckle decorrelation times (1/e level of ACFs) of OCT signals with
and without MBs at no-flow and varying flow conditions are plotted in Figure 4-1. As
expected, the decorrelation time decreases with average blood flow velocity. The
decorrelation times were typically ~15 ms at the no-flow condition, decreasing to ~1ms for
average blood flow velocities > 5mm/s. The presence of MB causes faster decorrelation, and
this differential effect diminishes with increasing blood velocities. The reason for the faster
decorrelation times in presence of MBs may be that MBs have a smaller average diameter
(of ~2.2 um) than RBCs, which increases the rapidity of temporal variation in the signal

intensity fluctuations.

1This chapter is based on an original article published as: H. Assadi, V. Demidov, R. Karshafian, A. Douplik,
and I. A. Vitkin, “Microvascular contrast enhancement in optical coherence tomography using microbubbles,”

Journal of Biomedical Optics, vol. 21, no. 7, p. 76014, Jul. 2016.
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This effect is more pronounced in the no-flow regime (Brownian motion) where
larger particles (red blood cells) undergo slower movement than the scatterers in the flowing
regime. Thus, the potential utility of these MB contrast agents appears enhanced in the slower
flow regimes. This may be relevant for improved visualization of smaller vessels (10 — 50

pm in diameter) with lower blood velocities with svOCT imaging.
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Figure 4-1: Decorrelation time plots for blood and blood+MB mixture under eight flow conditions in 300 um
tube. The error bars correspond to the values of standard deviation (SD).
4.2 Contrast enhancement of 2D structural images

Structural OCT images, corresponding image contrasts and ratios of blood+MB to
blood contrasts acquired for different flow conditions are shown in Figure 4-2. Although
structural snapshot images show little visual evidence of MB contrast enhancement in Figure

4-2 (a,d), their averaged ROI intensities used for Weber contrast Cyy calculation (equation
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15) clearly demonstrate the contrast difference for both microtube diameters in Figure 4-2(b,
e). Dynamic OCT signal changes better reflect the contrast difference as shown in the
standard deviation image (Figure 4-2(c)), calculated from 8 subsequent structural images at
0.5mm/s average blood flow velocity.

Similar to the temporal 1D analysis, the level of enhancement in Figure 4-2(b,e)
diminishes with increasing flow, but does not disappear (asymptote to unity) even for fast
flows; as seen, there are still differences in the blue versus red histogram bars. The ~ 2-times
difference in contrast values between 300 pum and 600 um diameter microtubes (note the
different vertical scales in Figure 4-2(b) and (e)) can be explained by the chosen contrast
evaluation method. The OCT signal is lower at the bottom of the chosen half-circles of
microtube lumens for 600 um diameter microtubes in comparison to 300 um diameter ones.
As contrast evaluation is based on averaged ROI intensity, more low intensity pixels in the
larger microtube’s center due to low SNR will result in lower contrast value.

The contrast enhancement (height of red histogram bars divided by height of blue
ones) in Figure 4-2(f) stems from the fact that contrast in OCT structural images is based on
the refractive index mismatches in the interrogated material. By introducing MB to the blood,
the refractive index mismatches increase thereby increasing the light scattering which yields
additional structural image contrast, compared to blood-only conditions.

In the stationary regime the MBs float to the top of the microtubes and increases the
refractive index mismatches between tube’s boarder and surrounding area. By increasing the
average blood flow velocity, the dynamic of the microbubble refractive index has less effect,

causing negligible effect on the contrast. What is important here is a higher structural image
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contrast in the presence of MB in all experiments; this effect is more pronounced at low
average blood flow velocities and smaller microtubes. Findings in 1D and 2D OCT results

now set the stage for dynamic OCT image contrast investigation, as per studies discussed as

follows.
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Figure 4-2: Structural images, corresponding contrast of blood and blood+MB mixture and ratios of blood+MB
to blood contrasts under eight flow conditions (a) structural image of the phantom with 600 um microtubes at
0.5mm/s average blood flow velocity; (b) structural image contrast for 600 um microtube phantom at various
average blood flow velocities (0, 0.5, 1, 2, 3, 5, 8, 12 mm/s); (c) standard deviation image calculated from eight
sequential structural images at 0.5 mm/s blood flow velocity; (d) structural image of the phantom with 300 um
microtubes at 0.5mm/s average blood flow velocity; (e) structural image contrast for 300 um microtube
phantom at various average blood flow velocities (0, 0.5, 1, 2, 3, 5, 8, 12 mm/s); (f) Ratio of blood+MB / blood

structural contrasts for both microtube diameters.
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4.3 Contrast enhancement of 2D speckle variance (sv OCT) images

As pointed out in the Methods section, in the svOCT mode the B-scan acquisition
time was set to 25 ms between the N = 8 frames. This was (1) fast enough that signals from
stationary agar did not decorrelate between frames for the svOCT signal to approach zero,
and (2) sufficiently slow to ensure complete inter-frame decorrelation (high svOCT signal)
for pixels representing blood. Figure 4-3(a,c) show the svOCT images corresponding to the
structural images in Figure 4-2(a,d) at 0.5 mm/s average blood flow velocity. As seen, there
are more bright pixels in the lumen area of 300 pm diameter microtubes in comparison to
600 um ones, likely due to low OCT signal at greater depths in bigger microtubes. Similar to
structural contrast case, this also caused ~ 2-times difference between corresponding sv
contrasts in the two microtubes (Figure 4-3(b,d)); note the different vertical scales.
Assessment of the ratio between blood+MB and blood contrasts (Figure 4-3(e)) revealed a
slightly higher contrast for smaller diameter microtube at low flows (similar trends to the

structural contrast ratio metric above).
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Figure 4-3: (a) svOCT image of the phantom with 600 um microtubes calculated from 8 subsequent structural
images at 0.5 mm/s average blood flow velocity; (b) svOCT image contrast for 600 um microtubes plotted as a
function of average blood flow velocity; (c) svOCT image of the phantom with 300 um microtubes calculated
from 8 subsequent structural images at 0.5 mm/s average blood flow velocity; (d) svOCT image contrast for
300 um microtubes plotted as a function of average blood flow velocity; (e) Ratio of blood+MB / blood sv

contrasts for both microtube diameters plotted as a function of average blood flow velocity.

In a consideration of the potential practical implementation of svOCT vascular
contrast enhancement with MB added to the blood stream, we present en-face (x-y lateral
dimensions) average intensity projections of volumetric phantom scans in Figure 4-4. There
are eight projections for different flow conditions of a phantom with embedded 600 pm

microtubes. The average velocities are indicated in each panel, and the flow direction is
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labeled with black arrows. The average contrast values for these panels with deviations from
phantom to phantom (error bars) can be found in Figure 4-3 (b). It is noticeable that as the
average flow velocity increases, the contrast enhancement decreases. The possible reason for
higher contrast enhancement at low flow velocties may be due to MBs contribution to the
Brownian motion at low flows more than RBCs due to MB smaller size (as mentioned in
svOCT result). Whereas, at higher flow velocities (> 3 mm/s) RBCs contribution to
backscattered OCT signal more than MBs. One of the recent reports on OCT study of
diffusive versus flow contributions to backscattered OCT signal at low flows for small
particle sizes supports this hypothesis [95]. At higher velocities the flow contribution to OCT
scattering dominated over diffusive (Brownian motion) effects [95]. In our experiments,
higher flow velocity leads to increase the role of RBC, dominating over MB contribution and
therefore diminishing the difference between blood and blood+MB mixture contrasts in both
snapshot structural OCT and dynamic svOCT images. Indeed, the common trends observed
from different analysis methods shown in Figure 4-2(b, e), Figure 4-3(b, d) and Figure 4-4

support the suggested mechanisms.
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Figure 4-4: En-face (x-y lateral dimensions) svOCT average intensity projections of volumetric phantom scans.
Color bar is normalized value to the maximum intensity. Eight projections corresponding to eight flow
conditions in 600 um diameter microtubes with blood (left microtube) and blood+MB mixture (right
microtube). Image intensities are normalized to the maximum value. The flow direction is labeled with black

arrows. The OCT slow scanning axis is anti-parallel to the flow direction.
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Chapter 5 Summary and Conclusions

This dissertation presented evidence in support of the use of microbubbles to enhance
optical imaging contrast of microvasculature morphology, which can result in improving
cancer detection using diffuse optical imaging and optical coherence tomography. This
section summarizes the significant findings and conclusions of the work.

To the best of my knowledge, there is no information in the literature about the
differentiation between low blood concentration and high blood concentration tissue optical
properties in the presence of microbubbles. The general feasibility of optical tissue
differentiation by MB-enhanced DOI has been shown in this work. | also assessed, for the
first time, the effect of microbubbles on the svOCT image contrast of blood vessels,
demonstrating the feasibility of using MB-enhanced OCT to differentiate small vessels from
surrounding tissue at various blood flow velocities.

In Chapter 3, in order to investigate potential applications of MB-enhanced DOI, the
reduced scattering coefficient and absorption coefficient for the 20 phantom conditions (four
blood concentrations 0.2%, 1.5%, 3% and 6% v/v at five Definity® microbubble injection
doses 0, 25, 50, 83.3, 166 uL/kg) were measured by the inverse adding-doubling method
based on the diffuse reflectance and total transmittance measurements in the range of 300-

1400 nm wavelength. | found that MB-enhanced DOI imaging may differentiate between
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tissues with low and high blood concentrations by enhancing scattering contrast and not
absorption contrast.
The reduced scattering coefficient depends on microbubble dose and its value

increases with blood concentration as investigated in section 3.2. The reduced scattering

.. . CMB
coefficient and reduced scattering contrast enhancement, Z

, increased in the presence of

S

MBs, and this effect was more pronounced (~ 1.3 times) at the high blood concentrations
(6% v/v; mimicking cancerous tissue) and high MBs injection dose (166 x«L/kg) used in this

study. The reduced scattering contrast enhancement was dependent on wavelength and a

B
value achieved at 660 nm compared to 1310 nm in this study.

S

higher

cy!
Cc
There was a statistical difference in absorption coefficient with and without MBs,
however, the absorption contrast enhancement were similar for all phantom conditions with
no statistical difference as investigated in section 3.2. Without MBs, DOI can differentiate
between low and high blood concentrations based on absorption contrast. The addition of
microbubbles do not further improve the contrast between them as shown in Figure 3-11.
However, knowledge of (1) absorption contrast without microbubbles and (2) reduced
scattering contrast with MBs will improve detection of microvasculature functionality.
Generally, the presence of MBs causes a reduced scattering contrast enhancement and
this effect increases with Definity® microbubble injection dose and blood concentrations.
Thus, the potential utility of these MBs appears enhanced by increasing the Definity®

injection doses into tissues to detect the region of interest with higher blood concentrations.
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The experimental results for intravascular OCT image contrast enhancement by MBs
were investigated in Chapter 4. Swept-source structural and speckle variance svOCT images,
as well as speckle decorrelation times, were evaluated under stationary and varying blood
flow conditions with MBs. Faster decorrelation times and higher structural and svOCT image
contrasts were detected in the presence of MB in all experiments. The effects were most
pronounced in the svOCT imaging mode, and uniformly diminished with increasing average
flow velocity. I found that MB-enhanced OCT imaging can differentiate between flowing
blood and stationary blood by enhancing svOCT imaging contrast. In addition, the contrast
enhancement is more pronounced for smaller microtubes (300 um) and slower blood mean
velocities, that corresponds to capillaries, compared to bigger vessels (600 pum). This
confirms the feasibility for the development of an OCT contrast mechanism that generates
physiological information related to average blood flow velocity in addition to morphological
structure of small vessels in svOCT.

The clinical implementation of MB-enhanced OCT may improve cancer detection
and treatment monitoring by detecting dynamical blood flow properties (such as average
blood flow velocity) in the microvasculature. These smallest microvessels are difficult to
detect otherwise, yet are important for early pathology detection. In the clinical settings,
physiological information gained from MB-enhanced OCT may potentially help to discover
the blocked/stagnant microvessels. For example, the microvascular response to cancer
treatment can be tracked through the vascular functionality such as dynamical blood flow.
Pre-imaging the vasculature, adding MB and then the imaging vasculature again may reveal

“compromised” stagnant/blocked vessels with unchanged contrast (no MB) versus
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“functioning” increased-contrast vessels (with MB). It is worth mentioning that the highest
MBs injection dose in this phantom study for DOI (166 xL/kg) and OCT (2 mL/kg) is below
the maximum tolerated dose (10 mL/kg) that can be relevant for improved detection of
abnormal tissues with MB-enhanced DOI and MB-enhanced OCT techniques.

Our findings suggest that microbubbles have diagnostic potential in image contrast

enhancement of diffuse optical imaging and optical coherence tomography.
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Chapter 6 Future Work

6.1 Simulation study

Simulations were used in order to study an optimum MB design (such as size and
material) and to improve the optical image contrast. The methodology and preliminary results

are discussed below.

6.1.1 Calculating optical properties by Mie theory

Scattering of light by spherical objects is described by Mie theory [96]. The
interaction due to scattering can be described by Mie theory through the scattering cross
section and the phase function , which in principle is applicable at any size of scatterer [96].

he Mie theory is a solution to Maxwell’s equations that describes the scattering of an
electromagnetic plane wave by a homogeneous sphere with a refractive index,n, in a medium
with refractive index , nmed [96]. The solution takes the plane wave as a form of an infinite
series of spherical waves repeats. That solution is written with separate equations for the
radial and angular dependency. This methodology was considered as a single spherical
particle with known refractive index. The Mie calculation were used to extract the optical
properties (os and g) of tissue phantoms at various microbubble injection doses. The
calculated optical properties from Mie calculation were then compared with the calculated

optical properties from 1AD results in this section.
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6.1.2 Methods

Mie calculator [97] was used to simulate the anisotropy factor, g;, and scattering cross
section, g;, of a single MB, a single RBC and a single IL scatterer in order to calculate the
reduced scattering coefficients of the bulk phantom for given concentrations of each scatterer
type. The total reduced scattering coefficient of the bulk phantom solution with MB was
calculated with a linear summation of the reduced scattering coefficient of every scatterer as

follows:
Ustot = Z(l — gi) €0; = Hgi + Hgrpc T UsMB (16)
7

The g; and g; of each scatterer, i, (IL, RBC, and MB) were calculated with on-line
Mie calculator. The equation 16 is valid if the diffusion regime and isotropic scattering
applied. Since the sample thickness is approximately several reduced scattering mean free
paths (the reciprocal of the reduced scattering coefficient, L), then the isotropic scattering is
the dominant process in this study. That means the reduced scattering cross section of a
mixture can be derived from the individual values of scattering cross sections and their
concentrations in equation 16 [98].

The number of IL per unit volume, €y, were calculated (Table 6-2) for a 5% v/v
concentration contains in the bulk tissue phantom and a mean diameter of 0.214 um [89].
The refractive index of IL was chosen ~ 1.36 [99] and the medium refractive index was taken
as 1.33 for plasma [100]. To simplify the Mie simulation, the RBC was considered as a
spherical scatterer with a mean diameter of 5.5 um [101] and refractive index equal to 1.4

[100],[102]. The number of RBC per unit volume were calculated in Table 6-2 for a low
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blood concentration (0.2% v/v) and high blood concentration (6% v/v) bulk tissue phantom

considering that normal human blood consists of red blood cells with concentration ~ 5 x
10° ﬁ [103]. To simplify the Mie simulation, the MB was considered as a sphere with a gas

core without a shell [104]. Considering the MB as a single sphere with a gas core is a valid
approximation since the thin shell (~ 30 nm) does not have a strong effect on the scattering
and one can neglect coating to simplify the simulation [104]. The refractive index of MB was
chosen to be that of to the gas core ~ 1.1 [104] and the medium was consider plasma [100].
The number of MB per unit volume were calculated for low blood concentration (0.2% v/v)
and high blood concentration (6% v/v) bulk tissue phantom at four microbubble injection

doses (25, 50, 83.3 and 166 pL/kg) shown in Table 6-2. The undiluted Definity® has a
concentration of ~ 1.2 x 101° ﬁ [80] with mean diameter of 2.2 um [81] which was also

confirmed by bright field microscopy shown in Figure 6-1. The Mie calculator input

parameters were summarized and shown in the following Table 6-1.
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Figure 6-1: Bright field microscopy (Zeiss AxioObserver, objective 40X(0.6), Zeiss Live Cell,) of phantom 4,
microbubbles are observed as black spheres, RBC are observed as bright spheres and IL presents at background.
The average distance between MBs and RBCs scatters is 9 pm. The mean diameter of MB is 2.2 um and RBC

is 5.5 um.

Table 6-1: Mie calculator input parameters.

Scatterer D (um) N medium N particle
IL 0.21 1.33 1.36
RBC 5.50 1.33 1.40
MB 2.20 1.33 1.10
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Table 6-2: Number of scatterers per unit volume. The first column of the table shows the Definity® microbubble
injection doses. The second column represents the number of IL per unit volume calculated for a 5% v/v
concentration. The third and fourth column represent the number of RBC per unit volume calculated for a high
blood concentration (6% v/v) and low blood concentration (0.2% v/v). The fifth and sixth column represent the

number of MB per unit volume calculated for a high blood concentration (6% v/v) and low blood concentration

(0.2% v/v).
e | (o) | & Hac () g ﬁ f“LLB
um3 um3 um3
25 1.00E+01 | 3.00E-04 1.00E-05 | 2.00E-07 | 7.00E-09
50 1.00E+01 | 3.00E-04 1.00E-05 | 4.00E-07 | 1.40E-08
83.3 1.00E+01 | 3.00E-04 1.00E-05 | 7.00E-07 | 2.40E-08
166 1.00E+01 | 3.00E-04 1.00E-05 | 1.40E-06 | 4.80E-08

6.1.3 Preliminary results

The Mie calculated g and o at wavelengths 660 nm and 1310 nm were summarized
in Table 6-3 and Table 6-7, respectively. Based on the mentioned tables, as the size of the
scatterer increases, g approaches 1 and becomes more highly forward scattering. For
example, a larger g value is observed for RBC compared to MB. Scattering cross section, o,
for a single RBC is 77.25 um? and 34.8 um? at 660 nm and 1310 nm, respectively.
Scattering cross section, o, for a single MB is 9.48 um? and 6.92 um? at 660 nm and 1310
nm, respectively. The RBC has a larger o compared to the MB, and the o is larger for both
particles at 660 nm compared to 1310 nm. Scattering cross section, a, for a single IL scatterer
is3.80 X 107> um? and 3.90 x 10~%um? at 660 nm and 1310 nm, respectively which is
much smaller than either the RBC or MB. The reduced scattering coefficients for each

scatterer were calculated at 660 nm and 1310 nm, shown in Table 6-4, Table 6-5, Table 6-8
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and Table 6-9. The total reduced scattering coefficients for the bulk phantom with and
without MB were calculated with a linear summation of the reduced scattering coefficients
of each scatterer at high and low blood concentrations shown in Table 6-6 and Table 6-10 for
660 nm and 1310 nm wavelength, respectively. The calculated reduced scattering contrast
enhancements of the bulk phantom at 660 nm and 1310 nm were also summarized in Table

6-6 and Table 6-10, respectively.

Table 6-3: Mie calculation of anisotropy factor and scattering cross section at 660 nm.

A =660 nm g Osca (umM?)
IL 031 | 3.80 x10°°
RBC 0.99 77.25
MB 0.94 9.13

Table 6-4: Calculation of reduced scattering coefficient for IL scatterers and RBCs at 660 nm. The first column
of the table represents the number of IL scatterers per unit volume calculated for a 5% v/v concentration. The
second column represents the reduced scattering coefficient of IL. The third column represents the number of
RBCs per unit volume calculated for a high blood concentration (6% v/v). The fourth column represents the
reduced scattering coefficient of RBCs calculated for a high blood concentration. The fifth column represents
the number of RBCs per unit volume calculated for a low blood concentration (0.2% v/v). The sixth column

represents the reduced scattering coefficient of RBCs calculated for a low blood concentration.

1L (ﬁ) IL (5% VIV) | el (6%) | RBC(6%) | ekgc (0.2%) | RBC (0.2%)
! -1 1 H - 1 'L -
wsmm o p'e mmt (e ' mmt
1.00E+01 | 2.62E-01 3.00E-04 2.31E-01 1.00E-05 7.72E-03
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Table 6-5: Calculation of reduced scattering coefficient for MB scatterers at 660 nm. The first column of the
table shows the Definity® microbubble injection doses. The second column represents the number of MBs per
unit volume calculated for a high MB concentration. The third column represents the reduced scattering
coefficient of MBs calculated for a high MB concentration. The fourth column represents the number of MBs
per unit volume calculated for a low MB concentration. The fifth column represents the reduced scattering

coefficient of MBs calculated for a low MB concentration.

Di | elip () | MB ev () | MB

uL/kg W mmt 'k mm
25 200E-07 | 1.09E-04 | 7.00E-09 | 3.83E-06
50 400E-07 |2.19E-04 | 1.40E-08 | 7.66E-06
83.3 700E-07 | 3.83E-04 | 2.40E-08 | 1.31E-05
166 140E-06 | 7.66E-04 | 4.80E-08 | 2.62E-05
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Table 6-6: Calculation of the total reduced scattering coefficient for each bulk phantom at 660 nm. The first
column of the table shows the Definity® microbubble injection doses. The second column represents the total
reduced scattering coefficient of the bulk phantom without MBs for a high blood concentration (6% v/v). The
third column represents the total reduced scattering coefficient of the bulk phantom with MBs for a high blood
concentration (6% v/v). The fourth column represents the total reduced scattering coefficient of the bulk
phantom without MBs for a low blood concentration (0.2% v/v). The fifth column represents the total reduced
scattering coefficient of the bulk phantom with MBs for a low blood concentration (0.2% v/v). The sixth column
represents the reduced scattering contrast of the bulk phantom without MBs. The seventh column represents the
reduced scattering contrast of the bulk phantom with MBs. The eighth column represents the reduced scattering

contrast enhancement of the bulk phantom.

rH 1 HMB 1L 1 LLMB MB MB
DI u s,tot s,tot u s,tot u s,tot Cs CS CS
Cs
uL/kg | mmt mm-! mm-t mm’! WSt T
Tt = “LMB
s,tot S
25 4.93E-01 | 5.00E-01 | 2.90E-01 | 2.90E-01 | 1.68 1.72 1.02
50 493E-01 | 5.10E-01 | 2.90E-01 | 2.90E-01 | 1.68 1.75 1.04
83.3 493E-01 | 5.20E-01 | 2.90E-01 | 2.90E-01 | 1.68 1.79 1.06
166 4.93E-01 | 5.60E-01 | 2.90E-01 | 2.90E-01 | 1.68 1.93 1.14
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Table 6-7: Mie calculation of anisotropy factor and scattering cross section at 1310 nm.

A=1310 nm g Ogcq (UM?)

IL 0.07 390 x 107°
RBC 0.98 34.88

MB 0.93 6.23

Table 6-8: Calculation of reduced scattering coefficient for IL scatterers and RBCs at 1310 nm. The first column
of the table represents the number of IL scatterers per unit volume calculated for a 5% v/v concentration. The
second column represents the reduced scattering coefficient of IL. The third column represents the number of
RBCs per unit volume calculated for a high blood concentration (6% v/v). The fourth column represents the
reduced scattering coefficient of RBCs calculated for a high blood concentration. The fifth column represents
the number of RBCs per unit volume calculated for a low blood concentration (0.2% v/v). The sixth column

represents the reduced scattering coefficient of RBCs calculated for a low blood concentration.

1

£n () IL(5%VIV) | elpc(6%) | RBC(6%) | ekyc (0.2%) | RBC (0.2%)
' mmt (ﬂ% 't mmt (ﬁ W'k mm?
1.00E+01 3.62E-02 3.00E-04 2.00E-01 | 1.00E-05 6.97E-03
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Table 6-9: Calculation of reduced scattering coefficient for MBs at 1310 nm. The first column of the table
represents the Definity® microbubble injection doses. The second column represents the number of MBs per
unit volume calculated for a high MB concentration. The third column represents the reduced scattering
coefficient of MBs calculated for a high MB concentration. The fourth column represents the number of MBs
per unit volume calculated for a low MB concentration. The fifth column represents the reduced scattering

coefficient of MBs calculated for a low MB concentration.

Di | efis (o) | MB evp () | MB

uL/kg W mmt 'k mm
25 2.00E-07 |8.72E-05 |7.00E-09 | 3.05E-06
50 4.00E-07 1.74E-04 1.40E-08 6.10E-06
833 700E-07 | 3.05E-04 | 2.40E-08 | 1.04E-05
166 140E06 | 6.10E-04 | 4.80E-08 | 2.09E-05
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Table 6-10: Calculation of the total reduced scattering coefficient for each bulk phantom at 1310 nm. The first
column of the table represents the Definity® microbubble injection doses. The second column represents the
total reduced scattering coefficient of the bulk phantom without MBs for a high blood concentration (6% v/v).
The third column represents the total reduced scattering coefficient of the bulk phantom with MBs for a high
blood concentration (6% v/v). The fourth column represents the total reduced scattering coefficient of the bulk
phantom without MBs for a low blood concentration (0.2% v/v). The fifth column represents the total reduced
scattering coefficient of the bulk phantom with MBs for a low blood concentration (0.2% v/v). The sixth column
represents the reduced scattering contrast of the bulk phantom without MBs. The seventh column represents the
reduced scattering contrast of the bulk phantom with MBs. The eighth column represents the reduced scattering

contrast enhancement of the bulk phantom.

rH 1 HMB 1L 1 LLMB MB MB
DI u s,tot s,tot u s,tot u s,tot Cs CS CS
Cs
uL/kg | mmt mm-! mm-t mm’! WSt T
Tt = “LMB
s,tot S
25 2.40E-01 | 2.50E-01 | 5.00E-02 | 5.00E-02 | 4.8 5 1.04
50 2.40E-01 | 2.60E-01 | 5.00E-02 | 5.00E-02 | 4.8 5.2 1.08
83.3 2.40E-01 | 2.70E-01 | 5.00E-02 | 5.00E-02 | 4.8 54 1.12
166 2.40E-01 | 3.00E-01 | 5.00E-02 | 5.00E-02 | 4.8 6 1.25

The Mie calculated reduced scattering contrast enhancement were plotted versus four
microbubble injection doses and compared against the experimental results for 6% v/v blood
concentration. The red lines represent experimental results and blue lines represent

simulation values.
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Figure 6-2: The Reduced scattering contrast enhancement vs Definity® microbubble injection doses (25, 50,
83.3 and 166 pL/kg) depicted at (a) 660nm and (b) 1310nm. Red lines represent experimental results from

spectroscopy and blue squares are simulation results from Mie calculation. Solid lines are used to guide the eye.

The Mie simulated scattering contrast enhancement increases with microbubble
injection dose, which was consistent with the experimental results. At 660 nm, the simulated

reduced scattering contrast enhancement values were lower compared to experimental
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values. The reason can be a range of the scatterer size distribution in the experiment compared
to scatterer with one size diameter in simulation. In addition, the RBC shape was assumed to
be spherical when applying Mie theory and the sphere diameter was adjusted to mimic the
RBC volume. The discrepancy between theory and measurement might be due to the
biconcave disk shape of the RBC that effects the scattering properties of blood in experiment.
The simulated reduced scattering contrast enhancement values were close to the experimental
results at 1310 nm.

Furthermore, the Mie simulations were performed for concentrations of particles for
which the independent scattering approximation is applicable, therefore the scattering
coefficient ug increases proportionally to the concentration of the particles. The independent
scattering approximation is valid for IL with scatterer concentration less than 4% volume
fraction [105]. However, the IL concentration used in this study were 5% volume fraction
which makes the possibility of deviations from the independent scattering approximation.
That might be another source of discrepancy between theory and experiment.

The author plans to improve and to apply the Mie simulation to design the optimum
microbubble with a certain size and refractive index (Material) in order to optimize the

reduced scattering contrast enhancement.

6.2 Potential in-vivo study

The investigation sets the stage for future animal model studies. In future studies of
higher microbubble dosage and different abnormal tissue conditions can be investigated via

MB-enhanced DOl and MB-enhanced OCT contrast. Both diagnostic and treatment
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monitoring procedures can be studied for in vivo experiments for example, on rodents using
dorsal window chamber models of skin cancer implants. Detection of cancerous tumors at
different stages can proceed with MB-enhanced DOI and MB-enhanced OCT methods. In
addition, an in vivo study of blood flow measurement in cancerous tumors can be investigated
in the presence of microbubbles. Another potential application could be experiments using
the in vivo dorsal window chamber models for monitoring cancer therapy response. For
example, MB-enhanced DOI images of total hemoglobin concentration and reduced
scattering coefficient of the cancerous tissue can be produced at different time points within
the therapy cycles. MB-enhanced OCT can also be used to differentiate between normal and
the cancerous tissue microvasculature with MBs uptake in tumor region that helps to improve
the treatment monitoring over time.

It is crucial to note that the contrast enhancement dependents on the microbubble
injection dose and the maximum MB dose in this study was below the maximum tolerated
dose. In vivo dorsal window chamber studies the contrast of a cancerous tumors can be
improved by increasing MBs dosage. That may allow cancer detection at earlier stages with
lower blood concentrations.

Finally, it is important to note that there are potential applications such as detection
of skin cancer where MB-enhanced optical imaging could have a significant contrast improve
in conjunction with other methods. The sensitivity can be enhanced by combining these MB-
enhanced DOI and MB-enhanced OCT with anatomical imaging methods (such as MRI, X-
ray, and ultrasound). Perhaps the most natural modality to combine with MB-enhanced DOI

and OCT methods is ultrasound. The most straightforward approach is to combine the
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spectroscopic capability of light with the spatial resolution of ultrasound (US) to enhance the
detection of cancerous tissue. DOI can be used to measure blood volume and blood
oxygenation of tissue of interest. Ultrasound provides relatively high resolution images, but
not information related to blood volume and blood oxygenation. Cancer detection can be then
improved by the complimentary information from imaging of microvasculature morphology
and functionality. Optical coherence tomography is also another possible application to be
combined with ultrasound. The translation of this technique to the clinical setting involves;
(a) selection of an optimized wavelength for deep tissue detection in the presence of MBs
contras agents and (b) a validation study on the animal model with cancerous tissue in order
to differentiate ROI with high blood concentrations from surrounding tissue with low blood

concentration.
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Appendix A
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The diffuse reflectance (DR) for the 20 phantom conditions (four blood concentrations at five Definity®
microbubble injection doses (0, 25, 50, 83.3, 166 uL/kg)) (a) 0.2% blood, (b) 1.5% blood, (¢) 3% blood, (d) 6%

blood. The error bars correspond to the values of standard deviation (SD).
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