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Abstract

Development of Optical Coherence Tomography technique for clinical diagnostics and
monitoring
Marjan Razani
Doctor of Philosophy, Biomedical Physics

Ryerson University, 2016

This dissertation describes techniques that use Optical Coherence Tomography techniques
developed for the detection of shear wave propagation in different phantoms, and the use of
such waves to enhance the transport of nanoparticles in tissue equivalent phantoms. In the
first study, we explored the potential of measuring shear wave propagation using optical co-
herence elastography (OCE) in an inhomogeneous phantom and carotid artery samples based
on a swept source optical coherence tomography (OCT) system. Shear waves were generated
using a piezoelectric transducer transmitting sine-wave bursts of 400 ps duration, applying
acoustic radiation force (ARF) to inhomogeneous phantoms and carotid artery samples, syn-
chronized with a swept-source OCT (SS-OCT) imaging system. The phantoms were com-
posed of gelatin and titanium dioxide whereas the carotid artery samples were embedded in
gel. Differential OCT phase maps, measured with and without the ARF, detected the micro-
scopic displacement generated by shear wave propagation in these phantoms and samples of

different stiffness. We present the technique for calculating tissue mechanical properties by
iii



propagating shear waves in inhomogeneous tissue equivalent phantoms and carotid artery
samples using the ARF of an ultrasound transducer, and measuring the shear wave speed and
its associated properties in the different layers with OCT phase maps. In the second study, we
present a technique to image the enhanced particle displacement generated using an acoustic
radiation force (ARF) excitation source. A MEMS-VCSEL swept source Optical Coherence
Tomography (SS-OCT) system with a center wavelength of 1310 nm, a bandwidth of 100nm,
and an A-scan rate of 100 kHz was used to detect gold nanoparticle displacement. ARF was
applied after the nanoparticles diffused into a collagen matrix (of different collagen concen-
trations and for a tissue engineered MCF-7 breast cancer cell construct). Differential OCT
speckle variance images with and without the ARF were used to estimate the particle dis-
placement. The images were used to detect the microscopic enhancement of nanoparticle
displacement generated by the ARF. Using this OCT imaging technique, the enhanced
transport of particles though a collagen gel after using an ARF excitation was imaged and

analysed.
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Chapter 1: Introduction

1.1 Background

Diagnostic imaging modalities provide images of the physical characteristics of tissue
to aid in the detection, diagnosis and monitoring of disease states. Different imaging modali-
ties have been shown to measure tissue displacements and estimate the resulting tissue me-
chanical properties such as ultrasound or magnetic resonance (MR) imaging [1,2].

Inducing small displacements or perturbations in tissue has several important uses in
medicine. First, it could be a useful technique to examine tissue properties in medical imag-
ing. Second, it can be used to enhance the delivery of therapeutic payloads. It is possible to
estimate the mechanical properties of tissues by determining displacements that occur in re-
sponse to an applied mechanical stimulus. There are currently several imaging modalities
that can be used to measure tissue displacements and can thus estimate tissue mechanical
properties in this manner. One primary such technique that can be used diagnostically, is
elastography. It is a technique in which stiffness or strain images of soft tissue are generated
[3]. When an imaging modality is employed to image this tissue deformation behavior under
a static or dynamic load, the generated image is known as an elastogram. Elastograms con-
tain information about local variations of the stiffness inside a region of interest. This may
provide additional clinical information to help in the identification of suspicious lesions, the

diagnosis of different disease states and the monitoring of the effectiveness of treatments.



Other imaging modalities that can be applied to measure tissue displacements and estimate
the resulting tissue mechanical properties include ultrasound or magnetic resonance (MR)
imaging [4,5]. These have certain drawbacks. The drawbacks of MRI and ultrasound are that
they do not have sufficient resolution to detect small and subtle elastic variations in tissue
such as in small tumors and atherosclerotic plaques [6]. Another modality that can be applied
in this manner is Optical Coherence Tomography (OCT) [7]. OCT is an optical tomographic
imaging method that has some similarities with ultrasound imaging even though it involves
using light. When applied to elastography it is known as Optical Coherence Elastography
(OCE). The technology is also flexible and OCT systems can be built relatively inexpensive-
ly. OCE measures tissue displacement using OCT and benefits from the high resolution of
this imaging technology. OCE is a relatively new elastography technology used to measure
biomechanical properties of soft tissue [8,9]. In this thesis, the acoustic radiation force gener-
ated by focussed ultrasound has been used to generate displacements in samples and OCT
was used to measure the sample mechanical properties.

Displacements that have been generated by the ultrasound have been also applied for
the purpose of drug transport enhancement. For example, ultrasound has been shown to en-
hance the delivery of therapeutic payloads to target tissues [10-13]. Physical parameters of
the ultrasound beam (frequency, intensity and pulse duration) can be modified to introduce
different mechanisms to achieve this effect [14, 15]. One of the most effective approaches is
to use the acoustic radiation force of a focused ultrasound beam to achieve such delivery

[15]. Researchers have shown that such focused ultrasound exposures can be used to enhance



the delivery of a variety of therapeutically important agents for the treatment of tumors and
other diseases [12]. However, it is difficult to assess the efficacy of the ultrasound enhanced
delivery in a real-time and non-invasive manner.

Various techniques have been used to monitor the spatial distribution of the nanopar-
ticles (NPs) non-invasively. Two-Photon Luminescence, Confocal Microscopy [16,17] and
Optical Coherence Tomography [18]are several imaging techniques that have been used to
detect NPs in tissue.

Different imaging modalities such as ultrasound (US) imaging and MRI can be used
to monitor the extravasation of nanoparticles from leaky vessels and enhanced delivery of
gold nanoparticles (GNPs) [12,19]. Both US and MRI have spatial resolutions in the order of
0.1-1 mm, which is insufficient for detecting small and subtle changes in the spatial distribu-
tion of the GNP concentration, such as those that would be occurring in small tumors. How-
ever, the superior spatial and temporal resolution of OCT, together with the enhanced optical
contrast of GNP, may allow for the detection of small changes in the spatial distribution of
GNPs.

This chapter provides an introduction the principles of Optical Coherence Tomogra-
phy (OCT), the nature of shear wave propagation in tissue, and the enhancement of nanopar-
ticle delivery. This dissertation is devoted to the development of Optical Coherence Tomog-
raphy techniques to monitor shear wave propagation in tissues and ARF assisted nanoparticle

delivery.



1.2 Basic principles of optical coherence tomography

Optical Coherence Tomography (OCT) is an optical tomographic imaging technique

that shares many similarities to ultrasound imaging but uses light rather than sound waves to

generate images.

Detector
A
Beam Splitter 3,
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1\ ;’
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Reference Mirror -

Figure 1-1 Schematic of a basic OCT setup, based on a Michelson interferometer. The beam splitter can split
the light from a low-coherence source into a reference arm and sample arm. Reflections of the sample and
reference mirror are recombined into a photodiode.

There are several different configurations for setting up an OCT system, most funda-
mental and common established setup for an OCT system is based on the Michelson interfer-
ometer. The Michelson interferometer takes as an input a beam of light (laser) from a source,
which is divided into two elements at a beam splitter. Fig 1.1 shows an OCT system in its

simplest form: a Michelson interferometer in which the beam splitter divides the beam into

two equal arms. Part of the light is directed towards the reference arm and a mirror reflects
4



the light back into the detector, and part of the light is directed to the sample arm where a
small fraction is backscattered depending on the local sample reflectivity, so that the light
interferes at the detector [20]. However, the broadband light causes interference of the optical
fields to occur only when the path lengths of the reference and the sample arm are matched to
within the coherence length of the light. This interference signal carries information about the
sample reflectivity at a depth determined by the reference path length. The axial resolution is
one of the most important parameters in OCT systems since it determines how fine the struc-
tures can be resolved in the depth direction. The lateral resolution depends on the numerical
aperture of the sampling lens. The axial resolution, which is determined by the round trip-

coherence length, is given by:

Lo = 04472 (1.2)
AL

where AL is the full width at half maximum of the autocorrelation function of the power
spectrum and A is the source center wavelength [21,22].

Optical coherence elastography (OCE) measures tissue displacement using OCT and
uses images acquired using the high resolution of OCT to make a high-resolution stiffness
maps. In this work, we explored the potential of measuring shear wave propagation using an
OCT as an imaging modality to measure tissue mechanical properties. Optical Coherence
Tomography (OCT) produces images with near histological resolution, which allows for the
identification of micron sized morphological tissue structures. Figure 1-2 shows the resolu-

tion and penetration depth of OCT as compared to other imaging modalities.
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Figure 1-2 Comparison of the resolution and penetration depth of OCT compared to other imaging modalities
that illustrates the trade off between resolution and imaging depth encountered for different medical imaging

modalities (resolution elements not to scale). [Adapted from 20]

Figure 1.2 demonstrates that the benefit of using OCT is high spatial resolution (10-
14 pum) but the limitation of using OCT is the limited penetration depth (2-3 mm). Various
research groups are trying to make OCT probes to increase the imaging penetration depth

[23-25].



1.3 Motion detection using optical coherence tomography

There are several different techniques that can be used to detect motion using the
backscattered data from OCT. One of the techniques is termed Speckle Variance. Speckle
variance OCT imaging (SV-OCT) has been shown to be sensitive to the microscopic motion
of sub-resolution scatterers. It is a decorrelation measurement method that enables visualiza-
tion of slow movement independent of Doppler angle which was applied to high frequency
ultrasound systems and OCT flow imaging [26].

The algorithm for calculating speckle variance images for both OCT and high fre-
quency ultrasound (HFUS), in its most basic form, requires calculating the variance of pixels
from a set of N B-mode images (N is referred to as the gate length), acquired from the same

spatial location using the equation:
13 )
SVijk = WZ(Iijk - Imean) (12)
i=1

where N is the number of the B-frames and j and k are axial and transverse pixels in the im-
age. SV-OCT has a few of advantages compare to traditional Doppler OCT-based imaging
and fluorescence confocal microscopy: (1) Doppler angle Independence (2) High sensitivity
(capability of visualizing Brownian motion of highly scattering sources) (3) No contrast

agents are typically needed [20].
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Figure 1-3 Schematic representation of an obtained speckle variance data set of N frames and corresponding

indices used to label the frame: (i), transverse pixel location (j) and the axial pixel location (k).

These characteristics make SV-OCT an attractive tool for detecting Brownian motion
and measuring the displacement of unresolved particles based on changes in the speckle in-
tensity. The use of a speckle variance method to measure motion instead of a phase sensitive
approach (explained in the next paragraph) allows for the detection of displacements inde-
pendent of the phase stability of the system.

Another technique for measuring motion is based on phase maps generated by pro-
cessing the OCT signals. The backscattered OCT signals can be thought to have two fre-
quency elements: the phase modulated carrier frequency and the phase change introduced by

the motion of the scattering object. Quadrature demodulation techniques can be used to de-



tect the phase change introduced by motion. In phase (I) and quadrature (Q) demodulation
are used extensively in signal processing and communications. By multiplying the incoming
signal by a reference signal, and a reference signal shifted in phase by 90°, two orthogonal
vectors are produced. These two vectors create a real and imaginary component of the incom-
ing signal which are referred to as the in-phase and quadrature components of the incoming
signal, respectively.

Signals that are captured using this method are compared to a reference wave and
separated into in-phase and quadrature components which are represented by:

S=1+jQ (1.3)

By using these two vectors, the phase can be calculated using a four-quadrant arctan-

gent function where,
¢ =Arc tang (Q /1) (1.4)

where Q is imaginary part of the OCT complex OCT signal (OCT_complex), and 1 is real
part of the complex OCT signal (OCT _real). The phase can take values within the range of ©
to -m. In Chapter 2, we used the phase shift, Ap=@,. @1, where ¢, is the phase when the trans-
ducer is on and ¢; is the phase when is transducer is off [27] to detect propagating shear
waves. The phase shift between two successive locations, was calculated and then related to
motion within the tissue equivalent phantoms.
The accuracy and precision of the sub resolution measurement methods of the OCT system

has been discussed in section 5.1.2.4.



1.4 Mechanical Waves

Mechanical waves transfer energy from one location to another location. Two types
of mechanical waves of interest to this work are shear sound waves and longitudinal sound

waves, which are described below.

1.4.1 Shear sound wave

For shear waves, the particle motion is perpendicular to direction of propagation of

the bulk wave. Shear wave propagation speed is given by the equation:

S

C.= %. (1.5)

where p is shear modulus and p is density of medium. For soft tissues the shear wave speed is
~1-10 r% [28].

The speed of shear waves that propagate in soft tissues is directly related to the shear
modulus (u) of the material (Equation 1.5) [29, 30]. The shear modulus for soft biological
tissues actually spans a much larger range compared to the bulk modulus by several orders of
magnitude [31]. The use of the shear modulus as a cancer biomarker has been recently
demonstrated using ultrasonic techniques [32].

Shear waves cannot propagate in liquids. However, because most biological tissues
have an elastic component, they can support shear wave propagation. Shear waves can be

produced by inducing an ultrasonic sinusoidal excitation that displaces bulk tissue along the

10



direction of the excitation (the longitudinal wave of the ultrasound beam) which creates a

shearing force in the tissue that launches the shear wave.

Figure 1-4 Schematic representation of a a) Shear wave and b) Longitudinal wave. The blue arrow shows the

particle motion. The red arrow shows the direction of wave propagation.

To recover the tissue shear modulus, two general categories of reconstruction meth-
ods have been used: 1) forward methods that minimize the difference between displacements
calculated theoretically using models with assumed material properties and the displacements
measured experimentally with an imaging device and 2) direct inversion of the differential
equation of motion. These methods include the inversion of the Helmholtz Equation, which
characterizes the shear wave propagation [33,34], using algorithms that measure lateral time
for peak-to-peak displacements [38], tracking the displacement field jitters that are associated
with shear waves [35,36] and using a variety of correlation-based algorithms [37,38].

Experimentally, the displacements due to shear waves at each tracking location can
be calculated based on a speckle tracking algorithm based on the OCT phase maps generated.

The shear wave speed could be calculated using Ag and Ar calculated from the measured
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phase shift and the distance between the two tracking points. The shear wave speed can then

be calculated using the following equation:

NOE C:—f’f (L6)

where o =2zf , Agp is the phase shift and Ar is the distance between the two tracking loca-

tions[9]. The shear wave frequency (f) is dependent on several factors, the most dominant of

which is the beam width of the excitation transducer.

1.4.2 Longitudinal sound waves

For longitudinal sound waves, the particle motion is parallel to the direction of
propagation of the bulk wave. For such compressional waves, the speed is given by the

equation:

Cp - [A+24 f(z 1500 1)
P P S (1.7)

where 2=K + */5 1 (1.8)

In equation, 1.8 K is bulk modulus and p is shear modulus. For most soft tissues, the
longitudinal speed of sound is ~1500 m/s. The acoustic radiation force is applied in the direc-
tion of the longitudinal wave propagation. Moreover, the speed of longitudinal waves is
higher than the speed of the typical ultrasound shear waves used in biomedical applications.
The acoustic radiation force (ARF) of ultrasound propagating waves has been used to gener-

ate such mechanical excitations noninvasively. Traditional compression wave imaging meth-
12



odologies, such as US, provide measurements based on the tissue bulk modulus, which is
confined to a relatively small range of values for soft tissues compared to the tissue shear

modulus.

1.5 The nature of the shear wave produced with ARF

The Acoustic Radiation Force (ARF) is produced by a change in the energy density of
the incident acoustic field [39, 40]. The acoustic radiation force is generated by the transfer
of momentum from the acoustic wave to the tissue. This can be achieved by using focused
ultrasound. The force is applied in the direction of the longitudinal wave propagation and the

magnitude of the force can be approximated by:

F="T- (1.9)

where F [kg/(s 2 cm ?)] is the acoustic radiation force, C (m/s) is the speed of sound in the
medium, o (Np/m) is the absorption coefficient of the medium and I (W/cm?) is the temporal
average intensity at a given spatial location [41]. When the acoustic radiation force is applied
to a given spatial volume for a short time duration, shear waves are produced that propagate
away from the focal spot region [42]. Shear-wave propagation speed and attenuation are di-
rectly related to the mechanical properties of the tissue. Typical values for the shear wave
attenuation coefficient of soft tissues are two or three orders of magnitude higher than that of
the attenuation coefficient of compressional waves. Due to the high attenuation of shear
waves, shear waves propagate within a very limited area of tissue [39,43]. The spatial fre-

quency content of the shear wave will be determined primarily by the width of the ultrasound
13



beam (and not the time duration of the excitation unless the excitation duration approaches
the natural time constants of soft tissues). This is turn dictates the frequency of the shear
wave produced; smaller ARF beams produce higher frequency shear waves. In this thesis the
transducer used to produce the ARF had a beam diameter of 245 um (the depth of field was
2.94mm and a 20 MHz sine-wave burst of 400us was applied).

Figure 1.5 shows the principle of shear wave generation. Shear waves can be generat-
ed by using a focused impulse generated by an ultrasound transducer. The impulse creates a
displacement in the direction of ultrasonic beam propagation which is largest at the transduc-
er focus. After the impulse, the material relaxes back to its original state producing a shear
wave. The shear wave propagates in the direction perpendicular to the direction of the fo-

cused ultrasound propagation.

Titanium dioxide —
gelatin phantom

Couplant Gel

.

Focusing Transducer

Figure 1-5 Schematic of the principle of the generation of shear wave propagation using a focused ultrasound
transducer. In this example, a focused transducer (20 MHz, f-number 2.35) is coupled to the sample with gel. A
shear wave is generated at focal point of the transducer that is perpendicular to the direction of propagation of

the longitudinal wave.
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1.6 Imaging modalities used to detect shear wave propagation

There are several imaging modalities that have been used to detect shear wave
propagation in tissue: 1) ultrasound (and a variant of ultrasound imaging called supersonic

shear wave imaging) 2) MRI and 3) Optical Coherence Tomography.

Ultrasound can be used to measure bulk tissue displacement using algorithms that
detect tissue motion. Shear waves can be created in a medium by using a focused ultrasound
transducer (such as an ultrasonic phased array or a single focused transducer) and then the
tissue motion can be detected by using either the same transducer or other independent ultra-
sound pulse-echo imaging transducers [44]. In this method for tracking the displacements
generated by the ARF excitation source, a reference ultrasound A-line pulse is initially fired
for tracking, followed by a high-intensity pulse used to generate the ARF, followed by a se-

ries of ultrasound A-line tracking pulses to monitor the resulting tissue displacement.

]

Figure 1-6 Schematic presentation of shear wave elasticity imaging. Ultrasound can be used to both generate
shear waves in tissue, and to image the propagation of these waves either using the same transducer or another

transducer.
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The second method, a variant of shear wave imaging called supersonic shear wave
imaging, involves creating a shear source moving through the medium at a supersonic speed
(greater than speed of the shear wave in tissue). This is achieved by successively focusing the
ultrasonic “pushing” ARF beam at different depths, where the focus is modified at a speed
which is greater than the tissue shear wave speed. Figure 1.7 shows the principle of superson-
ic shear imaging. Supersonic shear wave imaging can provide the quantitative shear modulus

mapping of an entire organ in less than 30 ms [44].
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Figure 1-7 A) An ultrasonic probe creates a force that displaces the tissue at the focal point. B) After relaxation

of the displaced (pushed) tissue, a low frequency shear wave is generated and the tissue displacement is meas-

ured by tracking successive A-lines. C) Generation of plane shear waves using the motion of a supersonic shear
source (Adapted from [30]).
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The final technique uses magnetic resonance elastography (MRE) to detect small tis-
sue displacements. This method combines a mechanically applied stress (using a mechanical
actuator or the acoustic radiation force of an ultrasound pulse) with MRI to measure dis-
placement within the tissue or object. MRE usually combines MRI with mechanical waves to
create a visual map, or elastogram, which can measure the stiffness of the body [42, 46].
Moreover this is a non-invasive imaging modality that allows for the determination of the
shear modulus (elastic modulus, shear stiffness) tissues in vivo.

Disadvantages of this technique are the long scan times, the acquisition of large
amounts of data and the sophisticated reconstruction algorithms including phase unwrapping
and stiffness inversions to produce measurements of material properties. The time required to

acquire and analyze the data depend on the amount of data and the type of algorithm.

1.7 OCT elastography to detect shear wave propagation and previous work

Tissue elasticity may be thought of simply as the relative hardness or softness of a bi-
omaterial, and clinical examination by palpation is a traditional and highly effective means of
detecting pathologies such as coronary artery disease, which demonstrates local elastic inho-
mogeneity. OCT provides greater spatial and phase resolution than previous methods that
have been used for the study of the deformation of tissue and biomaterials. The spatial reso-
lution of mechanical property maps will depend on whether reliable phase difference meas-
urements between locations can be made. It is expected that these maps have better spatial

resolution compared to the shear wave wavelength.
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Optical coherence elastography (OCE) has been developed by many investigators
within the last decade, including: J. M. Schmitt, A. Boppart, B. E. Bouma, D. D. Duncan, D.
D. Sampson, S. G. Adie, X. Liang, B. F. Kennedy and their group.

A review of the development of OCE has been written by Wang and Larin [49]. Dur-
ing OCE, tissues can be excited internally or externally, as well as statically or dynamically
[51].

Investigators have used OCE [47-50] to detect tissue motion. ARF was used for the
internal mechanical excitation of a sphere embedded in a gelatin phantom, and the phantom
deformations were detected with an OCT system and recorded as M-mode phase images. The
displacement of the sphere over time was used for shear modulus measurements [51]. Tissue
velocity and strain measurements have also been obtained via tissue imaged under mechani-
cal loading with a vascular OCE protocol specific to the exploring of tissue biomechanics
[52]. Strain responses of tissue phantoms undergoing compressive forces have been meas-
ured using speckle tracking and OCT methods for detecting small and large deformations
[53]. Spectroscopic OCE (S-OCE) has been utilized for frequency-dependent contrast of the
displacement amplitude and phase of a silicone phantom, with ex vivo tumor follow-up im-
aging, in B-mode OCT imaging with applications in pathology [54]. As well, a dynamic SD-
OCE technique applied to three-layer silicone tissue phantoms and ex vivo rat tumor tissue
has been reported to provide contrast between sample regions with different mechanical
properties, thus to mechanically characterize tissue [55]. In vivo three-dimensional OCE has

also been implemented to observe elastic properties of superficial skin, which can be utilized
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for detecting strain rates and contrast useful for pathologists [56]. A ring actuator has also
been applied to in vivo dynamic OCE to enable excitation and imaging for the same side of
the sample, thus providing an alternative for contrast in OCT images. While these publica-
tions demonstrate a wide range of applications of OCE imaging in-vitro and clinically, none
of them directly measure shear wave propagation.

In the first part of the thesis, we present a novel technique for calculating tissue me-
chanical properties by propagating shear waves in tissue equivalent phantoms and carotid
artery samples with ARF, and measuring the shear wave speed and its associated properties
with OCT phase maps. The OCT phase maps are acquired with a swept-source OCT (SS-
OCT) system. The higher phase noise exhibited by SS-OCT systems, compared to SD-OCT
systems, generally limits the measurements of phase changes. This limitation is especially
problematic at high A-scan rates, however noise of the relatively low speed SS-OCT (8kHz
bi-directional) used in these experiments was sufficient to measure phase changes induced by
shear wave propagation [57,58]. The dynamic excitation of the OCE technique uses ARF as
the excitation source. Shear modulus measurements of tissue equivalent phantoms and carot-
id artery samples were made from OCT phase elastograms, without the requirement of meas-
uring displacements of embedded targets as in [9]. We present this methodology as Shear
Wave OCE (SW-OCE), a methodology I first introduced in my M.Sc. work. The use of ARF
to induce the mechanical wave for these experiments was advantageous for several reasons
including: a) the non-invasive nature of ARF excitation to induce deformations in depth in

tissue and b) the control of the ultrasound transducer geometrical characteristics and frequen-
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cy which can induce a wide variety of shear waves (with different frequencies) that would
enable probing the tissues at different spatial and temporal scales. Also, depending on the
specific mechanical wave driver, consistent coupling of the driver to the tissue is a difficult
issue to resolve which can result in a large variability in the measurements.

There are resolution and sensitivity advantages when using ARF excitation and SW-
OCE for shear wave propagation detection. SW-OCE utilizes OCT technology, which pro-
vides resolution advantages when compared to ultrasound or MRI. OCT provides higher spa-
tial resolution (and typically temporal resolution), which allows for the detection of minute
deformations in the phantoms that may be critical to the measurement of tissue mechanical
properties. It is expected that these parametric maps of shear modulus have much better spa-
tial resolution compared to the shear wave wavelength, in the same way that Fink and col-
leagues [59] achieve high resolution ultrasound images of shear wave properties using what
they term “wave-to-wave” imaging, the difference here being that OCT is used instead of
ultrasound imaging to track the shear waves.

In the beginning of the OCE study, we first showed the feasibility of optical coher-
ence elastography measurements of shear wave propagation in homogeneous tissue equiva-
lent phantoms and the method was validated by an independent measurement [7]. We were
first group to detect shear wave propagation and developed a novel technique for calculating
tissue mechanical properties by propagating shear waves in tissue/phantoms with ARF [7].
In this work for my Master’s thesis, | explored the potential of measuring shear wave propa-

gation using optical coherence elastography (OCE) based on a swept-source optical coher-
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ence tomography (OCT) system. Shear waves were generated using a 20 MHz piezoelectric
transducer (circular element 8.5 mm diameter) transmitting sine-wave bursts of 400 ps, syn-
chronized with the OCT swept source wavelength sweep. The acoustic radiation force (ARF)
was applied to two gelatin phantoms. Differential OCT phase maps, measured with and
without the ARF, demonstrate microscopic displacement generated by shear wave propaga-
tion in these phantoms of different stiffness. | showed results of OCT derived shear wave
propagation velocity and modulus, and compared these results to rheometer measurements,
validating the technique. | showed that the mechanical excitation produces motions within
the phantom that can be used for the estimation of mechanical properties using SW-OCE.
This excitation produces shear waves that propagate perpendicular to the US beam. In this
thesis, | have developed this technique to measure shear wave propagation using optical co-
herence elastography (OCE) in an inhomogeneous phantom and carotid artery samples based
on a swept-source optical coherence tomography (OCT) system that is described in Chapter
2. | have demonstrated a SW-OCE technique that uses ARF for the mechanical excitation of
a carotid sample to measure the shear modulus and Young’s modulus of the adventitia. The
mechanical excitation produces motions within the sample that can be used for the estimation
of mechanical properties using SW-OCE. This study demonstrated the feasibility of shear
wave OCE measurements in layered media. For the tissue equivalent phantoms, | have
shown how measurements of mechanical properties can be made to differentiate between the
boundaries of two media with different stiffness. It is expected that such differences in me-

chanical properties will occur at the transition region between a normal and diseased artery

22



wall. In the carotid measurements presented in this thesis, the data collected suggest that the
shear waves produced were confined to the adventitia of the carotid artery. This is due to the
limited penetration depth of the OCT imaging and the 10 pm axial resolution that can be
achieved with this imaging modality. The measurement of the elastic properties of the adven-
titia demonstrates how the superior spatial resolution of OCT can be used in the SW-OCE
approach to interrogate tissue structures that are too small to be resolved with other compet-
ing imaging methods. We present the feasibility of OCE measurements of shear wave propa-
gation in tissue equivalent phantoms and carotid artery samples as a stepping stone for ex-
panding the research into observing SW-OCE for investigating tissue mechanical properties

in vivo.

1.8 Drug delivery and enhanced transport of nanoparticles using ARF

The second part of the thesis exploits the displacements induced by the acoustic ra-
diation force to enhance the transport of nanoparticles in tissue equivalent materials (collagen

matrix), with goal the enhanced displacement of nanoparticle transport in tumors.

It has been well established that blood vessels in tumors are abnormal [60]. Tumor
vessel structure is a defective, and tumor vessels have a leaky endothelium. The transport of
nanoparticles through a leaky tumor vessel wall and into the interstitial space surrounding
cancer cells, resulting in the accumulation of nanoparticles in the tumor, is called the en-
hanced permeability and retention effect. For this to occur, the nanoparticles must exit
through the pores of the leaky tumor vessels while at the same time not passing through the

pores of the normal vessels [61]. The nanoparticles should be able to pass through the open-
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ings of the tumor vessels ranges can be up to 600 nm [62]. Therefore, any drug/particles be-
ing designed to leak through the tumor vasculature into the tumor parenchyma should be less
than 600 nm to reach tumor tissues, and preferably smaller [63]. There are different types of
nanoparticles which have been used as drug delivery vehicles such as polymeric micelles,
liposomes, nanoemulsion droplets, metallic nanospheres, rods, shells and cages. Gold nano-
particles (GNPs) have attracted a great deal of attention as drug carriers since they can be im-
aged with multiple imaging modalities [64,65].

Particle size plays a significant role in the therapeutic efficacy of the gold nanoparti-
cle approaches due to the preferential cellular uptake of gold nanoparticles of particular sizes.
Gold nanoparticles typically range in size from 2 to 100 nm. In-vitro studies have shown an
optimal particle sizes of 40-50 nm to maximize uptake into cells [66-67]. However, once in-
vivo, these nanoparticles have to travel through the tumor extracellular matrix before being
taken up by a cell [68]. This transport of nanoparticles through the extracellular matrix de-
termines the spatio-temporal distribution of the nanoparticles within the tissue [69]. The pre-
dominantly collagen mesh associated with the tumor extracellular matrix has the ability to
significantly inhibit nanoparticle diffusion and transport to the tumor cells [70].

The extracellular matrix is a meshwork of proteins and carbohydrates that provides
structural and biochemical support to the cells and connects tissues together. If the scaffold
will later be placed in the body, such as in several applications in tissue engineering, it will

need to be a biocompatible material [71].
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There are different collagen types which are associated with various types of connec-
tive tissues in the body. Currently at least 18 types have been derived which vary in the
length of the helix and the nature and size of the nonhelical portions [72-74]. Type I collagen
Is predominant in higher order animals especially in the skin, tendon, and bone where ex-
treme forces are transmitted. Type Il collagen is essentially unique to hyaline cartilage. Type
I11 collagen is found in limited quantities in association with type I. Type IV is a highly spe-
cialized form found only in the basement membrane. Table 1.1 summarizes four different
type of collagens found in animal tissues [75-77]. It should also be noted that the shear wave
speed has been shown to be highly correlated to the collagen network in tissues [78,79]. Fig
1-8 shows Scanning Electron Micrographs (SEM) of electrospun collagens: type I, type I,

type 111 and type IV.

Table 1.1. Different type of collagens found in animal tissues (Adapted from 75 and 76).

Collagen Type Tissue distribution

| Skin, tendon, bone, cornea, dentin, fibrocartilage, large vessels,
intestine, uterus, dentin, dermis, tendon

1 Hyaline cartilage, vitreous, nucleus pulposus, notochord

11 Large vessels, uterine wall, dermis, intestine, heart valve, gingiva (usually coexists with
type | except in bone, tendon, cornea)

v Basement membranes
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Figure 1-8 Scanning electron micrographs (SEM) of electrospun collagens type | (A), Collagen type Il (B). Col-
lagen type 111 (C) and collagen type IV (D). SEM scale bars = 1 um (A,B, and C) and 10 um (D). [ Adapted

from 77, under the Creative Commons Attribution License (CC BY)].

Several investigators [80-83] have used GNP as contrast agents for optical coherence
tomography (OCT). However, none of this work has investigated how OCT can be used to
detect the enhanced penetration of GNPs through samples when they are exposed to an ex-
ternal force. In the second part of this thesis (Chapters 3 and 4), | demonstrated a technique

to image the enhanced GNP displacement generated using an acoustic radiation force (ARF).

1.9 Hypothesis and specific aims

The hypothesis in this thesis is that OCT can be used to image shear wave
propagation in soft tissue with high resolution; be used to measure the mechanical
properties of tissue; and the same methods used for the generation of the shear waves can be
employed for the enhancement of the transport of gold nanoparticles (GNPs). The goal of

this research is to develop shear wave based techniques that can image shear wave propaga-
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tion in inhomogeneous tissue equivalent phantoms and carotid samples; extract mechanical
properties such as the shear modulus the and the Young’s modulus; and also use OCT tech-
niques to measure the enhanced displacements of nanoparticles in tissue equivalent samples
as a stepping stone for expanding the research into observing enchantment of nanoparticle
delivery in tumour tissues. To achieve this, we developed a method to measure the enhanced
GNP displacement achieved using the ARF excitation after the injection of GNP into colla-
gen phantoms with three different collagen concentrations: 3%, 6% and 10%. The same
ARF excitation was used to enhance the displacement of injected GNPs in a tissue-
engineered module, which contained MCF-7 breast cancer cells, that more closely emulates

tumor tissue.

The specific aims of this proposed work are to:
a. Design experimental methods to create tissue deformation us-
ing an ARF excitation at scales that can be reliably detected using OCT.
b. Devise methods to measure the shear wave speed based on
OCT M-mode and B-mode phase maps.
C. Devise methods to measure the enhanced transport of GNP us-

ing ARF based techniques by using SV-OCT methods.

1.10 Overview of the Dissertation

In Chapter 2, | proposed a method of measuring shear wave propagation using opti-
cal coherence elastography (OCE) in an inhomogeneous phantom and carotid artery samples

based on a swept-source optical coherence tomography (OCT) system and then present the
27



technique for calculating tissue mechanical properties by propagating shear waves in inho-
mogeneous tissue equivalent phantoms and carotid artery samples using the ARF of an ultra-
sound transducer. | measured the shear wave speed and associated mechanical properties in
different layers with OCT phase maps. This work has been published in Biomedical optics

express 5 (3), 895-906(2014).

In Chapter 3, | presented a technique to image the enhanced particle displacement
generated using an acoustic radiation force (ARF) excitation source. Differential OCT speck-
le variance images with and without the ARF were used to estimate the particle displacement
in a 10 % collagen matrix. The images were used to detect the microscopic enhancement of
nanoparticle displacement generated by the ARF. The experimental results are compared to
simulation results and show that the displacement of the mesh induced by the ARF is of the
same order of magnitude as the enhanced transport of the GNPs as measured with the OCT
technique presented in this work. This work has been submitted to the journal Plos (Public
Library of Science) one.

In Chapter 4, an acoustic radiation force (ARF) excitation source was used to en-
hance the transport of gold nanoparticles (GNPs) in a collagen matrix. The ARF was applied
after nanoparticle injection and diffusion/transport into a collagen matrix, with and without
the presence of cancer cells. Different concentrations of collagen (3% and 6%) and a tissue
engineered cellular construct, using MCF7 breast cancer cells embedded in a collagen matrix.

Enhanced displacement of the GNPs was calculated in both the axial and lateral directions at
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locations close to the ultrasound focal point. This work has been submitted to the journal Bi-
ophotonics.

Chapter 5 summarizes the main results of the thesis and describes future work.
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Chapter 2: Optical coherence tomography
detection of shear wave propagation in in-
homogeneous tissue equivalent phantoms
and ex-vivo carotid artery samples

Authors: Marjan Razani, Timothy W.H. Luk, Adrian Mariampillai, Peter Siegler,
Tim-Rasmus Kiehl, Michael C. Kolios, and Victor X.D. Yang
M. Razani, T. W. H. Luk, A. Mariampillai, P. Siegler, T.-R. Kiehl, M. C. Kolios, and V. X.
D. Yang, “Optical coherence tomography detection of shear wave propagation in inhomoge-
neous tissue equivalent phantoms and ex-vivo carotid artery samples” Biomed. Opt. Express

5(3), 895-906 (2014).

2.1 Abstract

In this work, we explored the potential of measuring shear wave propagation using
optical coherence elastography (OCE) in an inhomogeneous phantom and carotid artery
samples based on a swept-source optical coherence tomography (OCT) system. Shear waves
were generated using a piezoelectric transducer transmitting sine-wave bursts of 400 ps dura-
tion, applying acoustic radiation force (ARF) to inhomogeneous phantoms and carotid artery
samples, synchronized with a swept-source OCT (SS-OCT) imaging system. The phantoms
were composed of gelatin and titanium dioxide whereas the carotid artery samples were em-

bedded in gel. Differential OCT phase maps, measured with and without the ARF, detected
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the microscopic displacement generated by shear wave propagation in these phantoms and
samples of different stiffness. We present the technique for calculating tissue mechanical
properties by propagating shear waves in inhomogeneous tissue equivalent phantoms and
carotid artery samples using the ARF of an ultrasound transducer, and measuring the shear
wave speed and its associated properties in the different layers with OCT phase maps. This
method lays the foundation for future in-vitro and in-vivo studies of mechanical property
measurements of biological tissues such as vascular tissues, where normal and pathological

structures may exhibit significant contrast in the shear modulus.
Keywords: (170.4500) Optical coherence tomography; (170.6935) Tissue charac-

terization.
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2.2 Introduction

Elastography is a method for analyzing the biomechanical properties of tissues based
on stiffness and strain images [1]. The biomaterial tissue deformations caused by static or
dynamic loads are recorded in elastograms that contain data about the local variations of the
stiffness inside a region of interest [2]. This information is valuable for identifying and as-
sessing biomaterial variations of the target tissue. The shear modulus of biomaterials in par-
ticular is thought to be highly sensitive to variations in the biomaterial properties. There are
many different imaging modalities that can be used to measure displacements and estimate
the resulting mechanical properties. Two of these are ultrasound (US) and magnetic reso-
nance imaging (MRI). However, they come with significant drawbacks, such as high cost and
complex design. They also have insufficient spatial resolution to detect small scale and subtle
elastic variations in biomaterials and tissues, such as in tissue engineered modules and ather-
osclerotic plaques. Supersonic shear weave elastography, which is a method that uses a shear
source moving through the medium at a supersonic speed (greater than the speed of the shear
wave in tissue) and is use to generate parametric images of shear modulus. This can be
achieved by successively focusing the ultrasonic “pushing” ARF beam at different depths at
a speed that is greater than the tissue shear wave speed. The result of the beam traveling
faster than the shear wave is that all the resulting shear waves interfere constructively along a
Mach cone creating planes of intense shear waves propagating in opposite directions,
analogous to a “sonic boom” created by a supersonic aircraft [3,4]. A method based on Bril-

louin light-scattering and involving a spectral shift proportional to the longitudinal modulus
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of elasticity of the tissue allows for non-contact and direct readout of the viscoelastic proper-
ties of a material [5]. Other methods previously investigated to compare hysteresis in normal
and keratoconic eyes using the Ocular Response Analyzer (ORA; Reichert Ophthalmic In-
struments, Buffalo, NY). This device is an adaptation to the noncontact tonometer (NCT) to
measure the viscoelastic properties of the eye [6]. Lastly, another method uses a focused air-
pulse system and a phase-stabilized swept-source optical coherence tomography to assess the
propagation of low-amplitude (micron-level) waves [7].

In contrast, optical coherence tomography (OCT) has several advantages over other
imaging modalities. Analogous to US, OCT uses light instead of sound waves, is inexpensive
compared to other imaging modalities and has higher resolution and motion sensitivity to al-
low for improved identification of micron-sized morphological tissue structures and highly
localized strains [8-10]. The main disadvantage of the technique is its limited penetration
depth, on the order of few millimeters [11].

Optical coherence elastography (OCE) is a technique that uses OCT for measuring
the biomechanical properties of soft tissues [12, 13]. The tissues can be excited internally or
externally, and statically or dynamically. A common method for creating dynamic compres-
sions for the tissue is using acoustic radiation force (ARF) or low-frequency vibrations with a
needle. Shear waves generated from the application of ARF will propagate away from the
initial region of excitation (i.e. the focal spot region) [14]. Typical values for the shear wave
propagation speed in soft tissues range from 1-10 m/s and the attenuation coefficient is two

to three orders of magnitude greater than that of compression waves [14]. Both of these pa-
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rameters are directly related to the mechanical properties of the tissue. Due to its high attenu-
ation, the shear wave generated propagates within a limited area of tissue, typically a few
millimeters from the location of the excitation [14]. The frequency of the shear wave will be
determined primarily by the width of the ultrasound beam and not the time duration of the
excitation, unless the excitation duration approaches the natural time constants of soft tissue
relaxation.

The study of the mechanical properties of arteries is critical to understanding cardio-
vascular function and in the diagnosis of vascular disease [15]. Arterial stiffness increases
with aging and can be used as an indicator for cardiovascular morbidity and mortality, as
well as a measure for the risk of stroke and myocardial infarction [16-18]. These acute cardi-
ovascular events typically occur when there is a rupture of the fibrous cap of the atheroscle-
rotic plaque, causing the formation of a thrombus that obstructs an artery [19,20]. An athero-
sclerotic plaque includes a large extracellular necrotic core and a thin fibrous cap infiltrated
by macrophages [21, 22]. These components have properties that are important in quantify-
ing lesion stability [23]. Specific to the carotid artery, atherosclerotic disease and plaque rup-
ture are risk factors for stroke. ARF imaging can be applied to carotid artery samples to de-
termine the feasibility of noninvasively characterizing atherosclerotic plaques [24].

In this work, we explore the potential for measuring shear wave propagation in inho-
mogeneous phantoms and excised carotid artery samples using OCT as an imaging modality
to detect the shear wave propagation. Using OCE allows for the measurement of tissue dis-

placement to generate high-resolution elastograms.
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2.3 Methods

ARF was used as the internal mechanical excitation to send focused ultrasound beams
to produce the desired shear waves. The ARF was applied using a 20 MHz, circular, piezoe-
lectric transducer element (PZT, f-number 2.35) transmitting sine-wave bursts of 400 us du-
ration. The internal displacements induced by the shear waves were detected using a
Thorlabs swept source OCT system and phase sensitive motion detection algorithms. The
OCT laser had a center wavelength of a 1310 nm, a bandwidth of ~110 nm, and an A-scan
rate of 8 kHz. The lateral resolution was approximately 13 pm in the samples. Using this
technique, mechanical properties of the phantoms were measured. The ARF excitation for
producing transient excitations had previously been implemented to assess the mechanical
properties of tissues [25-29]. ARF imaging had also been used in general elasticity imaging
methods for the characterization of lesions, muscle screening, and imaging of the calcifica-
tion of arteries [30-34].

Two types of samples were investigated in this study: an inhomogeneous tissue
equivalent phantom and an ex-vivo bovine carotid artery embedded in gel. Four tissue
equivalent phantoms with two layers were made. Each phantom was made using gelatin
mixed with titanium dioxide as a scattering agent. Gelatin concentrations of 12% and 8%
(indicated as high concentration and low concentration, respectively) were varied to make
layers with differing stiffness values. Gelatin powder (Type B, Fisher Scientific, G7-500) and
distilled water were heated in a water bath at 60—65 C for one hour and stirred periodically.

When the phantom samples cooled to 45 'C, 0.1% by weight titanium dioxide (Sigma-

37



Aldrich, Titanium(IV) oxide nanopowder, <25 nm particle size, 99.7% trace metals basis)
was added and mixed thoroughly. The phantom solution was poured into rectangle molds (20
mm height) and allowed to congeal. The first layer was left to cool before the second layer
was added on top of the first layer (as shown in Fig. 2.1). The inhomogeneous tissue equiva-

lent phantom was rotated on the side and imaged.

OCT objective lens

Titanium dioxide -

gelatin phantom , N :
High concentration | Low concentration

Couplant Gel

Focusing Transducer

Figure 2-1A focused transducer was used to produce an ARF impulse to generate shear waves at the focal point
of the transducer. The shear wave propagated in the inhomogeneous tissue equivalent phantom consisted of two

layers that were labeled as hard (12% concentration ) and soft (8% concentration).

A normal bovine carotid artery was obtained from a local butcher shop. The bovine
carotid artery was cut into three sections and three phantoms were prepared in a similar fash-
ion to the first phantom, but differed in the layering process. Instead of using gelatin of dif-
fering concentration as its second layer, a carotid artery sample was embedded above the first

gelatin layer when the layer was cooled to 40 °C (as shown in Fig. 2.2). The experimental
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setup for the imaging of these two types of samples was described elsewhere and shown in
Fig. 2.3 [35].

B-mode and m-mode OCT images were obtained using a commercial swept-source
system (Thorlabs, Inc., USA). B-mode images of a sample (5 mm in length) were obtained at
the A-scan depth of 3 mm. The focal point of the transducer for the ARF was 20 mm in depth
from the transducer surface. This focal point was located 1 mm below the top surface of the
sample. M-mode images of this same sample were taken along the direction of the ARF
beam. In this setup, shear waves predominantly propagate radially away from the focal point

in the direction perpendicular to the direction of the ARF beam.
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Figure 2-2 a) A focused transducer was used to produce an ARF impulse to generate shear waves at the focal
point of the transducer, similar to Fig. 2.1. (b) The shear wave propagated in this sample consisted of the carotid

artery embedded on top of the gelatin.
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Figure 2-3 A schematic diagram of the ARF-OCE experimental setup. The setup consisted of the existing SS-
OCT system, an inhomogeneous titanium dioxide-gelatin phantom, a carotid artery embedded phantom, a fo-
cused pushing transducer (20 MHz, f-number 2.35), an amplifier, a 3D micrometer stage and a function genera-
tor (Agilent 33250A 80 MHz, Function / Arbitrary Waveform Generator) synchronized with the SS-OCT sys-

tem.
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The attenuation of shear wave was calculated by the examination of the change in
signal strength in the direction of propagation of the shear wave. The attenuation of the shear
wave as it propagates through the phantom is given by Eq. (2.1):

I =1, exp(—ax). (2.1)
where | is the intensity of the shear wave that has propagated a distance x through the
material, lo is the intensity of the shear wave at the focal spot and a is the shear wave attenua-
tion coefficient. To calculate the attenuation coefficient, the signal strength at different loca-
tions in the phantom was obtained as a function of distance from the focal spot using the

Peak displacement as an indicator of intensity (x) . The amplitude of the shear wave was ob-

tained by averaging 512 A-lines to obtain the average value for a. A best fit to the average
amplitude as a function of lateral distance was obtained using the MATLAB function enve-
lope for a lateral distance of 5 mm. From this best fit, the shear wave attenuation coefficient
was calculated. Shear wave speed can be calculated using Eg. (2.2):

C, (w)=“;—j (2.2)

where w = 2zf | Ag is the phase shift and Ar is the distance between the two suc-

cessive lateral distance points. OCT images of the inhomogeneous phantoms were taken with
the SS-OCT system and B-mode phase maps were obtained. These images provided infor-
mation to track the phase shift (Ag) at two successive lateral distance points (Ar) for a given
depth z from which the shear wave speed was calculated. This was done for each pair of

points in the image choosing the distance Ar as 0.5 mm and all pairs of points in the image.
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After obtaining the speed maps, they are then converted to shear modulus maps using Eq.

(2.3):
c, = £ (2.3)
P
where u represents the shear modulus and p is density of the sample, resulting in Fig.
2.4(c).
2.4 Results

OCT images of the inhomogeneous phantoms were obtained with the SS-OCT system
and are shown in Fig. 2.4. The B-mode images, as well as their respective phase and dis-
placement maps, allowed the calculation of distance between locations in the image, the

phase shift between these locations, and the sample displacement caused by the shear wave.
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Figure 2-4 a) The B-mode phase map of the phantom was used to measure Ar and A¢ for the calculation of the

shear wave speed. The color scale represents the change of the phase value (radians). The two layers (labeled

with the arrows) had different gelatin concentrations. (b) Displacement of shear wave in the inhomogeneous

phantom. The color bar represents the particle displacement (in um). (c) B-Mode OCT structural image of the

inhomogeneous titanium dioxide — gelatin phantom with a shear modulus map (color scale) superimposed on
the B-mode image.
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OCT images of the inhomogeneous phantoms were taken with the SS-OCT system
and B-mode phase maps were obtained. These images provided information to calculate the
distance between two measurement points (Ar) and the phase shift (Ae) between these two
tracking locations for each layer which two successive locations can be chosen at a particular
depth z (in this work we chose z= 0.2mm in the regions of high concentration and also in the
regions of low concentration). At these two locations in the image, phase values are re-
trieved, then were in turn used to calculate the shear wave speed, shear modulus and Young’s
modulus [28]. The optical path displacement Z is calculated from the measured phase by us-

ing Eq. (2.4) [36]:

Z= %. (2.4)

where A IS the center wavelength and n is the sample refractive index. In Fig.2. 4(b)
the x-axis is the lateral distance within the phantom and the y-axis is the depth. The color in
the image represents the displacement calculated from the phase maps in Fig. 2.4(a).

In Fig. 2.4(c), a shear modulus map (color scale) is superimposed on the B-mode im-
age. The parametric images show the difference between the two sides of the phantom, with
artifacts at the boundary due to the boundary discontinuity.

The image intensity along a profile through the ultrasound focus was plotted for 4 dif-
ferent phase offsets between the mechanical excitation and the OCT from 0 to 2x. The image
intensity profiles of all phase offsets were composed in one diagram to estimate the attenua-
tion of the mechanical wave amplitude. Fig. 2.5 shows a succession of images at different

phase offsets illustrating the shear wave propagation in the tissue equivalent phantom.
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Figure 2-5 A movie of the shear wave propagation (Media 1) for the tissue equivalent phantom which was cre-
ated by using different phase offsets (time delays) between the Focusing Ultrasound (FUS) and OCT. The X
axis and Y axis represent lateral distance(5 mm) and depth(3 mm) respectively. The color scale represent the

phase, as in Fig. 2.4(a) (rad).

The shear wave attenuation coefficient was estimated by measuring the damping of
the shear wave as it propagated away from the ARF focal spot. The focal spot was located at
the boundary between the two layers of different concentrations (at around x =3 mm in Fig.
2.4(a)).

The attenuation coefficient was approximately 0.8 Np/cm, which is within the range
of previously published data for gelatin phantoms [37].This was done for all four phantoms.

OCT images of three normal bovine carotid arteries samples were taken with the SS-

OCT system and shown in Fig. 2.6.
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Figure 2-6B-mode OCT structural images (a) and the corresponding B-mode phase map (b) of the carotid artery
samples were obtained with the SS-OCT system. The color scale represents the change of the phase value (radi-

ans). (c) The displacement of the sample from its initial position was measured.

After imaging with OCT, the carotid artery samples were fixed in formalin for 48
hours. Hematoxylin and Eosin (H&E) as well as Masson trichrome stains were performed,
followed by whole-slide scanning (ImageScope, Aperio, Vista, CA) for quantitative digital

pathology assessment of the carotid artery samples.

Adventitia

Media

Intima

Figure 2-7Masson trichrome stain histology image of one of the ex-vivo carotid artery samples.
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The Masson trichrome stain histology images of the ex-vivo carotid artery sample,
shown in Fig.2. 7, were correlated with the phase maps of the sample. The results from these
images suggest that shear waves were generated in the adventitia layer. Therefore, the me-
chanical properties measured are likely representative of this tissue layer.

The dominant frequency of the shear wave was calculated to be approximately 266

Hz (for both the samples). The shear wave group speed was then calculated by using the Ar
and A obtained from the phase map, which depicts the distance between the two measure-

ment locations and the calculated phase shift, respectively. These values were used to calcu-
late the shear modulus and young modulus [35]. The mechanical properties of the inhomoge-
neous phantoms and carotid artery samples are shown in Table 2.1. The average values and
standard deviations were calculated from 10 different pairs of locations in the phase maps for

all calculations of Ar and Ag. The errors for the SW-OCE results represent the standard de-

viation of these 10 measurements, for all 4 phantoms. The three phantoms with the bovine
carotid arteries were imaged, and the results report the average and standard deviation of the
3 measurements. As expected, the values of the Young’s moduli and shear moduli were
greater for the part of the phantom with the higher concentration of gelatin [35, 38]. The
shear modulus and young modulus of carotid artery sample were 45.3+0.6 kPa and 135.8+1.8

kPa respectively.
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Table 2.1 : The mechanical properties of the inhomogeneous phantoms and carotid artery samples (adventitia).

The errors for the SW-OCE results represent the standard deviation as explained in the text.

Samples Shear wave speed Shear modulus Young’s modulus

(Cslmls) (,u,kPa) (E,kPa)
inhomogeneous 1.87+0.06 3.7+0.2 11.0+0.6
phantom (high

concentration,

12%)

inhomogeneous
phantom 1.49+0.05 2.3+0.1 7.0+0.3
(low concentra-

tion, 8%)

Carotid artery
sample (adventi- 5.90+0.08 45.3+0.6 135.8+1.8

tia)

While many factors contribute, the phase stability of our OCT system during these
imaging sessions are primarily affected by the signal-to-noise ratio (SNR). Therefore, we
measured the phase stability as function of the SNR (Fig. 2,8), analogous to our previous

work [3].
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Figure 2-8 Mean background phase noise (Ag) at four different SNR regions.

2.5 Discussion

Shear waves were generated in inhomogeneous phantoms and in carotid artery sam-
ples. The shear modulus and Young’s modulus were measured. We have demonstrated, for
the first time, a SW-OCE technique that uses ARF for the mechanical excitation of a carotid
sample to measure the shear modulus and Young’s modulus of the adventitia. The mechani-
cal excitation produces motions within the sample that can be used for the estimation of me-
chanical properties using SW-OCE. This study demonstrated the feasibility of shear wave
OCE measurements in layered media. For the tissue equivalent phantoms, we have shown
how measurements of mechanical properties can be made to differentiate between the bound-
aries of two media with different stiffness (Fig. 2.4). A parametric map of the shear modulus
clearly shows the difference in the shear modulus in the low and high gel concentration re-
gions (Fig. 2.4(c)). It is expected that such differences in mechanical properties will occur at

the transition region between a normal and diseased artery wall.
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Moreover, in the carotid measurements presented in this paper, the data collected
suggest that the shear waves produced were confined to the adventitia of the carotid artery.
This is due to the limited penetration depth of the OCT imaging and the 10 um axial resolu-
tion that can be achieved with this imaging modality. The values measured in Table 2.1 com-
pare well to published values using different techniques such as B-mode echography [40],
intravascular ultrasound [41]. Young's modulus measurements for the carotid artery lie be-
tween 30.1 + 10.8 kPa and 614 * 35 kPa, and depend on many parameters such as species,
age, diameter and disease [40]. The measurement of the elastic properties of the adventitia
demonstrates how the superior spatial resolution of OCT can be used in the SW-OCE ap-
proach to interrogate tissue structures that are too small to be resolved with other competing
imaging methods.

Tissue elasticity may be thought of simply as the relative hardness or softness of a bi-
omaterial, and clinical examination by palpation is a traditional and highly effective means of
detecting pathologies such as coronary artery disease, which demonstrates local elastic inho-
mogeneity. OCT provides greater spatial and phase resolution than previous methods that
have been used for the study of the deformation of tissue and biomaterials. The spatial reso-
lution of mechanical property maps will depend on whether reliable phase difference meas-
urements between locations can be made with SW-OCE. It is expected that these maps have

much better spatial resolution compared to the shear wave wavelength.
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3.1 Abstract

In this study, we present a technique to image the enhanced particle displacement
generated using an acoustic radiation force (ARF) excitation source. A MEMS-VCSEL
swept source Optical Coherence Tomography (SS-OCT) system with a center wavelength of
1310nm, a bandwidth of 100nm, and an A-scan rate of 100 kHz was used to detect gold na-
noparticle (70 nm in diameter) displacement. ARF was applied after the nanoparticles passed
through a porous membrane and diffused into a collagen matrix (10% collagen). B-mode, M-
B mode, 3D and Speckle Variance (SV) images were acquired before and after the ultra-

sound beam was on. Differential OCT speckle variance images with and without the ARF
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were used to estimate the particle displacement. The images were used to detect the micro-
scopic enhancement of nanoparticle displacement generated by the ARF. Using this OCT
imaging technique, the enhanced transport of particles though a porous membrane and a col-
lagen gel after using an ARF excitation was imaged and analysed. In the vicinity of the focal
point of the transducer generating the ARF, the enhancements were 62+5 pm and 65+6.5 pm
in the axial and lateral directions, respectively. Using the SV-OCT technique, we are able to
visualize and characterize the acoustic radiation force assisted enhanced displacement of gold

nanoparticles (GNPs).

3.2 Introduction

The transport of nanoparticles through a leaky tumor vessel wall and into the intersti-
tial space surrounding cancer cells, resulting in the accumulation of nanoparticles in the tu-
mor, is called the enhanced permeability and retention effect. For this to occur, the nanopar-
ticles must exit through the pores of the leaky tumor vessels while at the same time not pass-
ing through the pores of the normal vessels [1,2]. There are different type of nanoparticles
which have been used as drug delivery vehicles such as polymeric micelles, liposomes,
nanoemulsion droplets, metallic nanospheres, rods, shells and cages. Gold nanoparticles
(GNPs) have attracted a great deal of attention as drug carriers since they can be imaged with
multiple imaging modalities [3-6].

Particle size has a significant role in the therapeutic efficacy of the gold nanoparticle
approaches due to the preferential cellular uptake of gold nanoparticles of particular sizes.

Gold nanoparticles are typically in the size range of 2-100 nm. It has been shown, in in-vitro
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studies, that particle sizes of 40-50 nm maximize intracellular uptake [7-9]. However, these
nanoparticles have to also travel through the tumor extracellular matrix, which significantly
affects the transport of the nanoparticles in-vivo [7]. This transport of nanoparticles through
the extracellular matrix in turn determines the spatio-temporal distribution of the nanoparti-
cles in the target tissue [8]. Characterization of the nanoparticle transport in tissue is im-
portant in assessing the effectiveness of this therapeutic approach. The collagen mesh associ-
ated with the tumor extracellular matrix can significantly inhibit nanoparticle diffusion /
transport to the tumor cells [9]. Moreover, the increased pressure in the interstitial space due
to poor lymphatic tumor drainage further inhibits nanoparticle penetration to the target cells
[10]. Since such agents or drugs cannot come in close proximity to all the cancer cells, the
treatment becomes less effective [11]. Techniques that can be used to enhance the particle
delivery through the tumor extracellular matrix should in principle have an impact on the de-
livery of the nanoparticles to tumor cells. Imaging approaches in turn can be used to detect
this enhanced transport and determine the effectiveness of the approaches used.

Ultrasound has been shown to enhance the delivery of therapeutic payloads to target
tissues [1-4]. Physical parameters of the ultrasound beam (frequency, intensity and pulse du-
ration) can be modified to introduce different mechanisms to achieve this effect [5, 6]. One
of the most effective approaches is to use the acoustic radiation force of a focused ultrasound
beam to achieve such delivery [6]. Researchers have shown that such focused ultrasound ex-

posures can be used to enhance the delivery of a variety of therapeutically important agents
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for the treatment of tumors and other diseases [21]. However, it is difficult to assess the effi-
cacy of the ultrasound enhanced delivery in a real-time and non-invasive manner.
It is known that GNPs have a large light scattering cross-section, and therefore can be used as
contrast agents in OCT [12]. In this study, we have developed a method to image the spatial
distribution of the GNPs and therefore also assess the effect of introducing ARF to increase
the penetration of GNPs in a collagen matrix. It is thought that this ARF approach can be
used to partially overcome the problem of insufficient drug/agent delivery to the tumor.
Different imaging modalities such as ultrasound (US) imaging or magnetic resonance
imaging (MRI) that can be used to visualize the extravasation of nanoparticles from leaky
vessels and enhanced delivery of GNPs [23,24]. MRI and ultrasound have been used in the
visualization and characterization of the extravasation process and the displacement of nano-
particles and for ultrasonically enhanced drug delivery. Drawbacks of MRI include cost, long
clinical wait times, and technological complexity. Both US and MRI have spatial resolutions
in the order of 0.1-1 mm, which is insufficient for detecting small and subtle changes in the
spatial distribution of the GNP concentration, such as those that would be occurring in small
tumors. Optical coherence tomography (OCT) is an optical tomographic imaging technique
that shares many similarities to ultrasound imaging despite using light. OCT has several ad-
vantages over other imaging modalities, primarily due to its inherently high spatial and tem-
poral resolution, which allows for the identification of micron sized morphological tissue

structures and changes in these structures in time. We have developed a method using speck-
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le variance OCT and a focused ultrasound transducer for enhancing and monitoring GNPs

based therapeutic delivery.

B-mode OCT can be used to image the spatial distribution of GNPs. The enhanced
penetration of GNPs delivery using ARF is expected to be on the order of microns, depend-
ing on parameters related to the physical characteristics of the ultrasound beam and the vis-
coelastic/poroelastic properties of the tissues being exposed. Speckle variance OCT imaging
has been shown to be sensitive to the microscopic motion of sub-resolution scatterers[25]. It
is a decorrelation measurement method that enables visualization of slow movement flow as
an independent of Doppler angle which was applied to high frequency ultrasound systems
and Optical Coherence Tomography [25]. In this study, we have used speckle variance OCT

imaging to analyze the enhanced delivery of GNPs.

3.3 Method and materials

A MEMS-VCSEL swept source OCT (Thorlabs, Inc.) system was used for this study.
The laser has a center wavelength of 1310nm, a bandwidth of 100nm, and an A-scan rate of
100 kHz. The lateral and axial resolution were approximately 25um and 12pm in the sam-

ples, respectively. The frame rate was 167 Hz.

ARF (internal mechanical excitation) was applied after the particles were introduced
into the collagen matrix and were allowed to reach a steady-state. B-mode images were ac-
quired from the phantom. After diffusion, we acquired the BM-scans, 3D and Speckle Vari-

ance (SV) images, before and after the application of the acoustic radiation force. Differential
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OCT speckle variance images, with and without the ARF, were used to detect the particle

displacement generated by the ARF.

Acoustic radiation force is produced by a change in the energy density of the incident
acoustic field [26,27]. The acoustic radiation force is generated by the transfer of momentum
from the acoustic wave to the tissue. The force is applied in the direction of the ultrasound

wave propagation and the magnitude of the force can be approximated by Eq. (3.1):

F== (3.1)

Shear waves are also generated by using a focused impulse generated by an ultra-
sound transducer. The impulse creates a bulk tissue displacement in the direction of ultrason-
ic beam propagation, which is largest at the transducer focus. After the impulse, the material
relaxes back to its original state producing a shear wave. The shear wave propagates in the
direction perpendicular to the direction of the focused ultrasound propagation [28,29]. A sim-
ilar acoustic radiation force is expected due to the momentum transfer of the propagating

shear wave to the tissue.

To generate the ARF focussed impulse, a 20 MHz, circular, 8.5 mm radius piezoelec-
tric transducer element (PZT, f-number 2.35, Visualsonics model # 072-20-20) transmitting
sine-wave bursts of 400 ps was used. Pulses sequences were designed to create periodic

bursts of acoustic radiation force. Sine wave bursts of 400 ps were repeated every 16 ms for
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5 min in total. The transducer focal depth was 20 mm. The full width at half maximum of the

beam at the focal point was calculated to be 246 pum.

Particle transport was examined in three stages. First the particle diffusion through a
phantom was investigated with no radiation force applied (Fig.3.1a). The first phantom con-
sisted of gelatin with 5% concentration. Gelatin powder (Type B, Fisher Scientific, G7-500)
and distilled water were heated in a water bath at 60—65°C for one hour and periodically
stirred. When the sample cooled to 45°C then molten gelatin was poured into rectangle molds
(20 mm height) and allowed to congeal. As the solution containing the GNPs was pumped
through the tubing, we visualized the transport of the nanoparticles and detected an increase
in the OCT backscatter from the nanoparticles diffusing outside of the tube. We used the tub-
ing which had a single large opening (100-150 um) introduced to allow the particles to dif-
fuse into the phantom matrix. Gelatin (5%) was used to emulate a rudimentary extracellular
matrix. The tube is connected to a syringe. Fig. 3.1(a) shows the schematic setup for this ex-

periment.

In the second experiment, the sample consisted of 10% Collagen (Bovine Collagen
Solution, Type I, Advanced BioMatrix). We used a porous membrane (Millicell Cell Culture
Insert, 12 mm, polycarbonate, 3.0 um, EMD Millipore) which has multiple 3 um pores as a
crude representation of the transport of GNPs through the leaky vasculature of a tumor. After
the GNPs (70 nm in diameter, Nanocomposix Inc., San Diego, CA) were introduced into the
collagen phantom and a quasi-steady-state was reached (minimal further transport of the gold

nanoparticles through the collagen matrix), the experiments with the ARF enhancement were
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performed. At this last stage, the ultrasound transducer was turned on, which allowed to ex-
amine the effect of the ARF on the displacement of GNPs that already diffused through the
10% collagen. B-mode and B-M mode images were used for the analysis.

In order to measure the enhanced GNPs penetration through the collagen matrix that is
caused by the ARF, the speckle variance technique was used [25]. The speckle variance (SV)

was calculated using by Eq. (3.2):

1 N
SVije :NZ(Iijk - Imean)2 (3.2)
i=1

where N is the number of the B-frames and j and k are axial and transverse pixels in
the image. In the results section, the number of frames is 6 and number of axial pixels and
transverse pixels were 700 and 1024, respectively. Speckle variance maps of the phantom

under ultrasound pulses were generated and the changes detected were related to the ARF
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induced displacement of the GNPs.
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Figure 3-1. a) Schematic of the experiment for the tubing with a single opening (100-150 um) to allow for the
diffusion of the GNPs out of the vessel, b) schematic of the experiment using the porous membrane (3 um
pores). ¢) TEM image of GNPs d) TEM image of collagen matrix (scale bar is 100 nm). €) Using an impulse
generated by a focussed transducer, shear waves can be produced at the focal point that propagate radially out-
wards. The transducer focal depth for this study was 20 mm. The shear wave generated travels through the col-
lagen matrix also contributed to the displacement of the GNPs which diffused through the collagen. B-mode

and SV OCT images were acquired at the focal point for SV analysis.

In order to calculate the enhanced displacement of the GNPs, 3D image volumes were
obtained and then the speckle variance method was used for the analysis. The enhance
transport of the GNPs can be measured by applying a simple algorithm to the speckle vari-
ance images as shown in Figure 3.2. The method relies on the subtraction of two speckle var-

lance images as a method to track the movement of the unresolved GNPs clusters before and
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after exposure to the ARF. Even though a similar approach could be used based on OCT
structural images, the speckle variance image has the advantage that it provides higher signal
from the GNPs when the GNPs are situated in highly scattering environments (e.g. tissues,
cells, etc.), due to the microscopic motion of the GNP clusters. The speckle variance images
with the transducer on (which was on for 5 minutes) and then switched off were thresholded
and binarized, and then subtracted to show the enhanced GNPs displacement in the axial and
lateral directions. In the binarization process all speckle variance values were set to 1 and the
background values to 0. This allows the displacement in the axial and lateral direction to be
better visualized in the speckle variance differential image. The differential speckle variance
image (marked in red color in the speckle variance images) was then overlaid with the speck-
le variance image with the transducer off and a A scan profile at a particular location of inter-
est was analysed to calculate the GNP cluster displacement in both the axial and lateral direc-

tions.
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Figure 3-2. Processing steps of the algorithm for the measurement of the enhanced GNP delivery. The speckle
variance images show the distribution of the GNPs in the collagen matrix. The speckle variance images with the
transducer on (which was on for 5 minutes) and then switched off were thresholded and binarized, and then
subtracted to show the enhanced GNPs displacement in the axial and lateral direction. The differential speckle
variance image (marked in red color in the speckle variance images) was then overlaid with the speckle variance
image with the transducer off. The red color pattern shows the differential speckle variance image when the
ultrasound transducer is ON (US ON) and OFF (US OFF).
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The standard deviation of intensity was calculated by using Eq. (3.3):

N
1 2
STDjjy = mz \/(Iijk — Liedn) (3.3)
i=1

Where N is number of B- Frames, | is intensity and j and k are axial and transverse
pixels in the image. In this study, the standard deviation of intensity over 100 B-frames (cov-
ering a time span of 600 ms) was calculated.

To simulate the displacement of the collagen matrix in the presence of the acoustic
radiation force, a finite element model was used. COMSOL (5.1, License number: 2076946)
was used to simulate the propagation of shear waves through tissue and their effect on the
medium displacement.

The model was developed using a 2D axisymmetric cylindrical geometry with elastic
properties (E=27 kPa), that simulates a tissue equivalent phantom. A hemispherical transduc-
er with similar characteristics to the experimental transducer (frequency 20 MHz, 8.5 mm
radius) was designed to generate the ultrasound waves. An acoustic intensity field was gener-
ated initially using the pressure acoustics physics interface in the Acoustics module. The
wave equation solved is the homogeneous Helmholtz equation in 2D axisymmetric cylindri-
cal coordinates.

After the intensity profile of the transducer was calculated, the total displacement of
the tissue as a result of Acoustic Radiation Force excitation was solved and mapped as a

function of time over an interval ranging from 0 to 6 ms with a step size of 0.1 ms. The ultra-
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sound transducer was active in the interval ranging from 0.1 ms to 3.5 ms inclusive. The dis-
placement and velocity fields that resulted from the acoustic radiation force were calculated
over a time interval using the Solid Mechanics Physics from the Structural Mechanics mod-
ule. The Solid Mechanics interface is based on solving the equations of motion together with
a constitutive model for a solid material. Results such as displacements, stresses, and strains
are computed. Two boundary conditions were used in this study: a perfectly matched layer
when calculating the Acoustic Pressure and Low-Reflecting boundary during the time do-
main simulation that was used in the Solid Mechanics module. The Perfectly Matched Layer
boundary conditions were used to prevent reflection of the waves back into the region of in-

terest.
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Table 3.1: Parameters which used in the COMSOL simulation.

Parameter Value Unit Description

®phantom 8.5 m* Absorption coefficient of phantom

Oater 0.025 m* Absorption coefficient of water

B 4.497x10° Pa Bulk modulus of phantom

D 1000 kg/m® Density of phantom

E 27000 Pa Young modulus of phantom

fo 20 MHz Ultrasound source frequency

G 9006 Pa Shear modulus of phantom
0.499 Dimensionless Poisson ratio of phantom

\% 1540 m/s Speed of sound in phantom

3.4 Results

Figure 3.3(a) shows the B mode video of the nanoparticles diffusing through the gela-
tin phantom. The particles were pumped through the tubing which was embedded in the gela-
tin phantom that had a single opening of approximately 100-150 pum. The diffusion of the

GNPs could be visualized in the structural image.
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Figure 3-3 a) 3D OCT image of tubing after diffusion of GNPs though the opening b) B-mode OCT image of
tubing which was embedded into the gelatin phantom and the nanoparticle distribution after the diffusion of the

nanoparticles through the opening in the phantom (Media 1).

In the collagen matrix experiments, to demonstrate that a steady state was reached
and the GNPs were not moving through the phantom, the speckle variance images of the
phantom were obtained before the transducer was turned on (figure 3.4a). These images were
acquired after a quasi-steady-state was reached (60 minutes after introduction of the GNPs).
The pattern in the images is representative of the complex spatial distribution of the GNPs
that is the result of the transport of the GNPs through the media and the complex interaction
of the GNPs with the collagen matrix. Speckle variance images were taken when the ARF
was off at t = 0 and at t = 10 seconds (this time interval was used to be consistent with the
methodology used when the transducer was turned on). These images were then analyzed
using the differential speckle variance technique and GNP displacement was calculated in
both axial and lateral directions. There were no changes in the location of the peaks of the
speckle variance images observed when the transducer was off (figure 3.4a). Another image
as a negative control after 10 seconds was examined to show that the displacement measured

in the subsequent experiments solely comes from the ARF (figure 3.4b). After the enhance-
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ment experiment detailed in the next paragraph was completed and the transducer was per-
manently turned off, speckle variance images were taken immediately after the transducer
turned off (t=0) and then 10 seconds after (t=10s) while transducer remained off (figure
3.4b). Again, there were no changes observed in the two speckle variance images, indicating
that the displacement induced by the ARF pulse sequence was permanent.

In the next set of experiments, the transducer was activated. Figure 3.5(a) shows the
standard deviation of the intensity image of 100 OCT BM-scans acquired after transport of
the GNPs through the collagen and after a quasi-steady-state was reached (60 minutes after
injection). The scale bar represents the standard deviation. Images with the transducer on and
off were acquired. Figure 3.5(b) shows speckle variance images of the phantom with the
transducer on and off. By using this technique, we measured the aggregate displacement of
the unresolved GNPs. The red pattern shows the differential speckle variance image. This
pattern is overlaid on the speckle variance image before the transducer was turned on. After
calculation from the regions of interest in figure3.5(b), the enhanced GNPs delivery meas-
ured was 62+5 pum and 65+6.5 um at locations close to the focal point, in the axial and lateral
directions respectively. To calculate the variability in the displacement measurements in re-
gions adjacent to each other (and calculate a standard deviation related to this), three ROI(S)
were selected close to the focal point area for each direction (lateral and axial directions).
The three ROI(S) were 50 microns apart from each other. The displacement was calculated
for each of these ROIs. From the three ROIs, the average and standard deviation in each di-

rection were calculated. Speckle variance images were taken right away after we stopped the
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ARF (t = 0) and 10 seconds after (t = 10s). There were no changes observed, again illustrat-
ing that the displacement measured was not transient and measured only when the transducer

was on.
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Figure 3-4 Speckle variance images of the phantom were obtained (a) when transducer was OFF( t=0)-
OFF(t=10s) .The pattern in the images is representative of the complex spatial distribution of the GNPs that is
the result of the transport of the GNPs through the media and the complex interaction of the GNPs with the gel
matrix. Speckle variance images were taken when ARF was off at t = 0 and at t = 10 seconds (time interval was
used to be consistent with the methodology used when the transducer was turned on). These images were then
analyzed using the differential speckle variance technique and GNPs displacement was calculated in both axial

and lateral directions. There were no changes in the location of the peaks of the speckle variance images ob-
served when the transducer was off. (b) Another negative control after 10 seconds was examined to show that
the displacement measured solely comes from the ARF when transducer ON(t=0) — OFF(t=10s). These are neg-

ative control for the enhancement analysis.
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Figure 3-5 (a): 100 BM-scans OCT were acquired from GNPs through the collagen. The color map represents

the standard deviation value (media2) (b): Speckle variance of after diffusion of GNPs through the collagen,

and the calculation of enhanced delivery of the GNPs. The red and blue arrows denote the direction of the en-

hanced transport. The image (a) and (b) were acquired at different locations and time.
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In the simulations, the transient displacement of the tissue (the mesh in the simula-
tions) as a result of the Acoustic Radiation Force excitation was calculated as a function of
time. The simulation in this study was compared and validated well to published displace-
ment values using other Finite element methods (FEM) [21]. Figure 3.6 shows the simulated
displacement of the solid which was induced using the ARF from a 20MHz transducer within
an isotropic linear elastic solid in the COMSOL simulation. The displacement fields of the
mesh were shown at time of 0, 1.7, 2.8, 3.8 and 4.8 ms. In these images, the color bar repre-
sents the displacement (in pum). From these fields, displacement over time in the plot and is
shown in figure 3.7. The greatest displacement occurred in the focal region, as expected. The
displacements of the mesh calculated are of the same order of magnitude as the measured

GNP displacements in the experiments described above.
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Figure 3-6 ARF-induced displacement in phantom. The plots depict the displacement of the phantom mesh at
various points in time as a result of ARF excitation and the color bar represents displacement in microns.
The displacement fields were taken at times 0 ms, 1.7 ms (a), 2.8 ms (b), 3.8 ms (c), and 4.8 ms (d) respec-

tively.

71



70

60 ”"_-“‘\\\_'_‘]
50 //
40 - a b
30 C
20 <’ d
10
0 1 2 3 4 5
Time(ms)

Figure 3-7 Simulated displacement of two points in the phantom which was induced using the ARF from a
20MHz transducer, within an isotropic, linear elastic solid and points of a,b,c and d depict to the displace-
ment point at time 1.7 ms (a), 2.8 ms (b), 3.8 ms (c), and 4.7 ms (d) respectively. The black line represents
the displacement in the vicinity of the focal point (A) and red line represents the displacement above this

point (B) (see figure3. 6). The two points are 250 um apart.

3.5 Discussions

In summary, shear waves were generated in an extracellular matrix phantom by using
acoustic radiation force. The acoustic radiation force generated by both longitudinal waves
and shear waves increased the displacement of the GNPs through the phantom. In this study,
gold nanoparticle (70 nm in diameter) and collagen 10% used . After applying ARF, the en-
hancements were 625 um and 65+6.5 pum in the axial and lateral directions, respectively.
We have shown that the ARF can be used to enhance the transport of GNPs within a collagen
matrix. By using the ARF-OCT technique, we are able to visualize and characterize of the

acoustic radiation force assisted enhancement of delivery gold nanoparticles using an OCT
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technique. Also, though ARF has been simulated in past studies using FEM methods [21],
COMSOL allows the coupling of the results of wave propagation to simulate other phenom-
ena such as enhanced diffusion, which will be studied in future work. The experimental re-
sults are consistent with simulation results which show that the displacement of the mesh in-
duced by the ARF is of the same order of magnitude as the enhanced transport of the GNPs
as measured with the OCT technique presented in this work. This study demonstrated the
feasibility of using speckle variance OCT to measure the enhanced delivery of GNPs after
using acoustic radiation force. We have developed a method using ARF-OCT for enhancing

and monitoring GNP based therapeutic delivery.

We demonstrated the feasibility for SV-OCT to measure the enhancement of nano-
particles in the sample as a stepping stone for expanding the research into observing en-

hancement of delivery drug into the tumour cells.
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4.1 Abstract

In this study, an acoustic radiation force (ARF) excitation source was used to enhance
the transport of gold nanoparticles (GNPSs) in a collagen matrix. A swept source Optical Co-
herence Tomography (SS-OCT) system with a center wavelength of 1310nm and an A-scan
rate of 100 kHz was used to detect gold nanoparticle (70 nm in diameter) displacement. ARF
was applied after nanoparticle injection and diffusion/transport into a collagen matrix, with
and without the presence of cancer cells. Different concentrations of collagen (3% and 6%)
and a tissue engineered cellular construct based on MCF7 breast cancer cells embedded in a
collagen matrix were used in this study. B-mode, M-B mode, 3D and Speckle Variance (SV)
images were acquired before and after the ultrasound ARF was applied. Differential OCT

speckle variance images, with and without the ARF, were used to calculate the GNP dis-
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placement. Enhanced displacement of the GNPs was calculated in both the axial and lateral
directions at locations close to the ultrasound focal point, associated with longitudinal waves
and shear waves, respectively. In the vicinity of the focal point of the transducer generating
the ARF, enhanced displacements were calculated of 95+8um for 6% collagen, 170 +8 um
for 3% collagen and 21+1um for the MCF7 module in the lateral direction. The displacement
associated with the enhanced transport decreased as the collagen concentration increased.
Using the SV-OCT technique, we are able to visualize and characterize the acoustic radiation

force assisted enhanced displacement of gold nanoparticles (GNPSs) in collagen matrices.
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4.2 Introduction

A significant impediment to the use of nanoparticles (NPs) for cancer treatment is
the transport of the nanoparticles throughout the tumor [1]. Nanoparticle therapy is depend-
ent on nanoparticles reaching the target cancer cells to deliver the therapeutic effect [2,3]. If
NPs are injected systemically into the vasculature, the NPs have to first enter into the tumor
interstitium by exiting the tumor vessels [4-6]. To achieve a therapeutic advantage, the parti-
cles have to accumulate in the tumor tissue preferentially compared to the normal tissue.
This can be achieved through the enhanced permeability and retention effect (EPR) [7-9].
Even after exiting the tumor vasculature, the NPs have to travel through the tumor stroma to
expose all tumor cells to the NPs, in order to maximize therapeutic effect. The penetration of
the nanoparticles throughout the tumor tissue is complex and depends on many factors
[10,11]. One such factor is the high collagen content in a tumor’s extracellular matrix and the
formation of a thick fibrous network which is dominant in particularly poorly vascularized
and hypoxic regions. This increases tissue stiffness and generates a barrier that limits the
penetration of NPs. High collagen content fiber regions will impede NP diffusion by steric
hindrance and high localized viscosity. Consequently, it is important to ensure that the
transport of the NPs through the tissues is monitored to ensure adequate NP delivery. Gold
nanoparticles specifically have attracted scientific and technological interest because of their
chemical stability and unique optical properties [12]. Gold nanoparticles (GNPs) with di-

ameter less than 100 nm also have practical applications in optics in nanomedicine with ab-
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sorbance peaks between 520nm-550nm that enable imaging and therapeutic applications [13-
23].

Facilitating NP transport through the tumor interstitial space is a challenge [24], as
NP delivery depends on factors such as the distances between tumor blood vessels (which in
tumors are immature and chaotically branched), adhesion between tumor cells, the extracel-
lular matrix, high interstitial fluid pressure, the lack of convection and binding of the NPs to
cells and extracellular structures [25]. Therefore, different approaches have been used to en-
hance the penetration of drugs or NPs through the tumor tissue. Ultrasound has been used as
a method to enhance drug delivery [26]. Ultrasound creates rapid changes in localized pres-
sure fields which create confined convection currents and shear stress on cells and tissue con-
stituents, especially in the presence of ultrasound contrast agents (gas filled microbubbles).
Focussed ultrasound has shown considerable promise as an approach to enhance payload de-
livery due to the localized and targeted delivery of the US energy [27,28]. For example,
pulsed high intensity focused ultrasound was found to increase penetration and therapeutic
efficacy of monoclonal antibodies in murine tumors [29].

Acoustic radiation force is produced by a change in the energy density of the incident
acoustic field [30, 31]. The transfer of momentum from the acoustic wave to the tissue
equivalent phantoms results in the acoustic radiation force. This force is applied in the direc-
tion of the ultrasound wave propagation and the magnitude of the acoustic radiation force can

be approximated by Eq. (4.1):

F="" (4.1)
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where C (m/s) is the speed of sound in the medium, F (kg s?cm™ is the acoustic ra-
diation force, o (Np/m) is the absorption coefficient of the medium and I (W/cm®) is the tem-
poral average intensity at a given spatial location [32]. When the acoustic radiation force is
applied to a given spatial volume for a short time duration, shear waves are generated that
propagate away from the initial region of excitation (i.e. the focal spot region) and parallel to
the transducer [33]. Shear wave propagation speed and attenuation are directly related to the
mechanical properties of the tissue. Due to the high attenuation of shear waves, it is possible
to generate the shear wave within a very limited area of tissue [33]. The spatial frequency
content of the shear wave will be determined primarily be the width of the ultrasound beam
(and not the time duration of the excitation unless the excitation duration approaches the nat-
ural time constants of soft tissues). This is turn dictates the frequency of the shear wave pro-
duced; smaller ARF beams produce higher frequency shear waves [34, 35]. These shear
waves in turn produce an acoustic radiation force that is related to the change in the energy
density of the propagating shear wave.

There are several advantages with the use of focused ultrasound excitation as a me-
chanical wave source for facilitating NP delivery. Advantages include the non-invasive na-
ture of ARF excitation to induce deformations in depth in tissue and the control of the ultra-
sound transducer geometrical characteristics and frequency. This control allows the creation
of a wide variety of longitudinal and shear waves (with different frequencies) that irradiate
the tissues at different spatial and temporal scales, which would be much more difficult to

achieve using other methods (such as a laser pulse). Moreover, the formation of shear waves
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at the ultrasound focus is anticipated to create an acoustic radiation force perpendicular to the
beam, further displacing particles in those directions [36,37].

Since monitoring the distribution of NPs in tissue is important, various techniques
have been used to monitor the spatial distribution of the NPs non-invasively. Two-Photon
Luminescence, Confocal Microscopy [38,39] and Optical Coherence Tomography are sever-
al imaging techniques that have been used to detect NPs in tissue. Optical Coherence Tomog-
raphy (OCT) is an optical tomographic imaging technique that is very similar to ultrasound
imaging despite using light. OCT has high spatial and temporal resolution, which enable the
characterization of micron sized morphological tissue structures and dynamic changes in the
tissue structure. This higher resolution comes at the expense of limited imaging penetration
depth, which is on the order of a few millimeters. Therefore, most clinical applications are
limited to superficial tissues or to imaging on an interstitial / intravascular probe. The tech-
nology is also flexible and inexpensive [40]. There are resolution and sensitivity advantages
when using ARF excitation and OCT for enhancement detection. Speckle variance optical
coherence tomography (SV-OCT) has become a significant imaging modality useful in the
3D non-invasive imaging of in vivo microvasculature [41]. Speckle variance OCT is a meas-
urement technique that relies on the decorrelation of the OCT signal and enables visualiza-
tion of slow moving scatterers, independent of Doppler angle. We have recently used this
approach to examine the microscopic movement of NPs, and their net displacement after ul-

trasound excitation [42]. The high spatial resolution of OCT allows for the detection of the
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small enhancements in NP penetration in the samples that are important to the assessment of
the enhanced NP delivery.

We present the OCT measurements of the nanoparticle enhanced displacements in the
samples as a stepping stone for expanding the research into observing enchantment of deliv-
ery into tumours, in-vivo. To achieve this, we measured the enhanced GNPs displacement
achieved using the ARF excitation after the injection of the GNPs into collagen phantoms
with two different collagen concentrations: 3% and 6% . The same ARF excitation was used
to enhance the displacement of injected GNPs in a tissue engineering module, which con-

tained MCF-7 breast cancer cells, that more closely emulates tumor tissue.

4.3 Methods

In this study, the samples imaged in the first step of experiments consisted of collagen
gels using 3% and 6% collagen (Bovine Collagen Solution, Type I, Advanced BioMatrix,
San Diego). In the 3D gel preparation procedure, collagen was slowly mixed with 10X PBS
and the pH of the mixture was adjusted to 7.2—7.6 by using sterile 0.1 M NaOH. The mixture
was then warmed to 37°C. We allowed approximately 90 to 120 minutes for gel formation.

In the second experiment, tissue engineered collagen modules were seeded with
MCF7 breast cancer cells. Collagen modules were prepared as previously described [43]. In
brief, collagen at initial concentration 0.3% (Bovine Collagen Solution, Type I, Advanced
BioMatrix, San Diego) used and was mixed with 10x minimum essential media, and neutral-
ized with 0.8M NaHCO;3 (60 uLof 10xmedium per ml of collagen) and kept on ice. MCF7

cells, grown in DMEM (Gibco) supplemented with 10% fetal bovine serum (FBS) and 0.1%
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insulin at 37°C and 5% CO2, then were trypsinized, counted, and then resuspended at 4 x
10%/mL( in the collagen solution. The modules were centrifuged for ~5 min at 125 g to form
a pellet. The majority of the supernatant was removed, and the modules were transferred to
the gel for OCT imaging and measure GNP transport through the MCF7 module. Three inde-
pendent experiments were performed.

The GNPs were injected into the collagen (1 mg/mL gold concentration). After the
GNPs were introduced into the collagen phantoms (70 nm in diameter, Nanocomposix Inc.,
San Diego, CA) and a quasi-steady-state was reached 60 minutes after introduction of the
GNPs, there was minimal further transport of the GNPs through the collagen matrix. The ex-
periments with the ARF enhancement were performed at this time. B-mode and B-M mode
images were used for the analysis. A MEMS-VCSEL swept source OCT system (Thorlabs,
Inc.) was used for imaging the collagen samples. The system had a laser a center wavelength
of 1310nm, a bandwidth of 100nm, an A-scan rate of 100 kHz with a lateral and axial resolu-
tion of approximately 25um and 12um in the imaged samples, respectively. ARF (internal
mechanical excitation) was applied after the NPs were injected into the different collagen
matrix concentrations and the MCF7 tissue engineered modules. Following the diffusion of
the GNPs, B-mode images were acquired from the samples. Next, we performed BM-scans,
3D and Speckle Variance (SV) images, prior to and after the application of the acoustic ra-
diation force. Differential OCT speckle variance images, with and without the ARF, were

used to detect the particle displacement generated by the ARF.

84



To generate the ARF focussed impulse, a 20 MHz, circular, 8.5 mm radius piezoelec-
tric transducer element (PZT, f-number 2.35) transmitting sine-wave bursts of 400 us was
used. Pulses sequences were designed to create periodic bursts of acoustic radiation force.
Sine wave bursts of 400 ps were repeated every 16 ms for 5 min in total. The transducer focal
depth was 20 mm. The full width at half maximum of the beam at the focal point was calcu-
lated to be 246 pum.

In order to measure the enhanced GNPs penetration through the collagen matrix that is
caused by the ARF, the speckle variance technique was used [41]. The speckle variance (SV)

in the OCT image was calculated using by Eq. (4.2):

13 4.2
Svijk = WZ(Iijk - Imean)2 ( )
i=1

where N is the number of the B-frames and j and k are axial and transverse pixels in
the image. For the results presented, the number of frames is 6 and number of axial pixels
and transverse pixels were 700 and 1024, respectively. Speckle variance maps of the phan-
tom were generated and changes detected were related to the ARF induced displacement of
the GNPs. Figure 4.1 shows a schematic diagram of Acoustic Radiation Force-Optical Co-

herence Tomography (ARF-OCT) set-up.
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Figure 4-1 a) A schematic of the experiment set up. The ARF-OCT experimental setup consisted of the existing
SS-OCT system (MEMS-VCSEL), a focused transducer (20 MHz, f-number 2.35), an amplifier and a function
generator . b) Experimental setup of the ARF-OCT for the enhancement of the injected GNPS. TEM image of

GNPs (scale bar is 100 nm).

In order to calculate the enhanced displacement of the GNPs, 3D image volumes were

taken. The enhanced transport of the GNPs can be measured by applying a simple algorithm

to the speckle variance images as shown in previous work [42]. The method required the sub-
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traction of two speckle variance images, as a method to track the movement of the unre-
solved GNPs clusters before and after exposure to the ARF. Although an similar approach
could be used based on OCT structural images, the speckle variance image has the benefit of
providing higher signal from the GNPs when the GNPs are situated in highly scattering envi-

ronments (e.g. tissues, cells, etc.), due to the microscopic motion of the GNP clusters [42].

4.4 Results

Figure 4.2 shows the OCT speckle variance image before and after the ARF was ap-
plied to the 3% and 6% collagen and MCF7 module phantoms. The grayscale background
represents the speckle variance image before the ARF was applied. The greyscale pattern in
the images is representative of the complex spatial distribution of the GNPs that is the result
of the GNP motion through the media and the complex interaction of the GNPs with the col-
lagen matrix. Images were obtained when the transducer was off and then after the ARF exci-
tation was delivered to measure the displacement of GNP which was the result of the ARF
excitation. The red pattern shows the differential of the speckle variance images before and

after the ARF excitation.
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Figure 4-2 Speckle variance images of the phantoms and calculations of enhanced displacement of the GNPs in

specific ROIs (red and blue rectangles). The SV images are for experiments using the (a) 3% collagen (b) 6%

collagen (c) MCF7 Module. The red and blue arrows denote the direction of the enhanced transport. The yellow
dashed lines represent the approximate location of the ultrasound beam and (d) light microscope slide of MCF7

Module and scale bar is approximately 10 um. The section on the slide was 400nm thick and stained with tolui-

dine blue. 1t was imaged on an iScan Coreo Au slide scanner.
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Figure 4-2 shows the measured enhanced displacement of the GNPs for the 3% and
6% collagen phantoms and the tissue engineered MCF7 constructs. These measurements
were taken at locations close to the ultrasound focus. The data show the relationship between
the enhanced displacement of GNPs as a function of different collagen concentrations. The
ROls are in the vicinity of the focal point of the transducer generating the ARF. The standard
deviation was calculated by using three adjacent ROIs which were selected in two directions
(which we term lateral and axial direction). The three ROI(s) for each direction were 50 mi-
cron apart from each other. The displacement was calculated for each of the ROIs. From
these three ROI(s), the average and standard deviation values in each direction were calculat-
ed. The size of each ROI is 50 micron, therefore the size of the analysis area (the three ROIs)

is 100 micron.
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Figure 4-3 Results of the enhancement of GNP transport through phantoms of different collagen concentra-
tions and the MCF7 module. The graph shows the relationship between enhanced displacement of GNP; in
the presence of ARF as function of the collagen concentration. Samples 1, 2 and 3 represent the 3% colla-
gen, 6% collagen and the MCF7 module, respectively. The ROI(s) are in the vicinity of the focal point of the
transducer generating the ARF. Error bars represents the standard deviation derived from three ROIs select-
ed in the lateral and axial directions. The three ROI(s) for each direction were 50 micron apart to each other.
The displacement was calculated for each ROI. From the three ROIs, the average and standard deviation

values for each direction were calculated.

We selected a region of interest (ROI) close to the ultrasound focus to calculate the
displacement map (parametric map) and analyze the enhanced displacement (axial or lateral).
To generate the displacement values within a ROI, we took A-lines in the lateral/axial direc-
tion and then calculated the distance between peaks of the A-line before and after the ARF to
determine the displacement value associated with this one A-line. The calculated displace-

ments for each A-line formed the parametric map. Note that in these parametric maps the lo-
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cation of only one pixel is color coded: this represents the initial location at which the dis-
placement was calculated using the technique described above (Fig. 4.2).

The peak detection was based on identifying a large intensity gradient in intensity of the
speckle variance value. The measurement was done by detecting the local maxima within the
A-scan data and using the first peak from each A-scan of the speckle variance image when
the ultrasound transducer is on and off, to calculate the displacements (Figure 4.2). Details of
the method are provided in another publication [42]. Figure4. 4 shows a parametric map at
different locations with respect to the ultrasound focus that describes the enhancement of
GNP transport after the application of the ARF for 3% collagen, 6% collagen and the MCF7

Module.
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Figure 4-4 Parametric map that describes the enhanced transport of GNP after the application of the ARF. (a)
Parametric map generated in experiments with the 3% collagen phantom for different ROIs selected. ROIs #1
and #4 are in the vicinity of the focal point of the transducer. The average displacement within ROl #1 is 117 +
16 um (in the axial direction) and in ROl #4 is 161 £ 9 um (in the lateral direction). The locations of other lat-
eral ROIs (#2,5,6) were chosen to demonstrate the reduction in the enhanced displacement with distance from
the focal point of the transducer. Average displacement within ROl #2 is 97 + 12 um, #5is 90 £ 9 um, #6 is 73
+ 8 um and #7 is 58 £ 12 um. The average axial displacement in ROl #3 (88 + 7 um) is predominantly associat-
ed with the longitudinal wave. (b) Parametric displacement map generated in experiments using the 6% colla-
gen phantom. The ROIs were selected in the vicinity of the focal point of the transducer. Average displacement
within the ROI in the axial direction is 87 + 9 um and the lateral direction is 90 + 12 um. (c) Parametric dis-
placement map generated in experiments using the MCF7 module. The ROIs were selected in the vicinity of the
focal point of the transducer measuring displacements in both the axial and lateral directions and associated
with the longitudinal and shear waves, respectively. The average axial displacement within the ROl is 21 + 11
pum and the lateral displacement is 23 + 7 um. The color bar represents the enhanced displacement of GNP in
pm. The yellow dashed lines represents the approximate location of the ultrasound beam and where the focal

point is located.
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4.5 Discussion

The displacements of GNPs were calculated in the vicinity of focal point in both the
lateral and axial directions as shown in table 4.1. The enhanced displacement is associated
with the acoustic radiation force that is generated by the change in the energy density of the
acoustic field associated with both the longitudinal and the shear waves generated by the ul-
trasound excitation. As seen in table 4.1, the enhanced transport of the GNPs decreased as the
collagen concentration increased (note that 10% collagen result are from our previous publi-
cation[42]). This is expected, as high collagen content regions impede NP motion due to ste-
ric hindrance and enhanced viscosity created by the collagen fibers. In the presence of both
the collagen fibers and cells, the measured enhanced displacement went from ~160 um to ~
20 um for the same ARF exposure conditions, demonstrating the difficulty in achieving de-

livery of GNPs when cells are surrounded by collagen networks.
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Table 4.1: Summary of the enhancement of GNPs transport through phantoms of different collagen concentra-
tions (3%, 6%, 10%[42]) and the MCF7 module. The ROI(s) are in the vicinity of the focal point of the trans-

ducer generating the ARF. Error represents the standard deviation derived from three ROIs selected in the lat-

eral and axial directions. The three ROI(s) for each direction were 50 micron apart to each other. The displace-

ment was calculated for each ROI. From the three ROls, the average and standard deviation values for each

direction were calculated.

Sample Collagen Enhanced GNR Enhanced GNR dis-
Concentration displacement (um) — placement (um) — lateral
(%) axial
Colla- 3+0.1 160+5 170+ 8
gen type 1
Colla- 6+0.1 85+ 10 95+8
gen type 1
Colla- 10£0.1 62 £ 6.5 65+5
gen type 1
MCF7 0.3+0.1 1812 21+1
Module

The impulse from the US transducer creates a bulk displacement in the direction of

ultrasonic beam propagation. The displacement is largest close to the transducer focus. This

also creates a shear wave that propagates in a direction perpendicular to the direction of the

ultrasound beam propagation. Shear waves principally propagate radially outwards from the
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focal point and perpendicular to the direction of the ARF beam. Typical values for the shear
wave attenuation coefficient are two or three orders of magnitude higher than that of com-
pressional waves [44], therefore radiation force generated by shear wave propagation (Eq.1)
Is expected to displace GNPs that are exposed to the shear wave.

In table 4.1, the ROI(s) in the lateral and axial directions are in the vicinity of the fo-
cal point and selected to be relatively close to each other (Figure4. 2) so that the displace-
ments in the lateral and axial directions can be compared. It can be seen that the enhanced
displacements of the GNPs in the lateral direction are comparable to those in the axial direc-
tion. There are limitations however in this comparison. Firstly, in the OCT method we have
developed, the ROI must be chosen so that a sharp gradient in the intensity of the speckle
variance exists. This is so that a peak can be chosen for the comparison of the speckle vari-
ance images before and after the ARF excitation. The shift in the peak location is what al-
lows the displacement calculation. As the spatial distribution of the GNPs was not symmetric
and could not be controlled, there are a limited number of regions where an appropriate ROI
can be chosen for this calculation. Secondly, the way the displacements are calculated result
is displacement estimates that are in only one direction (lateral or axial). Therefore, the re-
ported displacement values are likely underestimated, as they represent displacement in one
direction. We are working on algorithms that can track the displacement of the GNP cloud in
the SV image in three dimensions, which would reduce this problem.

Table 4.2 highlights calculated lateral displacements based on the parametric map in

Figure 4.4(a) and at different locations which are approximately at the same axial depth in
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the image. The calculated displacement decreases at locations further from the focal point.
This decrease is likely due to shear wave attenuation: the reduced shear wave intensity due to
attenuation results in a reduced acoustic radiation force (Eq.1) and therefore GNP displace-
ment. We are in the process of simulating the ARF field using finite element models to com-
pare the experimental results with these simulations [42].

Table 4.2: Summary of the lateral displacements of GNP transport after the application of the ARF in the 3%
collagen phantom (Figure 4.4 (a)). Xy is in the vicinity of the focal point of the transducer which is associated
with ROI # 4 in Figure 4.4(a). The locations of ROIs: Xq+ and X, - were in the lateral direction in left side and

right side of focal point and are associated to the selected lateral ROI(s) of Figure 4.4(a).

X
0
Location of ROI (X,—700) um (vicinity of focal (X, +1000) pm | (X, + 1500) um (X, +2700) um
point)
Displacement(jum) 97 £ 12 161 +11 90+9 73+8 58 + 12

In conclusion, we have shown that SV-OCT can be used to image the ARF induced
displacements of GNPs in collagen phantoms. Displacements generated by acoustic radiation
forces were measured in both axial and lateral directions, illustrating the method potential for
GNPs delivery enhancement in vivo. We have demonstrated the technique in ex-vivo sam-
ples (MCF7 tissue engineered modules) and were able to measure the ARF induced GNPs
displacements by using OCT. OCT is ideally suited for such measurements due to the en-
hanced scattering of GNPs (which provides contrast) and its excellent spatial and temporal

resolutions which allow for the detection of the small enhancements in the penetration of

GNPs.
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Chapter 5: Discussion, Conclusions and Fu-
ture Work

5.1 Discussion, Conclusions and Future Work

The work in this thesis dissertation describes an acoustic radiation force shear wave
technique that was combined with optical coherence tomography. This technique was used
to: a) measure the mechanical properties of samples, b) enhance the transport of GNPs within
tissue phantoms and monitor their spatial distribution using OCT. This chapter discusses the

findings, conclusions and future work is proposed.

5.1.1 Measurement of mechanical properties of tissue

A SW-OCT imaging technique was proposed (Chapter 2) to enable the measurement
of mechanical properties of tissue. We explored the potential of measuring shear wave prop-
agation using optical coherence elastography (OCE) in an inhomogeneous phantom and in
ex-vivo carotid artery samples based on a swept-source OCT system. The mechanical excita-
tion produces motions within the phantom that can be used for the estimation of mechanical
properties using SW-OCE. | presented a technique for calculating tissue mechanical proper-
ties by propagating shear waves in inhomogeneous tissue equivalent phantoms and carotid
artery samples using the ARF of an ultrasound transducer, and measuring the shear wave

speed and associated properties in the different layers with OCT phase maps. The displace-
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ments of shear waves at each tracking location are calculated with a speckle-tracking algo-
rithm based on the OCT phase maps generated. The Young’s moduli and shear moduli were

calculated using OCT phase maps.

5.1.1.1 Phase noise of SS-OCT systems

Typically SS-OCT systems have higher phase noise than SD-OCT systems, especial-
ly at high A-scan rates [84,85]. However, the phase noise of the relatively low speed SS-
OCT (8 kHz bi-directional) used in the experiments was sufficient to measure phase changes
induced by shear wave propagation. The OCT system was very sensitive to small vibrations
and electronics device noise, which had a negative impact on the phase stability. To mini-

mize this effect, a vibration isolation optical table was set up.

5.1.1.2 Conclusions

We have demonstrated, for the first time, an SW-OCE technique that uses ARF for
mechanical excitation to measure shear wave propagation in an inhomogeneous phantom and
in carotid artery samples. This novel method illustrates the potential of the technique for the
mechanical characterization of tissues in vivo. This method lays the foundation for future in-
vitro and in-vivo studies of mechanical property measurements of biological tissues such as
vascular tissues, where normal and pathological structures may exhibit significant contrast in

the shear modulus at small spatial scales.

The measurement of the elastic properties of the adventitia demonstrates how the su-

perior spatial resolution of OCT can be used in the SW-OCE approach to interrogate tissue
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structures that are too small to be resolved with other competing imaging methods. Tissue
elasticity may be thought of simply as the relative hardness or softness of a biomaterial, and
clinical examination by palpation is a traditional and highly effective means of detecting pa-
thologies such as coronary artery disease, which demonstrates local elastic inhomogeneity.
OCT provides greater spatial and phase resolution than previous methods that have been used

for the study of the deformation of tissue and biomaterials.

5.1.1.3 Future Work: Measurement of mechanical properties in-vivo

The OCE method proposed in Chapter 2 can be applied in vivo for applications such
as breast cancer margin detection or the characterization of plaques by mapping the mechani-
cal properties of tissue. In order to implement this method in vivo, the technique would re-
quire implementation using a catheter/ probe system to reach the target site, due to the lim-
ited penetration depth of OCT [86]. Other investigators have developed such systems [87-
89]. This newly developed technique has many potential applications, including identifying
the mechanical properties of other tissues (e.g. such as ocular tissue) and identifying changes
in the mechanical properties associated with arterial disease and cancer during treatment as a

method of treatment monitoring.

5.1.2 Enhanced GNP displacement

In the second part of this thesis (chapter 3 and 4), | presented a technique to image the
enhanced GNP displacement generated using an acoustic radiation force (ARF), this time as

an excitation source to transport GNPs though collagen based phantoms. Differential OCT
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speckle variance images with and without the ARF excitation were used to estimate the na-
noparticle displacement generated by the ARF. Using this OCT imaging technique, the ARF
assisted enhanced transport of particles though a porous membrane and a collagen gel were
analysed. | was able to visualize and characterize the acoustic radiation force assisted en-
hanced displacement of the GNPs. The enhanced displacement of GNPs was measured in
phantoms with different collagen concentrations and a tissue engineered construct containing
MCEF7 cells (Chapters 3 and 4). Acoustic radiation force generated shear waves were propa-
gated through collagen phantoms of different concentrations (3%, 6% and 10%) and tissue
engineered constructs after GNPs were injected into them. By using SW-OCT, the enhanced

displacement of the GNPs was measured.

5.1.2.1 Lateral displacements

Shear waves can be generated by using a focused impulse generated by an ultrasound
transducer. Due to the high attenuation of shear waves, it is possible to generate the shear
wave within a very limited area of tissue, typically localized to near the focal point of the ul-
trasonic beam [9]. Shear waves were used for the enhancement of the transport of GNPs
through collagen gels or tissue engineered MCF7 modules. In Chapter 4, the results showed
that the enhanced GNP displacement in the lateral direction at different locations decayed as
ROIs were selected further away from the transducer focus. The reduced GNP displacement
further from the focus shows the effect of attenuation of the shear wave in the lateral direc-
tion. Table 5.1 highlights calculated lateral displacements at different locations, which are

approximately at the same axial depth in the image. The calculated displacement decreases
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at locations further from the focal point. This decrease is likely due to shear wave attenua-
tion: the reduced shear wave intensity due to attenuation results in a reduced acoustic radia-

2al

tion force (F = ) and therefore GNP displacement. Such displacements using shear

waves to enhance GNP transport have not been reported before.

Table 5.1: Summary of the lateral displacements of GNP transport after the application of the ARF in the 3%

collagen phantom, X, is in the vicinity of the focal point of the transducer.

Location of ROI (Xo —700) um X (X0 +1000) pm (X0 +1500) pm (X0 +2700) pm

[\)
(vicinity of focal

point)

Disp]acement(um) 97 +12 161+11 90+9 73+8 58 +12

5.1.2.2 Motion detection

Two general approaches can be used to detect motion using the backscattered light in
OCT. One of the techniques is based on speckle variance. The other technique is based on
phase maps generated by processing the OCT signals. Even though in both techniques the
backscattered OCT signals are used to detect the motion, the speckle variance OCT enables
visualization of slow flow and is independent of any Doppler angle. Therefore this approach
should be the most appropriate method to measure the slow movements of transported GNPs.
Moreover, if the OCT system used does not have a sufficient phase stability, the SV is a
more robust method as it is generally does not depend on the phase stability of the imaging

system. In this thesis, | have used the phase technique to measure the very small motion of
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the medium (tissue) in chapter 2. This motion is associated with the motion of the medium
perpendicular to the direction of the travelling shear wave, and is in the nanometre range. For
the application related to the enhanced transport of the GNPs, where motions are at greater
scales and phase stability is not as an important issue, | used the speckle variance to measure
the motion. This work is described in Chapter 3 and 4. Speckle variance OCT imaging has

been shown to be sensitive to the microscopic motion of sub-resolution scatterers.

5.1.2.3 Concentration Effect

The effects of different collagen concentrations on the ARF induced displacement of
GNPs was examined in this thesis. Results showed that GNP transport was less effective with
increasing concentrations of collagen. The displacements were calculated in two different
directions (lateral and axial) near the ultrasound transducer focus. Table 5.2 summarizes the
enhancement of GNPs transport through phantoms of different collagen concentrations (3%,

6%, 10%) and the MCF7 module.
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Table 5.2: Summary of the enhancement of GNPs transport through phantoms of different collagen concentra-
tions (3%, 6% and 10%) and the MCF7 module.

Sample Collagen Enhanced GNR dis- Enhanced GNR displace-
Concentration (%) placement (um) — axial ment (um) - lateral

Collagen type 1 3+0.1 160+5 170+ 8

Collagen type 1 6+0.1 85+10 95+8

Collagen type 1 10+0.1 62 6.5 6515

MCF7 Module 0.3+0.1 18+2 21+1

These measurements can be thought to roughly translate to different tissue types due
to fact that different tissues (or diseased tissue states) have different collagen concentrations.
The amount of ARF assisted GNP transport for a given tissue type is strongly dependent on
collagen concentration. This study showed that by using this technique it may be possible to
enhance GNP penetration in different tissues.

In table 5.2, the ROI(s) in the lateral and axial directions are near the focal point and
selected to be relatively close to each other so that the displacements in the lateral and axial
directions can be compared. The enhanced displacements of the GNPs in the lateral direction

are comparable to those in the axial direction.
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5.1.2.4 Measurement methods

In the first part of this study, SS-OCT with an A-scan rate of 8 KHz and lateral resolu-
tion 13 pum was used. It should be noted that the maximum displacement was calculated ap-
proximately 0.1um. This displacement was calculated based on the phase of the signal. Phase
sensitive methods have been used by others [90] to obtain sub-wavelength displacement sen-
sitivity for imaging biological samples. Another group [91] used a method similar to that pre-
sented in this thesis to show that phase-sensitive optical coherence tomography (PhS-OCT)
can detect and track, temporally and spatially, shear wave propagation within tissue that was
induced by ultrasound radiation force. The use of phase sensitive techniques allow displace-

ment measurements that could be below the imaging resolution of the system and that is giv-
: . LA . :
en by the displacement equation (Z :4—) where A is the center wavelength and n is the
T

sample refractive index.

In the second part of this study, a SS-OCT system with an A-scan rate of 100 KHz and
a lateral resolution 25 pm was used. The displacement measurements were not based on
phase sensitive techniques. We used Speckle Variance methods which are based on speckle
intensity changes as a function of time to measure the enhanced displacement of transported
nanoparticles. The error bar represents the measurements error which is standard deviation of
3 measurements in closely placed ROIs. The standard deviation was calculated by using three
adjacent ROIs which were selected in two directions (which we term lateral and axial direc-

tions). The three ROI(s) for each direction were 50 micron apart from each other. The dis-
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placement was calculated for each of the ROIs. From these three ROI(s), the average and

standard deviation values in each direction were calculated.

5.1.2.5 Conclusions

| demonstrated a shear wave ultrasound and optical coherence tomography method to
measure the spatial distribution of GNPs through collagen-based phantoms and to monitor
the enhanced transport of the GNPs though these phantoms. Speckle variance OCT is a
measurement technique that relies on the decorrelation of the OCT signal and enables visual-
ization of slow moving scatterers, independent of Doppler angle. We have used this approach
to examine the microscopic movement of GNP and their net displacement after ultrasound
excitation. The high spatial resolution of OCT allows for the detection of the small enhance-
ments in NP penetration in the samples that are important to the assessment of the enhanced

NP delivery.

5.1.2.6 Future work: Acoustic radiation force enhanced displacement of nanoparticles

The SW-OCT method developed should next be translated into animal models to ex-

amine if the results in the tissue equivalent phantoms can be realized in-vivo.

Moreover, nano particles with varied size and shape could be used to investigate the
spatial distributions of nanoparticles in ex vivo and in vivo models and investigate how ARF
assisted enhanced delivery works for the different combinations of nanoparticles and model
environments. Theoretical models should be developed to accurately model this phenomenon

so as to optimize the US exposure parameters (e.g. the beam width of the excitation which
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dictates the frequency content of the shear wave produced). Strong focusing also limits the
excitation region to smaller tissue regions, which is an important consideration for in-vivo
studies. In future work a collection of transducers with different f-numbers should be used to
produce different excitation patterns and shear waves of different properties (e.g. frequen-
cies) to examine how this would affect the transport of the GNPs. The design of such trans-
ducers will depend on the application envisioned and the scales of the heterogeneities that
need to be imaged (such as in breast cancer) and for which the enhanced delivery is required.
Further testing in-vivo is required to fully demonstrate the method of shear wave speckle var-
iance (SW-SV) as a method to measure the enhancement of transported NPs in realistic tissue
environments and in the presence of flowing blood. We present the OCT measurements of
the nanoparticle enhanced displacements in the collagen based samples as a stepping stone

for expanding the research into observing enchantment of delivery into tumours, in-vivo.
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ARF Acoustic Radiation Force
SS-OCT Swept Source Optical Coherence Tomography
SV Speckle Variance

NP Nanoparticle

OCT Optical Coherence Tomography
OCE Optical Coherence Elastography
uUs Ultrasound

GNPs Gold nanoparticles

SD-OCT Spectral Domain OCT

SW Shear Wave

MR Magnetic Resonance

NA Numerical Aperture

HIFU High Frequency Ultrasound
S-OCE Spectroscopic OCE

FUS Focused Ultrasound

ROI Region of interest

FEM Finite element methods
MRI-FUS MRI-guided focused ultrasound
MRIFUS MRI-guided focused
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