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Ultrasound imaging has seen a new resurgence in both clinical and preclinical
research as demand for affordable and accessible imaging techniques has increased.
There are both therapeutic and imaging applications of ultrasound. In these studies, the
feasibility of several new applications for ultrasound-based imaging techniques are
explored. Specifically, a new method for measuring the flow of cerebrospinal fluid (CSF)
in cerebral shunt systems of patients with hydrocephalus was investigated. A crosscorrelation based speckle-tracking algorithm was used to measure displacement of
flowing perfluorocarbon microbubbles in a catheter. This method was able to detect
lower flow rates than other CSF flow measurement methods in the literature and could be
used for both an initial evaluation of shunt function as well as a tool for studying CSF
flow dynamics over time in patients with hydrocephalus. Additionally, the use of focused
ultrasound (FUS) blood brain barrier (BBB) disruption for delivery of imaging contrast
agents is presented. First, FUS BBB disruption was used to deliver an oxygen-sensitive
two-photon contrast agent in the parenchyma of C57BL/6 mice. Both fluorescence and
phosphorescence signal from the dye were detectable in the extravascular space after
sonication. Then, the delivery of photoacoustic (PA) gold nanorods (AuNRs) via FUS
vii

BBB disruption was demonstrated, though further parameter optimization will be
necessary. Finally, a possible PA contrast agents for Alzheimer’s Disease was tested.
Antibodies for beta-amyloid were conjugated to gold nanoparticles and the conjugated
nanoparticles were tested with synthetic peptides and in AD tissue samples. These studies
showed that the nanoparticles could specifically bind to synthetic peptides, though
electrostatic interactions with the surface the peptides were deposited on complicated
interpretation of specificity of the particles. The results of the overall studies indicate
that, with the increase in demand for affordable, non-invasive methods for brain imaging
and, more broadly, neuroscience, there are numerous potential applications for
ultrasound-based techniques.
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Chapter 1: Introduction
1.1 CURRENT CHALLENGES IN NEUROSCIENCE IMAGING
Neuroscience is one of the most active and fastest growing areas of research.
Despite the huge research push to increase our understanding of the brain and
neuroscience, including a $300 million per year research initiative from the White House
called the Brain Research Through Advancing Innovative Neurotechnologies (BRAIN),
there are still some important challenges that need to be overcome.1 One of the main
obstacles to research in the central nervous system (CNS) is the blood brain barrier
(BBB).2 The BBB is a selectively-permeable barrier in the brain that prevents potentially
harmful molecules in the blood from affecting the sensitive microenvironment of the
brain. It is composed of tight junction proteins between the endothelial cells, which have
fewer fenestrations than those found elsewhere and prevent paracellular transport of
molecules. Molecules must be either very small and non-polar or have a specific
transcellular transport pathway to cross from the blood into the tissue.
There has been a push for affordable, accessible medical imaging which can
advance our knowledge of the CNS and aid in clinical diagnosis and therapy of CNS
diseases and disorders. Modalities such as magnetic resonance imaging (MRI), x-ray
computed tomography (CT), positron emission tomography (PET), and optical imaging
have revolutionized medical imaging, particularly in neuroscience.3, 4 Even in preclinical
imaging, there is a need for an imaging modality that can provide both anatomical and
molecular information non-invasively. CT provides excellent morphological information
at potentially very high resolution, but uses ionizing radiation meaning it should not be
used for extended or repeated longitudinal imaging. Additionally, CT provides limited
and often insufficient functional information. MRI is excellent at providing
morphological information and some functional information can be obtained with various
1

MRI imaging protocols including functional MRI (fMRI), which detects changes in
magnetic susceptibility of blood due to changes in oxygen content, also known as the
blood oxygen level dependent (BOLD) signal, an indirect measurement of neuronal
activity.5 The spatial resolution of fMRI is ~1-2 mm and the temporal resolution is about
1-2 seconds, an order of magnitude longer than typical cognitive response times.6, 7 This
spatial resolution is too large to identify specific biomarkers of disease such as betaamyloid plaques in Alzheimer’s Disease. PET provides functional information, but no
morphological information, though combination PET/CT systems can provide both.8 To
provide functional information, a radionuclide contrast agent is required. The
radionuclide must be produced by a cyclotron and has a limited half-life, so the imaging
location must be near a cyclotron, limiting the usefulness of PET in typical clinical
settings or research. On top of the need to be near a cyclotron, contrast agents are
prohibitively expensive, image acquisition time is long, and spatial resolution is low
relative to MRI, CT, and ultrasound (US). In comparison to PET and MRI, US and
photoacoustic (PA) imaging can provide real-time (from several to hundreds of images
per second) imaging at relatively high spatial resolution (depends on imaging parameters,
typically on the order of hundreds of micrometers).9-12 US is known to suffer from low
image contrast, but it can be increased using US contrast agents. PA imaging can provide
high contrast molecular information based on optical absorption. The combination of US
and PA in neuroimaging can overcome the spatial and temporal resolution limitations of
MRI and PET while providing both morphological and molecular information.
1.2 ULTRASOUND IMAGING
Ultrasound (US) became prevalent as a diagnostic tool in the 1940s and 50s and is
a low cost, portable, non-ionizing imaging modality and is the most widely used imaging
2

method in the clinic.13 US is utilized in a wide variety of applications including
cardiology, obstetrics, gastroenterology, oncology, and even neurology. The ability of US
to penetrate deeply into tissues, produce detailed images in real-time, and its safety and
portability have all contributed to its widespread use. US, however, does have several
limitations including low endogenous contrast and lack of molecular imaging
capabilities. Despite its widespread used in the clinic, the use of ultrasound as a
neuroimaging tool has been limited.
In US imaging, high frequency acoustic waves (> 20 kHz) are produced by
piezoelectric crystals oscillating at high frequencies in response to an electrical signal.14
The oscillation of the piezoelectric crystals produces short ultrasound pressure waves that
are used to interrogate a tissue of interest. Contrast is a result of acoustic impedance
mismatches within the tissue creating reflective boundaries or scattering the acoustic
waves. Acoustic impedance (Z) is defined by the density (𝜌, kg m-3) of tissue and speed
of sound (𝑐, m s-1) in the tissue (Equation 1.1).
𝑍 =𝜌⋅𝑐

(1.1)

The incident acoustic wave can interact with an acoustic impedance mismatch
boundary in one of several ways.13 A portion of the incident wave, determined by the
difference in impedance of the two tissues, will be reflected from a smooth boundary and
the rest of the wave will be transmitted through the boundary. Diffuse reflection will
occur if the incident wave encounters a rough boundary. Rayleigh scattering occurs if the
incident wave encounters a reflector that is smaller than the wavelength of the incident
wave. The backscattered waves from diffuse reflection produce the interference pattern
known as speckle in ultrasound.15 Though speckle is often undesirable because it reduces
the contrast of the image, it can provide useful information, particularly in applications
where measurement of tissue displacement is important, such as Doppler ultrasound and
3

elasticity imaging. Additionally, ultrasound energy can be absorbed by tissue resulting in
heat deposition. Attenuation (i.e., absorption and scattering) of ultrasound in a tissue can
be described by a depth and frequency dependent attenuation coefficient (α). For
example, in cortical bone α=6.9 dB MHz-1 cm-1 while in brain tissue α=0.6 dB MHz-1 cm1 16

.

1.3 ULTRASOUND IMAGING OF THE BRAIN
Because of the large impedance mismatch between the brain and the bones of the
skull and the large attenuation coefficient of bone, the use of ultrasound in the brain has
been limited. Currently, the most common neuroimaging applications of US are prenatal
and pediatric imaging (prior to hardening of the fontanel), and transcranial Doppler
ultrasound (through the thinner temporal bone).17-21 There has been extensive research
into the use of transcranial Doppler for evaluating potential concussions or traumatic
brain injury.20, 22-25 Carotid artery imaging is used to detect narrowing of the carotid artery
and increased risk of stroke.26 However, ultrasound imaging of the brain is still limited to
prenatal and pediatric patients with open fontanels, and patients with cranial windows.
Though ultrasound neuroimaging is limited in clinical applications, recent studies
have demonstrated its potential in preclinical research. High-resolution ultrafast Doppler
ultrasound has been demonstrated in a number of animal models including mice, rats, and
birds.27-32 The addition of microbubbles resulted in higher sensitivity and higher
resolution.33 Ultrafast Doppler was even used to perform functional neuroimaging in
conscious rats.31, 34
1.4 PHOTOACOUSTIC IMAGING OF THE BRAIN
Another potentially useful ultrasound-based technique is photoacoustic imaging in
which light is used to irradiate tissue and absorption of the light and subsequent thermal
4

expansion of the tissue (photoacoustic effect) produces detectable photoacoustic transient
waves.9,35 These acoustic waves can be detected with a specialized or typical US imaging
transducer and processed to form a map or image of optical absorption properties at
specific wavelengths. Additionally, the PA signal can be increased by using highlyabsorbing exogenous contrast agents such as dyes and metal nanoparticles that absorb at
specific wavelengths. Absorption of light is dependent on the optical properties (such as
absorption spectrum) of the tissue and thus spectroscopic PA can be used to differentiate
between endogenous and exogenous contrast agents.
Thus far, the application of US in neuroscience has generally been limited to
therapeutics because of the inability to penetrate the skull with imaging frequencies. PA
imaging, however, has emerged as a useful neuroimaging tool in the last decade, as is
evident from the number of PA neuroimaging studies that have been published.36-40
Unlike US, the acoustic waves produced by the photoacoustic effect only have to travel
in one direction through the skull. Because of this, the signal is reduced by half as much
as an US signal traveling through the skull once to the brain and then back through the
skull a second time to the transducer.
PA neuroimaging studies have used a wide range of PA imaging methods (PA
tomography, spectroscopic PA, and contrast-enhanced PA, to name a few) and have been
used for a variety of applications. Initially, PA tomography was used to visualize cerebral
vessels and to measure oxygen saturation.41 This principle was then applied to functional
neuroimaging.42 Another study used PA imaging to detect a tumor using targeted
nanoparticles in a mouse model.43 More recently, a head-mounted 3D PA tomography
system was developed for noninvasive functional imaging in rats.44,

45

In addition to

whole brain imaging, PA microscopy was used to detect amyloid plaques in vivo in a
model mouse of Alzheimer’s, albeit through a cranial window.46
5

1.5 THERAPEUTIC ULTRASOUND AND THE BRAIN
Although ultrasound imaging has limited clinical applications, therapeutic
ultrasound has been investigated for neuro applications since the 1950’s.47, 48 William and
Francis Fry were pioneers in the field of therapeutic high intensity focused ultrasound
(HIFU) in the brain. Initially, they performed HIFU treatments on the basal ganglia of
primate brains through a craniotomy.49 Later, they worked on developing a HIFU
instrument to non-invasively treat a number of neurological disorders, including
Parkinson’s, though this was investigated less after the discovery of L-dopa.50
Therapeutic ultrasound is different from imaging ultrasound in that it is lower frequency,
high intensity, focused, and composed of longer pulses. The lower frequency reduces
attenuation of ultrasound waves by the skull..
Effects of therapeutic focused ultrasound can be generally placed in two
categories: thermal and nonthermal.47,

48

Thermal effects result from absorption of the

acoustic energy and can result in coagulation and denaturation of tissue with increases of
a few degrees Celsius. To achieve thermal effects, longer duty cycles are typically used.
Nonthermal effects are less well characterized, but result from acoustic cavitation, or
formation, growth, and collapse of gas bubbles. The potentially damaging effects of
acoustic cavitation can be clearly seen on boat rudders. The rapid changes between the
peak positive and peak negative pressures can pull gas out of a liquid and form a bubble
which can either oscillate at its resonant frequency (stable cavitation), or violently
collapse (inertial cavitation).51, 52
Several clinical applications for HIFU have been studied and implemented.
Though early studies saw a use for HIFU in Parkinson’s, the FDA only approved a HIFU
system this year to treat essential tremor.53-55 The Exablate Neuro system from InSightec
is a hemispheric, MRI-compatible ultrasound system consisting of multiple transducers.
6

Initial head scans are used to modify the acoustic signal from each transducer to account
for skull aberrations. Lesion creation is monitored during sonication using MRI. Its
potential use as an alternative treatment to deep brain stimulation in depression and
Parkinson’s is also being explored.56, 57
In the last two decades, there has also been an interest in the use of HIFU to aid in
the delivery of drugs by opening the blood brain barrier (BBB).58-67 FUS and stable
acoustic cavitation can be used to temporarily open the BBB through a number of ways:
stretching and separation of the tight junctions, activation of mechanotransduction
pathways and increase in vesicle formation, or fenestration of the endothelial cells.68-71 A
commercial implantable FUS device has been in clinical trials for the last two years to
determine the safety and viability of it for use during chemotherapy in patients with
glioblastoma.72 The Sonocloud device from Carthera is implanted in an opening in the
skull and has a removable power source, making it MRI compatible. It uses pulsed
ultrasound to cause stable cavitation and increase delivery of the chemotherapeutic drug
to the tumor. Other studies have found that microbubbles can lower the necessary
acoustic energy to cause stable cavitation, decreasing the likelihood of damage to the
tissue.73 Microbubble-mediated FUS has been used for safe, temporary BBB disruption in
mice, rats, rabbits, and even primates.59, 74-81 It has also been used to deliver MRI and
optical contrast agents, chemotherapeutic drugs, antibodies, peptides, and viral vectors.8291

This tool even been used to deliver gold nanorods for photoacoustic imaging in rats,

albeit through a large craniotomy.92 Recently, it was demonstrated that FUS BBB
disruption could reduce plaque load in a murine model of Alzheimer’s Disease.93-97
FUS has also been shown to have the potential to affect neuronal signaling.98-105 It
has been shown that pulsed FUS can be used to depress neuronal signaling in the brain,
spinal cord, and peripheral nerves with potential applications in pain. It has also been
7

shown to activate neurons, with the potential for stimulation of localized areas of the
brain.
1.6 ORGANIZATION OF THE DISSERTATION
The literature presents a wide range of potential clinical and preclinical
applications for ultrasound in the nervous system. As the demand for affordable,
accessible, anatomical and molecular imaging tools increases, ultrasound could play a
larger role in neuroimaging. The aim of the research described in this dissertation is to
explore potential new applications for ultrasound in neurology and neuroscience. In
Chapter 2, a method for initial screening of cerebral shunt malfunction in patients with
hydrocephalus is presented. An ultrasound speckle-tracking algorithm based on cross
correlation that was originally developed for ultrasound elasticity imaging, was used to
measure displacement of commercially-available microbubbles flowing in a cerebral
shunt catheter. Results of this study were published in the Journal of Neurosurgery in an
article titled “Quantitative contrast-enhanced ultrasound measurement of cerebrospinal
fluid flow for the diagnosis of ventricular shunt malfunction”, vol. 123, no. 6, pgs 14201426 (2015) and were presented in 2015 at the seventh meeting of the International
Society for Hydrocephalus and CSF Disorders in Calgary, Canada.
In Chapter 3, FUS BBB disruption was used to non-invasively deliver an
oxygen-sensitive two-photon dye to the parenchyma in mice. Oxygen saturation was
measured using phosphorescence decays of the excited dye. The non-invasive delivery of
this dye to the tissue could be used in longitudinal studies of stroke in the future. The
results of this study were presented at two conferences: the 2012 Annual Meeting of the
Biomedical Engineering Society in Seattle, WA, and the 2016 IEEE International
Ultrasonics Symposium in Tours, France.
8

In Chapter 4, FUS BBB disruption was used to deliver a PA imaging contrast
agent in mice. PA imaging was performed in ex vivo tissue samples to confirm delivery
and tissue damage could be detected by the presence of deoxygenated hemoglobin. In
vivo PA imaging was also performed, though PA signal from the skin made evaluation of
contrast agent delivery difficult. Some of the results of these studies were presented at the
2016 IEEE International Ultrasonics Symposium in Tours, France.
In Chapter 5, the development of a beta-amyloid targeted photoacoustic contrast
agent is described. Binding and specificity of an anti-beta-amyloid antibody-conjugated
gold nanosphere was tested with synthetic beta-amyloid aggregates and in Alzheimer’s
Disease human and mouse model tissue samples.
Chapter 6 summarizes the results of the studies described in the previous
chapters, discusses the limitations encountered in each application, and provides
recommendations for future work.
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Chapter 2: Ultrasound Imaging for Diagnosis of Cerebral Shunt
Malfunction1
2.1 INTRODUCTION
Hydrocephalus is a neurological condition characterized by an abnormal
accumulation of cerebrospinal fluid (CSF) in the ventricles of the brain. There are several
types of hydrocephalus classified by when the disease presents in the patient’s life and by
the cause of the imbalance in CSF production and reabsorption.1 Congenital
hydrocephalus presents at birth while acquired hydrocephalus can develop at any point at
or after birth. Communicating hydrocephalus indicates that CSF can flow freely between
all of the ventricles, and the imbalance is a result of overproduction or slowed
reabsorption. Non-communicating hydrocephalus indicates that there is an obstruction
within the ventricular system (typically aqueductal stenosis) preventing flow of CSF
through the ventricular system. There are also other types of hydrocephalus: normal
pressure hydrocephalus (NPH) and ex vacuo hydrocephalus. In both forms, the pressure
of the CSF remains normal. In NPH, it is likely that the reabsorption of CSF is reduced.
To maintain CSF pressure, the ventricles enlarge and press the brain tissue into the skull.
In ex vacuo hydrocephalus, shrinkage of the tissue results in enlarged ventricles and
patients do not exhibit the typical symptoms of NPH (dementia, ataxia, and urinary
incontinence).2
Ancient physicians described cases of hydrocephalus in children, but assumed the
fluid accumulation was on the outside of the brain. The ventricular system was not
discovered until 130-200 AD and the human ventricular system was not studied until the

1

Hartman, R., S. Aglyamov, D.J. Fox, Jr., and S. Emelianov, Quantitative contrast-enhanced ultrasound
measurement of cerebrospinal fluid flow for the diagnosis of ventricular shunt malfunction. J Neurosurg,
2015. 123(6): p. 1420-6.
Robin Hartman—Experimental design, data collection and analysis, writing
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Renaissance, when dissection of human cadavers was legalized. Hydrocephalus as a fluid
accumulation in the ventricles was finally identified in the 1500s.3
The classical understanding of CSF flow under normal conditions is that CSF is
produced by the choroid plexus, circulates through the ventricular system of the brain,
exits through the foramen of Magendie and Luschka into the subarachnoid space,
surrounds the brain and spinal cord, and then is reabsorbed into the bloodstream. In the
last decade or so, new research and the inability to reproduce some of the experiments
that the classical understanding is based on, have modified our understanding of CSF
flow.4 It appears that CSF is mostly produced and reabsorbed by the capillaries within the
CNS and that there is not a simple directional flow model, but in reality, a complex flow
system at both the macro and molecular scales. However, it is still clear that the balance
of CSF production and reabsorption is critical to its role in the CNS. CSF serves many
functions including but not limited to: maintenance of intracranial pressure to protect the
brain from changes in blood pressure and potentially blood perfusion, regulation of the
chemical environment to protect neuronal function by both delivery of proteins and
clearance of waste, and mechanical protection of the brain tissue from the inside of the
skull. In hydrocephalus, CSF accumulation can result from blockage of the ventricles,
increased production, or decreased reabsorption, any of which can prevent the CSF from
performing any of the aforementioned functions. It can also increase pressure on the brain
tissue resulting in loss of brain function and delayed or stunted mental development in
children or dementia in adults.
Several treatments for hydrocephalus have been developed including ventricular
puncture and extraventricular drainage to remove excess CSF and reduce intracranial
pressure.5 It was not until the 1950s that biocompatible, implantable shunts with welldesigned valves were developed. These devices quickly became and remain the standard
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treatment for hydrocephalus. A typical shunt system is comprised of a catheter inserted
into one of the lateral ventricles, a directional valve and reservoir, and a distal catheter
that leads into a low-pressure cavity such as the peritoneal cavity or one of the atria
(Figure 2.1).

Figure 2.1: Schematic of ventriculoperitoneal shunt system consisting of three parts:
ventricular catheter, flow regulating valve and reservoir, and peritoneal
catheter. Image originally created by Cancer Research UK and modified by
Robin Hartman.
There are numerous valve designs, some adjustable, though these are outside the
scope of this research.6 Although the use of shunts has greatly improved clinical
outcomes and quality of life for patients with hydrocephalus, shunt malfunction and the
need for revision surgery are common.7 Because of the mechanical nature of the shunt,
like all implanted devices, there are a myriad of ways in which it can fail. The primary
cause of shunt failure is infection, quickly followed by obstruction, disconnection, or
breakage. The rate of malfunction of shunts in children is estimated to be 40% during the
1st year following placement and 10% annually after the 1st year.8 Additionally, primary
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care physicians are increasingly being asked to examine patients for shunt malfunction
and often rely on radiological imaging and results. These can be difficult to interpret
without either baseline radiology reports or the expertise of a neurosurgeon.9
Current methods for diagnosing shunt malfunction mostly rely on radiography
such as X-ray, computed tomography (CT), and magnetic resonance imaging (MRI) and
can be expensive or involve ionizing radiation.7 Several newer methods have been
proposed to measure CSF flow in shunts as a way to diagnose malfunction including
phase-sensitive MRI,10-13 Doppler ultrasound,14-18 and a thermosensitive method.19-23 The
current standard is a radiographic shunt series (SS), though several studies have indicated
that SS have low predictive power for shunt failure and the need for revision surgery.24-26
In a SS, X-rays of the skull, chest, and abdomen are acquired to visualize the entire
length of the system with or without the injection of a contrast agent. In the last decade, it
has been shown that SS are less sensitive to shunt malfunction compared to a head CT
(used to visualize ventricular size and possible enlargement), perhaps primarily because it
can only identify visible mechanical malfunctions.25 Both of these methods, however,
require the use of ionizing radiation. Since hydrocephalus patients, many of whom are
children, will most likely have to undergo shunt function evaluation multiple times over
the course of their life, it is imperative that an alternative non-ionizing method for shunt
evaluation is developed, as an initial screen at the very least.
There has been a push to use rapid MRIs to evaluate ventricular size as the first
step in a diagnostic regimen, in order to reduce radiation exposure. However, with the
increased use of programmable valves (which are adjusted with magnetic fields), many
patients run the risk of unintentional adjustment of their valves while obtaining the MRI.
Several valves on the market have been designed so as not to be susceptible to the 3T
field of a typical MRI scanner, however these produce large distortions on MRI images,
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limiting the ability to acquire images of the brain and ventricles in patients with these
valves.27-29 Additionally, there has been interest in MRI-based CSF flow measurements
both within the ventricular system and in shunts to study CSF dynamics and as a noninvasive method for measuring flow in shunts.10-13 While MRI has proven to be useful, it
is also expensive, and, like the radiographic methods mentioned in the last paragraph,
requires an expert to interpret the results. As primary care physicians are increasingly
being called upon to evaluate patients presenting with possible shunt malfunction, there is
a need for an easily interpretable, non-invasive, and inexpensive method for measuring
shunt flow as a way to determine if more extensive imaging is necessary.
Two methods for measuring CSF flow stand out as good candidates: thermal
convection and Doppler ultrasound. Thermosensitive determination of CSF flow was
initially proposed in the 1980’s.19 A device was developed on this principle in the 2000s
and was approved by the FDA. The ShuntCheck was created by Dr. Samuel Neff,
inspired by his nephew who had hydrocephalus.30 Briefly, three thermistors are placed
such that one is over the shunt catheter and the other two are on either side of it. A cold
pack is used to cool CSF in the catheter above the thermistors. The thermistors then
detect differences in temperature over time and an algorithm is used to calculate the flow
rate based on the temperature vs. time. In its current iteration, the device will only
provide a flow or no flow readout. The algorithm was developed based on experiments
that calculated the likelihood of flow versus no flow given the temperature versus time
dependence. While the device is incredibly simple to use, it does not provide quantitative
information and has a sensitivity limited to ~ 0.8 ml/min.23
Another method based on Doppler ultrasound was proposed in the 1980s and
1990s.15-17, 31 The studies have been done with and without added contrast, but the most
sensitive method used contrast-enhanced ultrasound with acoustically-generated gas
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microbubbles. CSF does not have inherent ultrasound contrast and appears hypoechoic in
ultrasound images. Studies without contrast relied on the presence of cellular and tissue
debris or turbulent flow that creates microbubbles at junction points in the shunt system.17
In several cases, it could not be determined if a lack of flow was indicative of
malfunction or if there was simply no flow contrast in the CSF. This method was also not
sensitive to the low flow rates that could occur in a functioning shunt. In contrastenhanced ultrasound, micrometer-sized bubbles of gas, which are characterized by a very
high acoustic impedance mismatch relative to soft tissue, create a strong ultrasound
backscatter signal. Investigators improved the sensitivity of Doppler to low CSF flow
rates by generating microbubbles within shunt catheters using FUS induced cavitation.16,
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Typically, Doppler sensitivity of a clinical imaging system is limited because they are

optimized for detecting vascular flow, but a single-element transducer was used to detect
the Doppler shift with higher sensitivity. While sensitivity was increased, there are still
several limitations to this method. Doppler ultrasound is inherently angle-dependent and
thus requires knowledge of the three-dimensional shape and trajectory of the shunt
catheter in order to accurately calculate flow. Additionally, this method was still limited
to a detectable flow rate of ~0.03 ml/min, which could lead to a false positive diagnosis
of shunt malfunction.
As an alternative to the aforementioned CSF malfunction diagnostic and flow
measurement tools, we explored the possibility of using B-mode ultrasound imaging in
combination with a speckle-tracking algorithm for flow measurement in a shunt catheter.
US speckle-tracking has been used to measure displacement in a number of applications;
particularly in elastograpahy.32, 33 To measure flow, speckle-tracking is used to calculate
the velocity of moving bubbles within a catheter based on their speckle pattern. This
chapter covers preliminary studies to evaluate contrast-enhanced B-mode US and
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speckle-tracking as a method for quantifying physiological CSF flow rates in a shunt
catheter system.
2.2 MATERIALS AND METHODS
2.2.1 Experimental Set-up
To model physiologically relevant CSF flow rates, a 5 mL syringe filled with a
solution of gas microbubbles (Vevo Micromarker non-targeted, VisualSonics, Inc.) was
connected directly to a proximal cerebral shunt system catheter (Medtronic, Inc.). The
catheter had an inner diameter of 1.2 mm and outer diameter of 2.4 mm; inner diameter
was used to predict the velocity map. Two sets of experiments were performed: one in a
water container (phantom, Figure 2.2) and one in an excised porcine tissue sample (ex
vivo, Figure 2.3). For phantom experiments, the catheter was placed in a plastic container
filled with degassed water, the bottom of which was lined with an acoustically absorbing
foam to reduce reflections. The plastic container had two holes either side so that the
catheter could be threaded through and positioned parallel to the x-axis of an imaging
transducer. For ex vivo experiments, the catheter was inserted subcutaneously in an
excised porcine tissue sample with the skin intact (acquired from Longhorn Meat
Company). The syringe was placed in a syringe pump (Fusion 400, Chemyx) and kept at
the same height as the imaged portion of the catheter. Additionally, a shunt valve was
included between the syringe pump and the catheter and microbubbles were injected
directly into the valve’s reservoir to more accurately mimic the full cerebral shunt
system.
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Figure 2.2: Schematic of phantom experimental set-up.
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Figure 2.3: Ex vivo Experimental set-up.
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Microbubbles were reconstituted with 0.7 mL of saline solution and diluted to
0.01% of the original concentration with nanopure water (approximately 2x105
microbubbles/ml). The microbubbles were lipid-coated and contained a gas mixture of
nitrogen and perfluorobutane, and had a median diameter between 2.3 and 2.9 µm. The
same microbubbles were used for the duration of the experiment (approximately 2 hours);
however, the syringe did need to be manually agitated occasionally to redistribute the
microbubbles within the solution.
The syringe pump was programmed for 0.00 (off or no flow), 0.01, 0.02, 0.05,
and 0.10 ml/min to mimic physiological CSF flow rates.34,
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Prior to imaging, actual

syringe pump output based on the selected flow rates was determined. For low flow rates,
flow output of the syringe pump depends on the height of the pump relative to the outlet
and resistance within the catheter. To determine the actual flow rates in this experimental
set-up, the syringe pump was run using a water-filled syringe and the catheter was
positioned such that the tip emptied into a vial positioned on a microbalance (Mettler
Toledo, LLC). The weight change due to water in the vial was used to determine the
actual volume of water dispensed by the pump after 15 minutes. The mean of 10
measurements at each flow rate was used to estimate the actual flow rate. These
measured flow rates were used to determine the accuracy of the flow rates measured
using contrast-enhanced US. The results of the calibration are shown in Table 2.1.

Table 2.1:

Syringe Pump Setting

Mean Calibration Flow Rate (SD)

0.00
0.01
0.02
0.05
0.10

-0.002 (0.0012)
0.006 (0.0008)
0.014 (0.0018)
0.043 (0.0031)
0.090 (0.0041)

Syringe pump flow calibration results (all values are in ml/min)
30

Images of the shunt catheter were acquired with a Vevo 2100 ultrasound
preclinical imaging system (VisualSonics Inc.). The system was equipped with either a
15 MHz linear array transducer or a 21 MHz linear array transducer. The 3D geometry of
the transducer ultrasound beam is presented in Figure 2.4, where three directions are
shown: along the ultrasound beam (axial, z-axis), orthogonal to the ultrasound beam
(lateral, x-axis), and out of the imaging plane (elevational, y-axis).

y
z

x
Imaging
Plane
Elev.
Focus
Catheter
di

Figure 2.4: Schematic representation of the US beam geometry in the axial (z), lateral
(x), and elevational (y) directions. di=inner diameter of the catheter.
Initially the catheter was filled with degassed water prior to imaging with bubbles.
The catheter was positioned within the geometric focus along the z-axis of the imaging
transducer. Positioning in the y-axis was achieved by adjusting the position of the
transducer relative to the catheter using a manual motion stage. The center of the catheter
was identified when minimal signal from the sidewalls was visible. The syringe pump
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was run for five minutes prior to microbubble-enhanced image acquisition to ensure
adequate bubble distribution and consistent flow. A comparison can be seen in the Bmode images of the catheter before and after microbubble introduction (Figure 2.5).

Figure 2.5: US B-mode images of catheter. Top Hypoechoic catheter with no
microbubbles. Bottom Speckle pattern in catheter from microbubbles.
For phantom experiments, a 15 MHz transducer was used with transmit power set
to 5% to reduce acoustic force and maintain buoyancy of the bubbles (100% transmit
power resulted in pushing of the bubbles to the bottom of the catheter in the imaging
plane). US images were collected at 70 frames per second, with the center of the catheter
positioned at a depth of 18 mm (the geometric focus of the 15 MHz transducer), and
maximum imaging depth was set to 22 mm. The images were 17 mm wide in the lateral
direction (16 A-lines per millimeter). Five independent image sets were acquired for each
of the 5 programmed flow rates. The syringe pump was stopped and restarted between
each set.
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In the ex vivo experiment, a 21 MHz linear array transducer with transmit power
set to 5% was used. Images were collected at 25 frames per second, with the center of the
catheter positioned at a depth of 15 mm (the geometric focus of the 21 MHz transducer)
and maximum imaging depth set to 30 mm. The images were 23 mm wide (~22 A-lines
per millimeter).
2.2.2 Elevational Resolution Adjustment
Due to the finite focal width of the ultrasound imaging plane in the elevational
direction and the small diameter of the catheter (Figure 2.4), the velocity of the speckle
motion in an ultrasound image is actually the mean velocity of the bubbles within the
catheter. To take into account this systematic error, we introduced a correction factor
based on the US beam size in the elevational direction and the inner diameter of the
catheter. The 15 MHz and 21 MHz transducers have a beam thickness of 0.770 and 0.765
mm at their respective geometric foci, distances spanning more than half of the inner
diameter of the catheter (1.2 mm).
To determine the velocity profile, a simple model of the beam profile was
implemented together with an assumption of laminar flow. The velocities within the
catheter were averaged across the elevational beam width. The expected imaged flow rate
for a given input flow rate was then calculated as the integral of the expected velocity
profile over the cross-sectional area of the catheter.
The input flow rate was divided by the expected flow rate to obtain a correction
factor that was used to adjust our measured flow rates. For the 15 MHz transducer used in
the phantom experiment, this correction factor was estimated as 1.44 at the geometric
focus of the transducer. For the 21 MHz transducer used in the ex vivo experiment, the
correction factor was 1.49 at the geometric focus.
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2.2.3 Speckle Tracking Algorithm
Ultrasound speckle is not a direct representation of acoustic reflectors, but rather
an interference pattern produced by scattered signals from reflectors. It is possible to use
this interference pattern to measure movement of the structures producing the speckle
pattern.
A speckle-tracking algorithm based on a phase-sensitive cross-correlation method
(code developed by Suhyun Park) was used in our studies (Figure 2.6).32
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Figure 2.6: Diagram of flow measurement algorithm.
Normalized cross-correlation was used to create an integer estimate of the frameto-frame displacement based on the speckle pattern in B-mode US images. Briefly, the
2D cross correlation coefficient between two frames was calculated using the following
equation:
i+Δx

j+Δy

∑ ∑
Ri, j (step _ x, step _ y) =

Wm,n [F1 (i + m, j + n)• F2* (i + m + step _ x, j + n + step _ y)]

m=i−Δx m= j−Δy
i+Δx

j+Δy

∑ ∑
m=i−Δx m= j−Δy

i+Δx

Wm,n F1F1* (i + m, j + n)•

,

j+Δy

∑ ∑

Wm,n F2 F2* (i + m + step _ x, j + n + step _ y)

m=i−Δx m= j−Δy

where Ri,j is the normalized 2-D correlation coefficient map between frames F1 and F2 at
pixel (i,j) for a given set steps in the x and y direction (step_x, step_y) in F2. The kernel
size is 2*Δx by 2*Δy and Wm,n is a Hamming weighting function over the kernel.
To compute the displacement images, a Hamming-weighted 0.81 x 0.17 mm
(lateral by axial) kernel was used for the 15 MHz images and a 1.13 x 0.16 mm kernel
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was used for the 21 MHz images. These kernels were chosen based on the full width half
max of the auto-correlation of a randomly chosen portion of a B-mode image, containing
speckle from microbubbles. The search area was limited to 3 times the expected
maximum pixel displacement for a particular flow rate. The correlation was performed
on 31 consecutive frames spanning 0.42 seconds for the phantom study and 1.2 second
for the ex vivo study.
One major difficulty in speckle tracking is measurement of sub-pixel lateral
displacements. This was overcome using phase zero-crossing where the phase of the
correlation function crosses zero at the actual displacement, allowing for sub-pixel
displacement measurement.
The correlation coefficient kernel was used to determine a displacement at each
pixel within a region of interest. These values were then put into a displacement map. To
improve the quality of the lateral velocity measurements, the autocorrelation
compensation method was used, in which the displacement result of the autocorrelation
of the first image was subtracted from the displacement result of the cross-correlation of
the first and second images.36 This approach, described in detail elsewhere, demonstrated
significant noise reduction and improvement of the motion estimation in the lateral
direction. The displacement maps and time between frames was then used to calculate
velocity and create a velocity map within the catheter.
For the results described in this chapter, C-code previously written by a member
of our lab (Suhyun Park) was used, but input parameters were optimized for this
particular application.
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2.2.4 Analysis
Results of the cross-correlation speckle-tracking algorithm were visualized using
Matlab (Mathworks, Inc.). The total displacement over 30 correlation frames was
calculated as the pixel-wise sum of the displacement vectors frame to frame and was used
to create a velocity map. A region of interest was selected by identifying the inner walls
of the catheter on the US images and was applied, as a mask, to the velocity map.
Velocity profiles were evaluated by calculating the mean velocity along each lateral line
of the masked velocity map. Standard deviations were calculated for all the velocities at
each vertical position within the catheter. Profiles from each of the independent images
sets were averaged to obtain a mean velocity profiles for each flow rate. Standard
deviations of the mean velocity at each vertical position for all the images sets were also
calculated. The flow rate in the catheter was calculated from the velocity profile, and the
results were compared with the flow rates obtained in the calibration experiment.
2.3 RESULTS
In the velocity maps shown in Figure 2.7, the speckle-tracking method was able to
differentiate between high and low flow rates within the expected physiological range. At
high flow rates, the flow is visibly laminar. At lower flow rates such as 0.006 and 0.014
ml/min, it appears that there is lower flow in the upper portion of the catheter and higher
flow in the lower portion, possibly due to a combination of bubble buoyancy and bubble
adhesion to the wall of the catheter (the catheter does not have a perfectly smooth inner
wall). It is important to note that this method is able to detect lateral motion, a limitation
of Doppler ultrasound. In patients, catheters will follow a less direct and predictable path;
thus, sensitivity to both axial and lateral motion is important.
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Figure 2.7: Velocity maps for flow rates of (A) 0.090 ml/min, (B) 0.043 ml/min, (C)
0.014 ml/min, (D) 0.006 ml/min, and (E) 0.000 ml/min in a shunt catheter.
The five flow rates shown can be easily differentiated from one another based on
the velocity profiles as shown in Figure 2.8. Additionally, the velocity measurements at
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each flow rate do not vary greatly, indicating consistency in our method. The measured
velocity profiles show a slight broadening and smaller peak velocity compared with the
expected profiles. This could be attributed to a number of factors including a slight
change in fluid viscosity with the addition of the bubbles
or error
due
to the catheter
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Flow rate measurements in an ex vivo tissue sample produced results consistent
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with the previous studies (Figure 2.10). At 0.09 ml/min, the measured flow rate was
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0.098 ml/min, and
at 0.043 ml/min, the measured flow rate was 0.04 ml/min. These

values fell within the expected range of error shown in Figure 2.9.
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Figure 2.9: Measured flow rate vs. true flow rate (as determined by flow calibration
experiments). Gray region: Standard deviation of flow calibration results.
Error bars: Standard deviation of measured data.
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Figure 2.10: Velocity maps overlaid on B-mode images of ex vivo skin-on porcine tissue
with shunt catheter subcutaneously implanted for (Left) 0.090 ml/min and
(Right) 0.043 ml/min. Measured flow rates of (Left) 0.098 ml/min and
(Right) 0.040 ml/min.
2.4 DISCUSSION
Shunt systems have been the standard of treatment for hydrocephalus for several
decades, but they are still exceedingly prone to malfunction. Blockage, breakage,
infection, migration, over-drainage, and infiltration by tissue are all common problems
with shunt systems, most of which are not easy to diagnose with certainty. There have
been several proposed devices and methods for detecting flow in a shunt system, but
none have been sensitive enough to quantify flow while remaining cost-effective and safe
for repeated use infants and children.
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A standard ventricular shunt tap may give an initial indication of the type of
malfunction, such as whether the proximal catheter is obstructed; however, the literature
suggests that the shunt tap may be misleading in cases where there is good flow upon
tapping of the shunt. This method is also not quantitative. Although the opening pressure
could be estimated by the height of a column of CSF, this would not be as sensitive at the
method proposed here.37-40
MR phase imaging is typically sensitive to flow rates of 0.03 ml/min and higher,
and in some cases has shown sensitivity to flow rates as low as 0.013 ml/min.10-12 Though
MRI shows sensitivity to fairly low flow rates and could even be used to measure flow
within the ventricles, it requires that the patient remain still for an entire imaging session,
which can be difficult for young children. Additionally, it can be expensive and is not
widely available outside of hospitals. MRI is very useful as a whole-body imaging
method for identifying breaks, blockages, and other mechanical defects within the entire
shunt system, and US imaging could be used to determine if there is a further need for
MRI.
The ShuntCheck device, another method for measuring flow in a shunt, is
extremely simple, employing thermal convection to determine if there is flow or no flow
in a portion of the catheter. While it has demonstrated some specificity, a binary flow or
no flow determination, it is not sensitive to flow rates below 0.08 ml/min, and it is not
inherently quantitative as it relies simply on the speed of temperature change, which
could be affected by external factors.19, 21
Doppler ultrasound has also been previously proposed for shunt flow detection.
CSF is acoustically transparent since it has no intrinsic acoustic reflector, but one study
found that debris in the CSF was enough to produce a satisfactory Doppler signal and
flow rates between 2.3 and 4.6 ml/min were detected.15 The authors found that in CSF
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with no source of contrast, turbulent flow at junction points in the shunt system could
sometimes produce bubbles for contrast. In several cases, it could not be determined if a
lack of flow was indicative of malfunction or if there was simply no contrast in the CSF.
This method is also not sensitive to low flow rates that could occur in a functioning
shunt. Another group of researchers employed Doppler for flow detection and introduced
contrast by the acoustic generation of microbubbles within the shunt catheter, eliminating
the need for intrinsic contrast and making the method completely noninvasive.16,
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However, Doppler US is angle-dependent, and thus requires knowledge of the 3D path of
the shunt catheter. The investigators showed an overestimation at lower velocities (which
were actually similar to the “higher” velocities demonstrated here) and explained that the
overestimation is due to buoyancy. The speed of the bubble upwards adds additional
motion toward the transducer in the axial direction, resulting in a larger frequency shift
and an overestimation of the peak and mean velocities. Additionally, Doppler US still
requires a fairly high flow rate of 0.03 ml/min for flow detection, like MRI.16
Result from the study in this chapter indicate a higher sensitivity than previously
reported by others, who were able to detect flow rates as low as 0.05 ml/min.16 As shown
in Figure 2.9, there is a very slight underestimation at lower flow rates (0.006 and 0.014
ml/min) and good agreement at the higher flow rates (0.043 and 0.09 ml/min). The
method used in this study does not suffer from the same directional error as Doppler,
where microbubble buoyancy adds velocity in the axial direction and contributes to
overestimation at low flow rates, because we employ information in two dimensions.
Underestimation could be a result of adhesion of the bubbles to the catheter in
combination with buoyancy forcing bubbles into the upper portion of the catheter. This
can be seen in the velocity profiles at 0.006 and 0.014 ml/min (Figure 2.8). The profiles
for these flow rates are not symmetric parabolas. The left side (upper portion of the
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catheter) is significantly smaller and flatter than the right side (lower portion of the
catheter). This error could be minimized by increasing the transmission power, to further
counteract the buoyancy of the bubbles at lower flow rates, or by reducing the bubble
concentration.
In the method developed in this study, the elevational beam width of the
transducer and the inner diameter of the catheter need to be taken into account to
determine an accurate expected velocity profile and flow rate. Since the beam profile
changes with depth, a better model for when the beam is wider than the transducer would
need to be developed for imaging outside the geometric focus of the transducer. Once
these factors are accounted for, this method shows strong agreements with the true flow
rate. This strong correlation coupled with the use of only 30 frames, or 0.42 seconds of
data, for the 15-MHz transducer also indicates that this would be a very robust and rapid
method for flow measurement.
2.5 CONCLUSIONS AND FUTURE WORK
In this study, I have demonstrated that contrast-enhanced US measurement of
flow via a cross-correlation based ultrasound speckle tracking algorithm is a valid and
feasible method to measure CSF flow in shunts. The method is able to differentiate
between no flow and flow rates between 0.006 and 0.090 ml/min, which are within the
physiological range of CSF flow in shunts. The results also correlate reasonably well with
the expected flow rates based on the experimental setup.
In the future, this method could be further automated such that kernel size and
search area can be selected automatically based on initial measurements, and the operator
would simply select a region of interest to be used for flow rate calculation. The lowest
detectable flow rate using contrast-enhanced US—0.006 ml/min—is mainly defined by
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the characteristics of the US system. It may be possible to increase sensitivity to lower
flow rates by modifying properties of the US system or the correlation parameters used in
flow rate measurement. The sensitivity necessary for differentiation between a
functioning and malfunctioning shunt should be determined in future clinical studies.
Finally, rather than injecting bubbles directly into the shunt system, microbubbles could
be generated externally through cold cavitation, although the safety and consistency of
this method would need to be explored further.16,
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Some initial studies using cold

cavitation yielded promising results, though a different flow measurement algorithm was
necessary because cavitation does not produce enough bubbles to create a coherent
speckle pattern.
In this study, a commercially available US system was used. This method could
easily be translated to a clinical US system and setting, potentially reducing the need for
ionizing radiation-based imaging methods, while also allowing for convenient imaging
and measurement of CSF flow using a portable imaging system. It could also be used in
the emergency room setting to rapidly evaluate the need for further evaluation of the
shunt system using MRI. Finally, this method permits not only detection of flow, but also
provides quantitative information about flow rate that could aid in singular and
longitudinal studies of fluid mechanics of shunts. The measurement of CSF flow in a
patient over time could provide valuable information about CSF flow dynamics in
hydrocephalus patients with implanted shunts.
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Chapter 3: Noninvasive Delivery of Optical Imaging Contrast Agents
via Microbubble-Mediated Focused Ultrasound Blood Brian Barrier
Disruption
3.1 INTRODUCTION
Focused ultrasound (FUS) has been widely demonstrated as therapeutic tool,
acting through a variety of mechanisms to ablate or alter tissue in a therapeutic manner,
as described in Chapter 1. In recent years, its potential as a drug delivery tool has been
explored by researchers. Specifically, FUS has been investigated as a noninvasive
method to overcome the blood brain barrier (BBB) and deliver large molecules to the
central nervous system (CNS).1-4 The BBB is a selectively permeable barrier that protects
the central nervous system from potentially harmful molecules, such as viruses, bacteria,
and toxins, in the bloodstream from crossing into the parenchyma. Endothelial cells that
line the capillaries of the brain are connected by continuous tight junction proteins, which
effectively eliminate paracellular transport between the blood and CNS tissue.
Additionally, brain endothelial cells lack transcellular pathways and fenestrations and
have fewer vesicles than endothelial cells in other organs. The BBB has long been a
hurdle in neuroscience that both physicians and scientists have struggled with solving.
Current methods for overcoming the BBB include direct injection into the tissue,
intrathecal injection, or pharmaceuticals.
Perfluorocarbon microbubbles have been used extensively as a clinical ultrasound
(US) contrast agent.5,

6

Briefly, a microbubble is made up of a perfluorocarbon gas

encapsulated in a shell such as lipid or albumin. The type of gas and shell will determine
the stability, circulation time, and echogenicity of the bubble. Because gases have
drastically different acoustic impedances compared to water-based tissues, microbubbles
make an excellent acoustic reflector and produce high ultrasound contrast. This property
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has made them useful in increasing the sensitivity of Doppler imaging. In addition to
being strong acoustic reflectors, microbubbles are heavily influenced by acoustic fields
due to their compressibility. As the microbubbles expand and contract, they generate
nonlinear US signals.7 This behavior can be visualized by harmonic imaging in which the
nonlinear echoes of the microbubbles are enhanced and the linear echoes of the
surrounding tissue are suppressed. FUS BBB disruption also takes advantage of this
oscillating behavior of microbubbles, also known as cavitation.
It has been shown that FUS can be used in combination with perfluorocarbon
microbubbles as a viable method to temporarily disrupt the BBB and allow for the entry
of various therapeutic molecules.8
There are two types of cavitation: stable and inertial. In stable cavitation, a bubble
will oscillate and change size, but can return to its original form.9 In inertial cavitation,
the bubble can grow rapidly during the low-pressure (rarefactional) phase and then
violently implode during the high-pressure phase, which can result in tissue damage. Safe
FUS BBB disruption requires stable cavitation to initiate mechanotransduction pathways
in the endothelial cells that result in an increase in vesicle formation.10 Additionally,
stable oscillation of the bubbles can exert pressure on the tight junctions between the
endothelial cells, stretching and eventually breaking them.11
FUS has been demonstrated as a method to deliver therapeutics such as anticancer drugs, antibodies, stem cells, and genes in animal models.4, 12-18 One clinical study
has been initiated to date in which an implantable US device is being used to disrupt the
BBB to deliver anti-cancer drugs, but without the use of gas microbubbles, instead
relying on higher US pressures to initiate cavitation.19
In addition to delivery of drugs and therapies, FUS BBB disruption is potentially
an excellent tool for the delivery of molecular imaging contrast agents to aid in the study
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of the CNS and animal models of CNS diseases that have well-characterized biomarkers
such as Alzheimer’s disease, cancer, and amyotrophic lateral sclerosis (ALS). Though the
biomarkers for these diseases have been identified, the ability to evaluate the progression
of these diseases by these biomarkers in vivo has been limited. Currently, biomarkers in
animal models are typically evaluated in vivo at a microscopic level with optical
microscopy or expensive whole brain imaging with MRI and PET.20-22
One notable application in which FUS BBB disruption could be useful is the noninvasive delivery of physiologically sensitive optical contrast agents. Functional optical
microscopy has been used to study processes in the brain on a micron scale in both living
tissue slices and in vivo models. There are several calcium, voltage, and oxygen sensitive
optical contrast agents currently in use in addition to other molecules of interest, however
many of them do not cross the BBB unaided, limiting their usefulness in longitudinal
studies which might require multiple deliveries of the dye.23-25
Of particular interest is the oxygen-sensitive two-photon (2P) dye PtP-c343.26, 27
The ability to measure oxygen saturation in the brain after stroke in animal models is of
major interest in assessing functional outcomes and potential treatments.28 Specifically,
researchers are trying to determine at what oxygen level neurons become no longer viable
and how to assess the potential of therapeutics or treatments at reducing neuronal loss.
Previously, oxygen measurements have been either confined to the vasculature or
discrete, invasive measurements have been made in the extravascular space because PtPC343 cannot cross the BBB.27-29 The PtP-C343 molecule can relax from an excited state
through both fluorescence and phosphorescence and the phosphorescence decay is
quenched in the presence of oxygen. Because the oxygen concentration is related to the
phosphorescence quenching rather than signal intensity, this dye can be used for
quantitative measurement, making it a powerful tool. Additionally, through the use of a
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2P microscope, excitation and creation of reactive oxygen species is confined to the laser
focus, meaning it is possible to create 3D maps of oxygen saturation. Thus far, this dye
has been used to measure partial pressure of oxygen (pO2) in cerebral vessels and the
parenchyma.27-29

However, parenchymal measurements require an invasive pressure

injection to distribute the dye within tissue. This limits oxygen measurement in the
parenchyma to acute local studies. Longitudinal studies would be necessary to use this
dye to evaluate the effects of oxygen in diseased states, in stroke models for example.
FUS BBB disruption has already been demonstrated as method for delivering 2P
dyes and evaluating vascular response to FUS and MBs.30-32 In the following study, I
show that FUS BBB disruption is a reliable method for non-invasive oxygen-sensitive
dye delivery into the parenchyma. The use of FUS for physiologically-sensitive dye
delivery would allow for repeated measurements in the tissue in longitudinal studies,
giving researchers the ability to assess potential therapeutics over extended time points.
3.2 ULTRASOUND STUDY USING UNFOCUSED TRANSDUCER
3.2.1 Materials and Methods
3.2.1.1 Transducer System
Using a commercially available system (Vevo SoniGene System, VisualSonics,
Inc.), initial studies were conducted with a 1 MHz unfocused ultrasound transducer in a
deliberate attempt to disrupt a larger cortical area compared with typical volumes
achieved with FUS. The system includes an unfocused 1 MHz transducer, which
interfaces with an amplifier within the closed system, and parameters were selected on
the transducer controller.
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3.2.1.2 Animal Preparation
In order to provide an optical window for 2P imaging, mice underwent the
surgical creation of a cranial window. Mice were anesthetized via vaporized 2%
isoflurane and placed in the supine position on a heating pad. The mice were then
positioned in a stereotaxic frame to stabilize the skull. Temperature and breathing rate
were monitored for the duration of the procedure. A subcutaneous injection of carprofen
and intramuscular injection of dexamethasone were administered prior to surgery to
minimize inflammation and edema. Prior to surgery, all surgical instruments and fluids
were sterilized by autoclave. Hair was removed from the scalp via shaving or depilatory
cream and the scalp was resected to expose the skull. A 2-5 mm hole was created in the
parietal bone with a dental drill as shown in Figure 3.1.

Cranial
Window

Bregma
Lambda

Figure 3.1: Schematic diagram of optical cranial window position.
Throughout drilling, sterile artificial cerebrospinal fluid (ACSF) was used to flush
and cool the drilled area. To ensure sufficient adherence of dental cement to the bone,
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cyanoacrylate glue was used to coat the exposed skull. The dura was left intact. To cover
the exposed brain, a layer of ACSF and a small round coverslip were placed over the hole
in the parietal bone. Gentle pressure was applied and dental cement was used to cover the
exposed bone and was carefully applied around the coverslip. Pressure was removed
from the coverslip once the dental cement had solidified. A layer of cyanoacrylate glue
was applied all over the dental cement to seal the cranial window. Once the adhesive
layer dried, mice were allowed to recover from anesthesia. Mice were monitored for two
weeks after surgery, with carprofen administered for the first two days post op, to ensure
cranial window clarity prior to ultrasound treatment and 2P imaging.
3.2.1.3 Sonication System
For unfocused US experiments, the transducer was suspended over the mouse’s
head. A plastic container open on both ends, with one end covered with parafilm, was
filled with degassed water and used to couple the transducer to the mouse. The included
transducer controller system was used to input the sonication parameters (Figure 3.2).

A

B
C
D
E

Figure 3.2: Schematic diagram of unfocused ultrasound sonication set-up consisting of:
(A) Sonigene transducer controller system, (B) Sonigene 1 MHz unfocused
ultrasound transducer, (C) degassed water container, (D) parafilm, and (E)
cranial window.
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3.2.1.4 Two Photon Imaging System
A custom-built 2P microscope with laser speckle contrast imaging (LSCI) system
was used for all imaging studies (previously described in literature).28 LSCI relies on the
decorrelation of laser speckle for contrast and to measure blood flow velocity. In this
system, a laser diode was used to irradiate the brain surface. Images from the camera
were sent to a computer to be processed for laser speckle decorrelation. In the 2P
microscope, a Ti:Sapphire laser operating at λ between 820 and 850 nm was used as an
excitation source and was gated by an electro-optical modulator (EOM) . Galvanometers
were used to scan the laser. Two dichroic mirrors were used in the system to separate the
excitation beam from emitted light and then to separate the emitted light into red and
green channels. Fluorescent data was sent directly to a computer for processing.
Phosphorescence lifetimes in the red channel were detected by a photon counting board.
3.2.1.5 Imaging and Sonication Procedure
Mice were anesthetized via vaporized isoflurane and placed in the supine position
on a heating pad in a stereotaxic frame and every attempt was made to ensure the cranial
window was as flat as possible. A 50 µL bolus of Texas Red was injected retro-orbitally
and the mouse was then placed in the 2P imaging system. A vascular map was obtained
using either bright field imaging or LSCI. This map was used throughout the duration of
the experiment as a reference. Pre-sonication image stacks were acquired. Additionally,
several sets of phosphorescence measurements were taken through the region of interest
and served as a baseline for post-sonication measurements. Lack of a phosphorescence
signal at a point outside of the vessels indicated that no PtP-343 had leaked into the tissue
prior to sonication. The mouse was then removed from the imaging system and
repositioned in the unfocused US system.
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Acoustic coupling gel was applied over the cranial window and a small container
filled with degassed water that had a parafilm-covered window in the bottom was placed
over the cranial window. The unfocused US transducer was positioned in the container
such that the face of the transducer was ~1.5 cm (in the far field) from the cranial window
to ensure a mostly homogenous field at the intended site of disruption. The transducer
controller was programmed with the following parameters: 20% duty cycle and
amplitude of 2 W/cm2, (reported peak negative pressure of 0.244 MPa in a water tank).
The burst repetition frequency was not adjustable and was 400 Hz. Exposure time was
kept between 1 and 2 min.
After sonication, the mouse was immediately repositioned in the imaging system.
An LSCI vascular map was acquired for comparison and to ensure no major vascular
changed occurred due to sonication. Mice were then imaged via 2P microscopy and
phosphorescence measurements were acquired for up to 4 hours after sonication. Image
stacks and phosphorescence lifetimes were acquired in the same regions as pre-sonication
imaging. A fluorescence lifetime signal was acquired at each point as a calibration to
determine the necessary time offset to analyze only the phosphorescent decay from the
signal (and eliminate signal resulting from the finite amount of time the EOM requires to
turn off). Five phosphorescence decays were acquired at each point.
3.2.1.6 Analysis
Two photon images were processed in ImageJ (NIH). Phosphorescence decays
were processed in Matlab. An exponential decay was fit to the remaining phosphorescent
signal (after temporal offset) using the lsqcurvefit function in matlab. Equation 3.1 was fit
to the data to determine decay constant τ.
𝑦 = 𝑥! ∗ 𝑐 !!! ! + 𝑥!
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(3.1)

3.2.2 Results
The unfocused US transducer was able to cause BBB disruption with an exposure
time of 90s in one mouse. Leakage of PtP-C343 became clear at ~90 minutes postsonication (Figure 3.3). Blood vessels appeared orange due to fluorescence signal in both
the red and green channels from Texas Red and PtP-C343, respectively. The Texas Red
remained confined to the vasculature while PTP-C343 was visible in the highest
concentration around major vessels, but was also disperse through the extravascular
space. A calculated pO2 between 80 and 92 mmHg was observed in the vasculature and
pO2 between 15 and 42 mmHg was observed outside of the vasculature. Pressures
typically decreased as distance from the vessels increased.

90 min post-US
PtP Measurements
120

pO2(mmHg)

100
80
60
40
20
0

Figure 3.3: Two photon fluorescence composite image of PtP-C343 and Texas Red 90
minutes after sonication with 1 MHz unfocused US transducer. Pop-out:
pO2 measurements based on acquired phosphorescent decays. (Image
courtesy of Anthony Salvaggio)
In addition to clear leakage and well-delineated vasculature, there was some
evidence of possible damage. In the left portion of the image, the outline of a branching
blood vessel is visible in red, but with no dye within it.
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Despite some initial success, these results were extremely difficult to reproduce in
subsequent mice (n=15) and so the use of unfocused US was replaced in future
experiments with a more controlled focused US system.
3.3 STUDY USING FOCUSED ULTRASOUND
3.3.1 Materials and Methods
3.3.1.1 Transducer characterization
Studies were conducted using a spherically focused ultrasound transducer with a
center frequency of 1 MHz or 2.25 MHz (Valpey Fisher, Inc.) and diameter of 38mm.
The 1 MHz transducer could also be operated at 3.35 MHz. All ultrasound transducers
underwent characterization prior to experimental use. A field map was acquired using the
system shown in Figure 3.4. Briefly, the transducer was fixed in a tank of degassed water.
A needle hydrophone was scanned throughout the transducer field with sub-millimeter
precision using a three-dimensional positioning system consisting of three motorized
translation stages (Newport, Inc.). The output of the transducer was controlled by a
function generator connected through a 50 Ω matching circuit. The output of the needle
hydrophone was collected with a digital oscilloscope and processed in Matlab (courtesy
of Andrew Fowler) to create a pressure map.
After field mapping, input/output curves were acquired with and without the
coupling cone and with an excised portion of murine skull (with and without a cranial
window). The transducer was incorporated into the full experimental set-up. The set-up
consisted of a function generator (Keysight Technologies, Inc.) that produced a source
signal, a 50 dB RF amplifier (Electronics and Innovation, Inc.) to amplify the source
signal prior to reaching the transducer, and the FUS transducer with custom 50 Ω
matching circuit. A digital oscilloscope connected to a computer was used to collect data
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from the needle hydrophone. Additionally, all tests were performed with and without a
removable coupling cone with parafilm over the opening.
Computer
+ Matlab

Func%on
Generator

3D
Transla%on
Stages

Ampliﬁer

50 Ω
Matching
Circuit

Oscilloscope
Stage
Controller

Coupling
Cone

Needle
Hydrophone

Focused
Ultrasound
Transducer

Figure 3.4: Schematic diagram of characterization set-up for FUS transducers. Dashed
lines: input/output curve acquisition system. Solid lines: Field mapping
system.
3.3.1.2 In vivo parameter optimization
For in vivo parameter optimization, mice were anesthetized and placed in a
stereotax as outlined in section 3.2.1.5. Temperature and breathing were monitored
throughout the experiment. Hair on the scalp was removed by shaving and depilatory
cream and acoustic gel was placed on the exposed scalp. The ultrasound transducer with
water-filled coupling cone was positioned over the parietal bone, 2 mm lateral from the
sagittal suture, and roughly 3 mm forward of lambda (Figure 3.5). A pulser/receiver
connected directly to the transducer was used to identify the center of the skull and
accurately determine the axial position of the transducer, ensuring that the focus of the
transducer was positioned just below the skull. A 50 µL bolus of microbubbles (~5x108
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bubbles/ml, Optison, GE Healthcare) was co-injected retro-orbitally with 50 µL of Evans
Blue and sonication was initiated after 10 s.
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Generator
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Circuit
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B
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Controller
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Figure 3.5: Schematic diagram of sonication set-up for focused ultrasound transducers
consisting of: (A) 3D translation stages, (B) focused ultrasound transducer,
and (C) water-filled, transducer coupling cone. Dashed lines: system used
for positioning transducer. Solid lines: system used for sonication.
Based on literature data and analysis, a range of parameters was selected for in
vivo testing. Before initiating 2P studies, parameters were optimized in vivo using Evans
Blue (EB) as an indicator of blood brain barrier disruption and leakage. Evans Blue is a
very small dye molecule (960 Da) that binds with high efficiency to albumin. The
effective size of the EB-albumin complex is ~70 kDa. Parameters for optimization
included duty cycle, exposure time, and amplitude. To reduce the possibility of thermal
deposition during sonication, the duty cycle was kept low (10% or 20%). Exposure time
was kept between 30 and 120s. In determining possible pressure amplitudes, FDA limits
and the literature as a guideline. According to literature, BBB disruption is correlated to
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mechanical index (MI) and the FDA limits ultrasound imaging systems to a maximum
MI of 2.33 MI is a good indicator of the likelihood of cavitation in tissue, without
microbubbles, and is calculated using equation 3.2, where PNP is peak negative pressure
(MPa) and Fc is center frequency (MHz), thus pressure was limited to less than 1.9, 1.3,
and 1.09 MPa for 1.1, 2.25, and 3.35 MHz respectively.
!"!
𝑀𝐼 = !
!

(3.2)

3.3.1.3 Imaging and Sonication Procedure
Mice were prepared as described above in section 3.2.1.2 and were selected for
imaging at least two weeks after cranial window surgery based on window clarity. The
animals were anesthetized via vaporized isoflurane and placed in the supine position on a
heating pad in a stereotax and every attempt was made to ensure the cranial window was
as flat as possible.
The Texas Red dye from the US studies using unfocused transducer resulted in
fluorescent signal along the vascular walls and accumulation outside of the vessels one
day later, with or without BBB disruption. This did not lend itself to longitudinal studies,
so I opted for using PtP-C343 alone. The benefit was that there was no accumulation of
the dye around the vessels at least two days after initial injection. PtP-c343 was prepared
as before and injected retro-orbitally at a volume of either 50 or 100 µL.
The same sonication procedure was used as described in the in vivo parameter
optimization studies (3.3.1.2), except that a multi-point exposure was used for the FUS
studies. The transducer was scanned at intervals of 0.5 mm in a 3x3 grid starting at the
center position (x=2,y=2), remaining at each point for 30s for sonication exposure. The
multipoint exposure was used in an attempt to ensure widespread disruption over the
entire craniotomy. The imaging procedure was the same as the US studies using
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unfocused transducer (3.2.1.5), with the exception of a more systematic fluorescence and
phosphorescence data acquisition. Two regions of interest were selected and images were
acquired at 0, 50, and 100 µm below the surface. Three lines crossing vessels were
selected in each region. Five points were selected along each line: four on either side of
the vessel and one over the vessel. Phosphorescence lifetime acquisition was identical to
the unfocused ultrasound studies.
3.3.1.4 Analysis
Image analysis and phosphorescence curve fitting were performed in the same
manner as described in 3.2.1.6.
3.3.2 Results
Field maps for the 1 MHz spherically focused ultrasound transducer operating at 1
MHz and 3.35 MHz are shown in Figure 3.7. Operating at 1 MHz, the measured focal
width was 2.3 mm and the depth of focus was 14.8 mm. Operating at 3.35 MHz, the focal
width was 0.6 mm and the depth of focus was 4.5 mm. A field map for the 2.25 MHz
transducer is also shown in Figure 3.6. The focal width was 1.4 mm and the focal depth
was 9.7 mm.
1.1MHz

2.5MHz

3.35MHz

5mm

Figure 3.6: Acquired acoustic pressure field maps displayed from 0 to maximum
pressure for 1.1 MHz transducer, 2.25 MHz transducer, and 1.1 MHz
transducer operating at 3.35 MHz. Black line: ~50% of maximum intensity.
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Figure 3.7 and 3.8 show ex vivo brain samples after sonication at 1 MHz and 3.35
MHz, respectively, with an estimated in vivo MI of 1 and varying duty cycle and
transducer-to-skull distance. As evidenced by Evans Blue staining, BBB disruption was
achieved in all of the mice (n=3). In the 1 MHz mice, disruption localization was
inconsistent and two of the three mice exhibited altered gait and difficulty recovering
after sonication. The mice treated with 3.35 MHz did not exhibit these symptoms (n=3).
The mouse treated with 3.35 MHz and a duty cycle of 10% and an axial position of ~50
mm had the clearest disruption and so those parameters were used for in vivo imaging
studies.
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Figure 3.7: Evans Blue leakage in ex vivo brain tissue samples after sonication with 1
MHz focused ultrasound transducer operating at 1.1 MHz.
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Figure 3.8: Evans Blue leakage in ex vivo brain tissue samples after sonication with 1
MHz focused ultrasound transducer operating at 1.1 MHz.
Unfortunately, after several studies, the 1 MHz transducer was no longer
functional, so later experiments were performed with the 2.25 MHz transducer, operating
at parameters that would achieve an in vivo MI of ~1, to remain consistent with the in
vivo parameter optimization studies.
The 2.25 MHz FUS transducer, with an in vivo MI of 1, produced repeatable
disruption results (n=4). Baseline and post-sonication 2P fluorescence images from two
regions in two mice are shown in Figure 3.10. There was a clear increase in fluorescent
signal intensity in the extravascular space after sonication. Two days post-sonication,
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after an injection of 70 kDa fluorescein, the vessels of mouse # 2 were clearly intact and
undamaged (Figure 3.9, bottom).
Mouse 1
Region B
Region A

Mouse 2
Region A

Region B

Pre-US
200 um

Post-US

2 days
Post-US

+ﬂuorescein

Figure 3.9: Two photon images of PtP-C343 in two mice (top row) prior to sonication,
(middle row) 1-2 hours post-sonication, and (bottom row) two days after
sonication with an additional injection of 70 kDa fluorescein (Technical
difficulties prevented data collection from Region A 2 days post-US).
As shown in Figure 3.10, there was minimal phosphorescence signal detected in
the extravascular space prior to sonication in both Mouse #1 and Mouse #2. After
sonication, phosphorescence decays were visible.
pO2 calculations are pending due to the need for a new measurement calibration
for the dye. The dye had been in storage for ~two years and there is a concern that the
original calibration curve might not be suitable anymore.
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Figure 3.10: Sample of phosphorescence decays obtained at points of interest (Right)
before and (Left) 1-2 hours after sonication. (Middle) Location of points of
interest shown on fluorescent images.
3.4 DISCUSSION
The aim of this study was to determine if US BBB disruption could be a reliable,
non-invasive method for delivery of an optical contrast agent to the parenchyma. While it
was possible to achieve BBB disruption with a 1 MHz unfocused ultrasound transducer,
it was an unreliable method and only resulted in clear disruption in 2 out of 15 mice. This
was most likely due to a heterogeneous pressure field, low pressure amplitudes, difficulty
in consistently positioning the transducer, and the high burst repetition frequency, which
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resulted in fewer cycles per burst. As these parameters were not easily adjustable with the
built-in transducer controller, it became clear that a custom FUS system was needed.
Since the FUS system was controlled by a function generator, sonication
parameters such as operating frequency, burst repetition frequency, duty cycle, and
amplitude were easily controlled. Initially, a 1.1 MHz focused transducer was chosen
because it had a focal width on the scale of the craniotomy and could potentially treat the
entire craniotomy. However, as was seen in the transducer characterization and in the in
vivo parameter optimization, the depth of focus of the transducer was too long relative to
the height of the mouse skull, most likely resulting in standing waves within the skull that
affected other parts of the brain, including the brain stem. The abnormal gaits that were
observed in the mice treated at 1.1 MHz were possibly due to damage within the brain
stem.
The same transducer, however, was capable of producing sufficient pressure at its
3rd harmonic, 3.35 MHz. Operation at 3.35 MHz resulted in a sufficiently shallow depth
of field as shown in Figure 3.7. Additionally, it resulted in better localization of
disruption to one hemisphere (Figure 3.9). When the 1 MHz transducer was no longer
operational, experiments were continued with the 2.25 MHz transducer, using parameters
that would achieve similar in vivo pressures as the 1 MHz transducer operating at 3.35
MHz.
As shown in Figure 3.10, leakage of PtP-C343 was clearly achieved in multiple
mice using the 2.25 MHz transducer. The dura did present issues in some of the mice. In
some cases, there was a large amount of dye leakage in the dura, which made imaging
vasculature below the dura difficult as shown in the left panel of Figure 3.10. In addition
to extravascular fluorescent signal, phosphorescence decays were present after
sonication, but not clearly before. Calculation of the phosphorescence decay constant was
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difficult due to sensitivity of the fit to the offset from the EOM off point. A consistent
system for determining the starting point of the decay will be necessary for future studies.
Additionally, the calibration curve for the dye had been calculated ~4 years before these
experiments and so a new pO2 vs decay constant calibration will be necessary in case of
any molecular changes to the dye.
Two days after sonication, there was some PTP-C343 dye present in the
vasculature but produced very little fluorescent signal. Thus, an additional injection of
fluorescein was necessary to visualize the vasculature. Extravascular phosphorescent
decays were also less obvious, if present at all.
3.5 CONCLUSIONS AND FUTURE WORK
Repeatable BBB disruption was achieved using FUS and was used to deliver an
oxygen-sensitive 2P contrast agent. Irradiation of brain using unfocused US resulted in
disruption, but not reliably. FUS delivered Evans Blue using a 1 MHz spherically focused
ultrasound transducer operating at its 3rd harmonic of 3.35 MHz with an in vivo MI of ~1
resulted in the most consistent and least damaging disruption. Unfortunately, the 1 MHz
transducer became non-operational after only two 2P imaging experiments, so a 2.25
MHz spherically-focused transducer was used for the duration of the 2P imaging study.
The 2.25 MHz transducer was also able to achieve reliable disruption at an in vivo MI of
~1. In fact, in cases where there was clear disruption as evidenced by extravascular
fluorescent and phosphorescent signal, two days after sonication, the vessels in the
imaged region appeared to be intact and healthy, as evidenced by a lack of leakage of the
dye or hemorrhaging. However, it was not possible to save the tissue for histology and so
it is possible that there may have been tissue damage below the imaging depths that the
2P system was capable of visualizing. In the future, it will be important to confirm that
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there was no tissue damage via histology. A calibration curve for the dye should be
measured, as the original calibration curve may no longer be reliable due to the dye being
more than two years old.
Based on the results of this study, I propose that FUS BBB disruption is a very
promising tool for non-invasive delivery of 2P contrast agents of interest, though it will
require further optimization. The next step for this study would be to perform a
longitudinal study where PtP-C343 is delivered multiple times in the same mouse via
FUS BBB disruption over several days. It has already been demonstrated that repeat
exposures of FUS for BBB disruption, assuming the parameters are safe, does not result
in an increased likelihood of tissue damage. Thus, repeated delivery of PtP-C343 should
be possible, but must be confirmed, and the amount of time that the dye can remain in the
tissue should also be determined. Finally, this technique could be applied in a disease
model such as stroke. The dye could be delivered prior the induction of stroke so that preand post-stroke oxygen measurements could be made and the tissue oxygenation could be
directly linked to neuron survival in a longitudinal study.
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Chapter 4: Photoacoustic Imaging of Plasmonic Nanoparticles in the
Brain Delivered via Focused Ultrasound Blood Brain Barrier
Disruption
4.1 INTRODUCTION
Focused ultrasound (FUS) blood brain barrier (BBB) disruption has been proven
to be a useful method to overcome the challenges of delivering drugs and contrast agents
to the CNS as described in Chapter 3.1-5 The delivery of various contrast agents via FUS
could contribute to a multiscale study of the brain, i.e. imaging at macroscopic and
microscopic levels. For example, FUS BBB disruption has been used to deliver contrast
agents for optical microscopy, such as Texas Red, as well as gadolinium for magnetic
resonance imaging (MRI).6-10 The ability to deliver contrast agents to the CNS allows
researchers to investigate both functional and morphological changes in the brain at the
macroscopic (whole mouse brain) and microscopic (neurons/dendrites) level. One major
challenge in the study of neurological diseases in animal models is an inability to
longitudinally image biomarkers of interest in vivo and correlate these to cognitive and
behavioral studies in the same animal.11, 12 The combined use of FUS BBB disruption for
delivery of targeted contrast agents and photoacoustic (PA) imaging could allow for
whole-brain longitudinal imaging of biomarkers of interest in animal models of various
neurological diseases such as Alzheimer’s Disease or cancer. This would give a much
more informative picture of disease progression in animal models and potentially
improve translatability of treatments to the clinic. In the previous chapter, I demonstrated
that FUS BBB disruption could be used to deliver an oxygen-sensitive optical contrast
agent and that it could allow for longitudinal studies of oxygen levels in the brain of a
mouse. In this chapter, I will expand the use of FUS BBB disruption to delivery of
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photoacoustic contrast agents for whole-brain in vivo ultrasound-guided photoacoustic
imaging.
PA imaging is an US-based imaging technique where the signal results from
optical absorption rather than acoustic reflection.13, 14 In US imaging, a sound wave in the
MHz range is propagated through tissue and is either backscattered by small inclusions or
reflected by acoustic impedance mismatch boundaries.15 The scattered or reflected
acoustic waves are then received by the ultrasound transducer and an image is
reconstructed. In PA imaging, pulsed laser light is used to produce acoustic transients in
the tissue from endogenous or exogenous contrast agents. These acoustic waves can be
detected with a specialized or typical US imaging transducer and processed to form an
image of optical absorption at specific wavelengths.
The use of US imaging in neurological applications has been limited to date due
to the difficulty of transmitting and receiving sound through the skull bone.16-19 The large
difference in acoustic impedance between bone (Z=7-8 kg/m2.s x106 for longitudinal
propagation) and water-based tissue (Z=1.5-2) results in acoustic reflections (~ 35% of
the incident wave at each boundary).20 Mice have thin skulls meaning attenuation is less
of a concern than reflection at lower frequencies (less than 5 MHz), but as the frequency
increases and the wavelength of the acoustic wave approaches the thickness of the skull
(~200 µm), acoustic aberrations as a result of attenuation become apparent.21 PA imaging
has an advantage over US imaging in this situation because the acoustic wave must only
be transmitted through the skull in one direction, not two.18
The signal in PA imaging can also be increased through the use of exogenous PA
contrast agents.14 Several nanoparticles have been used in the literature to enhance PA
imaging of brain vasculature in animal models including nanocages, hollow nanospheres,
nanostars, and a silica and gadolinium coated gold core.22-27 Most of these studies have
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looked at using these nanoparticles to image vasculature or tumor vascularization, taking
advantage of the leaky vasculature associated with tumors. In order to expand PA
imaging to other neurological diseases, the contrast agents must cross the BBB.
Gold nanoparticles (AuNPs) are an especially interesting contrast agent because
their surface can be modified relatively easily, greatly increasing their versatility.14, 28, 29
Surface modification of AuNPs with various peptides has previously been demonstrated
to enhance their ability to cross the BBB, although these particles tend to be smaller than
those typically used for PA imaging, allowing them to cross the BBB.30-32 Larger
molecules cannot cross the BBB in sufficient quantities for imaging. FUS BBB
disruption has previously been demonstrated as a method for delivering AuNPs. One
study demonstrated that in vivo and ex vivo PA tomography clearly showed delivery of
AuNRs via FUS BBB disruption in the rat brain.33 In this study, PA images were
acquired through an open craniotomy and without ultrasound reference images. AuNRs
are of particular interest because their peak absorption corresponds to their aspect ratio,
i.e. they can be tuned to absorb at specific wavelengths by changing their size and
dimensions.34 Additionally, they can be modified to target biomarkers of interest via
antibodies and peptides, making them useful for future studies of potential therapeutics in
neurological diseases.
In this chapter, I aim to demonstrate the feasibility of using FUS BBB disruption
to deliver AuNRs for PA imaging with a commercially-available system and its potential
for in vivo use in animal models of neurodegenerative diseases to aide our understanding
of molecular changes which take place in the brain.
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4.2 MATERIALS AND METHODS
4.2.1 Sonication System
A system similar to that described in Chapter 3 was employed for nanoparticle
delivery, with the exception of different focused ultrasound transducers (Figures 3.5 and
4.2). Initial studies were performed with a spherically-focused 2.25 MHz transducer
(Valpey Fisher, Inc.) with a diameter of 1.5 inches and f# of 1.3, because the 1.1 MHz
transducer was no longer functional. In later experiments, a more tightly focused 2 MHz
transducer with 50 Ω matching circuit and polycarbonate coupling cone was used
(SonicConcepts, Inc., Bothell, WA) to achieve more controlled disruption and reduce
acoustic reflections from the bottom of the skull. The transducer had a 64 mm diameter,
31.5 mm radius of curvature, 20 mm central opening, and f# of 1.00. The rest of the
system remained unchanged (function generator to 50 dB amplifier to matching circuit to
transducer mounted to three-dimensional positioning system).
4.2.2 Transducer Characterization
The 2.25 MHz and 2 MHz transducers were characterized in the same manner as
described in Chapter 3, but with a modified field acquisition system. Pressure maps were
acquired in a degassed water tank with and without the polycarbonate cone using a
system consisting of a vector network analyzer (VNA) and needle hydrophone, courtesy
of Don Vanderlaan (Figure 4.1). The VNA was used to send a signal through the
transducer, which converted electrical energy into acoustic energy. The propagated
acoustic wave was converted back to electrical energy by the hydrophone. This electrical
signal was measured by the VNA, resulting in a quantitative assessment of the acoustic
field strength at a single point in 3D space, represented by a system insertion loss (in
decibels). This process was repeated over a three dimensional grid by translating the
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hydrophone to every point in space and measuring the local field strength. Since the
VNA excitation amplitude is known, the insertion loss measured at each field point can
be converted into actual signal strength in volts, which corresponds to the pressure based
on the hydrophone’s sensitivity. This system allowed for faster acquisition with less
noise.
After field map acquisition, input/output curves were acquired with the coupling
cones using the function generator and 50 dB amplifier. Insertion loss from the skull was
estimated using previous ex vivo experiments and data published in the literature.
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Figure 4.1: Schematic of field mapping set-up with virtual network analyzer.
4.2.3 In vivo Parameter Optimization
As previously outlined in section 3.3.1.2, Evans Blue (EB) was initially used as
an indicator of BBB leakage to ensure that the chosen parameters would cause effective
disruption. EB studies were only performed with the 2.25 MHz transducer as it was
assumed the same in vivo pressure would result in disruption with both the 2 and 2.25
MHz transducers. Pressures were determined using the input/output curves acquired as
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described in section 4.2.2. The same procedure described in the previous chapter for in
vivo parameter optimization was used for these studies.
4.2.4 Ex vivo Imaging Study Procedure
4.2.4.1 Sonication Procedure
The same procedure described in the in vivo parameter optimization studies in the
previous chapter was used, with the exception of the 1.1 MHz transducer being replaced
with the 2.25 MHz or 2MHz transducer (Figure 4.2) and that the 50 uL bolus injection of
microbubbles (~2x107 microbubbles/ml) was co-injected with 50 uL of AuNRs (100 OD,
850 nm PEG-coated or silica-coated and PEGylated, Nanohybrids, Inc., Austin, TX).
Additionally, sonication was initiated immediately after injection, rather than 10 seconds
after. This was done because it was discovered in an unrelated study that the circulation
time of the microbubbles in an anesthetized mouse could be between 30 seconds to 2
minutes. Literature also supports this possibility.
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Figure 4.2: (Left) Schematic of sonication set-up with 2 MHz transducer and
polycarbonate coupling cone. (Right) Photograph of sonication set-up with
2.25 MHz transducer and coupling cone.
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Briefly, the transducer was positioned, using the 3D translation stages, over the
right parietal bone (allowing the left side of the brain to serve as an internal control), 2
mm laterally from the sagittal suture, such that the focus was approximately 1mm below
the surface. In later experiments, lambda was visible through the scalp and was used as a
reference point for positioning (3 to 4 mm forward from lambda, 1.5 to 2 mm left or right
of the sagittal suture). Axial position was measured using a pulser/receiver and digital
oscilloscope. The solution of microbubbles and AuNRs was retro-orbitally injected and
sonication was initiated. Sonication parameters were programmed using a function
generator. Signal from the function generator was routed through a 50 dB amplifier,
through a 50 Ω matching circuit, to the transducer. Sonication parameters were as
follows: frequency = 2.25 MHz or 2 MHz, duty cycle = 10%, burst repetition frequency =
10 Hz. Amplitude was initially set to achieve an in vivo mechanical index of 1 or 1.3
(assuming ~50% insertion loss from the skull), but was lowered to 0.7 in later
experiments to reduce potential hemorrhaging that was visualized during PA imaging of
excised tissue.18
After sonication, mice were allowed to recover from anesthesia for 4 hours. They
were then sacrificed via cardiac perfusion with phosphate buffered saline (PBS) and
formalin. The heads were removed and post-fixed in formalin overnight.
4.2.4.2 Imaging Procedure
One to three days post-sacrifice, the excised heads were spectroscopically imaged
with US and PA (Vevo 2100 + LAZR, VisualSonics, Inc.) without the skin, but with the
skull intact. After imaging, the brain was carefully removed from the skull and imaged
separately. Images of the intact heads were acquired with a 15 MHz or 21 MHz combined
US/PA imaging transducer (Vevo LZ250, VisualSonics, Inc.). Excised brains were
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imaged with a 40 MHz combined US/PA imaging transducer (Vevo LZ550,
VisualSonics, Inc.). All tissue samples were placed on top of a gelatin or polyacrylamide
phantom in a container of degassed water. 3D coronal and sagittal spectroscopic image
sets were acquired for each mouse with a step size of 0.1 mm. PA images were acquired
over 12 wavelengths (680, 700-950 nm in 25 nm increments).
4.2.5 In vivo Imaging Study Procedure
Acute in vivo studies followed the same sonication procedure as the in vivo
parameter optimization studies. Mice were treated at two different MIs (2 mice at an MI
of 0.6 and 4 mice at an MI of 0.7). Prior to sonication, US/PA images were acquired
without exogenous contrast agents. A head cover/well, filled with acoustic coupling gel,
was fashioned from modeling clay. The cover/well was used to reduce PA signal from
remaining hair on the mouse’s head and to cover the mouse’s eyes. Pre-sonication 3D
spectroscopic coronal and sagittal US/PA images were acquired, again over 12
wavelengths. Mice were imaged again directly after sonication and 2 to 4 hours after
sonication. After final imaging, mice were sacrificed via cardiac perfusion with PBS and
formalin. Brains were excised and stored in formalin for at least 24 hours for ex vivo
imaging, as described above.
4.2.6 Image Analysis
Images were processed in Matlab. For ex vivo experiments, expected sources of
PA signal were the AuNRs and deoxygenated hemoglobin (from hemorrhage or
incomplete tissue clearance during perfusion). As the tissues had been fixed in formalin
for a minimum of 24 hours, it was assumed that oxygenated hemoglobin was no longer
present. The absorption spectrum for the AuNRs was measured with a UV-VIS

81

spectrometer. For deoxygenated hemoglobin, a compiled values absorption spectrum was
used for reference (Oregon Medical Laser Center website).
Initially, PA signal from AuNRs was resolved using ratiometric analysis. Briefly,
pixels were assigned to one of the two possible tissue components based on the ratio of
PA signal intensity at two wavelengths: 850 nm and 680 nm. These wavelengths were
1
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based on the absorption/PA spectra of AuNRs and deoxygenated hemoglobin.
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Figure 4.3: Normalized absorption spectra of deoxygenated hemoglobin, oxygenated
hemoglobin, and silica-coated 780 nm absorbing and 850 nm absorbing
AuNRs, with corresponding TEM images (courtesy of Nanohybrids, Inc.).
For in vivo experiments, PA signal sources included AuNRs, deoxygenated
hemoglobin, and oxygenated hemoglobin. Because there were three sources of contrast, a
more advanced spectral unmixing algorithm was used to resolve the AuNRs.35, 36 In this
approach, the signal at each pixel is assumed to result from multiple absorbers with
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known spectra and the contribution of each absorber to the signal is determined by fitting
the PA signal at each pixel to the known spectra. The absorption spectra for each of the
possible absorbers is shown in Figure 4.3.
4.2.7 Histology
After completion of ex vivo imaging, all excised brains were cryopreserved in
30% sucrose in PBS and flash frozen for later histology. Frozen brains were
cryosectioned to 20 to 40 µm thick coronal sections. Serial sections were stained for
various markers of interest. Standard hematoxylin & eosin (H&E) stain was used to mark
for extravasated red blood cells and to visualize gross morphological changes. Briefly
sections where thawed at room temperature and rehydrated in distilled water for 20
minutes. Sections were dipped 5 times in Mayers hematoxylin and rinsed under running
tap water for 5 minutes. Slides were then differentiated in acid alcohol until desired stain
level was achieved. Slides were then rinsed in tap water for five minutes and then
counterstained with Eosin for 2 minutes. Slides were then dehydrated via gradated
alcohol, cleaned in xylene and mounted in organic medium.
Two-photon microscopy (LSM 710 NLO, Carl Zeiss AG) was used to confirm the
presence of silica-coated gold nanorods. An excitation wavelength of 800 nm was used,
and the signals were acquired in an emission range between 460 and 700 nm.
Fluorescent immunohistochemistry was used to identify reactive astrocytes
(GFAP), in order to better understand the inflammatory response to FUS BBB disruption.
Sections were thawed at room temperature and rehydrated in 1 X PBS for 20 minutes.
Slides were then incubated with a blocking buffer of 5% normal goat serum in 1X PBS
for 1 hour at room temperature. Blocking buffer was removed and primary antibody was
added. Primary antibody was diluted 1:100 in blocking buffer with the addition of 0.02%
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TritonX100. Slides were incubated with primary antibody at 4oC overnight in a
humidified chamber. The primary antibody was then removed, followed by three 1 X
PBS washes. An appropriate secondary was diluted 1:1000 in blocking buffer and
incubated on the sections for 1 hour at room temperature in the dark. Secondary antibody
was then removed followed by three 1 X PBS washes. Sections were mounted and
coverslipped with VectaShield with DAPI (Vector Labs). Coverslipped slides where
stored in the dark at 4oC until images where acquired.
The untreated hemisphere served as an internal control. Stained tissue samples
were visualized with an inverted microscope capable of fluorescence and light imaging
(DMI 3000B, Leica Microsystems, Inc., Buffalo Grove, IL) and composite images were
created with ImageJ.
4.3 RESULTS
Field maps from the 2.25 MHz are shown in Figure 4.4. A field map from the 2
MHz transducer from Sonic Concepts was not acquired, but the calculated focal width
and depth of focus based on the geometry of the transducer are 0.77 mm and 5.47 mm.
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Figure 4.4: Acoustic field map of 2.25 MHz focused ultrasound transducer shown in
decibels. Solid line: -6 dB or 50% maximum pressure. Focal width=~1.5
mm, depth of field ~9 mm
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Results from in vivo parameter optimization with the 2.25 MHz transducer are not
shown, but EB leakage was visible using an in vivo MI of 1. The corresponding pressure
was used for initial AuNR delivery studies, but was increased to an MI of 1.35
eventually, assuming 50% insertion loss from the skull and skin.18
The 2.25 MHz transducer was used on n=4 mice. Disruption was visible in two of
the four mice. Ex vivo PA images are shown in Figure 4.5. AuNRs were detectable both
in the excised brain and with the skull intact as evidenced by ratiometric analysis. In
addition to the AuNRs, deoxygenated hemoglobin was also detectable, indicating
vascular damage. Because disruption was not consistent and resulted in tissue damage,
subsequent studies were performed with the 2 MHz, larger diameter transducer. As can
be seen in Figure 4.5, the inside of the skull is entirely hypoechoic in the ultrasound
image, but PA signal can be observed, particularly in tissue samples that were not fully
perfused. This is because the PA signal only needs to pass through the skull once, rather
than twice like US pulse-echo signal, reducing attenuation.
Skull

Au Nanopar*cles

1 mm

Hemoglobin

Figure 4.5: Resolved PA signal resulting from FUS BBB disruption with sphericallyfocused 2.25 MHz transducer at in vivo MI of 1.7.
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There was some initial success with the 2 MHz transducer in the ex vivo imaging
studies. AuNR delivery was demonstrated in 5 of 6 mice (in vivo imaging and ex vivo
imaging experiments). The 5 mice that showed AuNR delivery were female, the mouse
that showed no disruption was male. Lack of disruption in the male mouse is possibly due
to its larger size and increased scalp thickness, which made positioning in all directions
less accurate. PA images of the excised brains for one mouse are shown in Figure 4.6.
The disruption appeared to be more confined laterally compared to the 2.25 MHz
transducer. Because of these promising results, in vivo imaging studies were initiated.

Coronal View

Sagi.al View

2 mm

2 mm

Figure 4.6: Raw PA signal at λ=850 nm, in an excised, perfused brain, resulting from
FUS BBB disruption with 2 MHz transducer and injection of PEGylated 850
nm absorbing AuNRs. Signal outside of the outlined region is
predominantly due to deoxygenated hemoglobin, as verified by ratiometric
analysis. MI= ~0.85
Due to the presence of skin, a lower frequency imaging transducer (15 MHz) was
used to minimize potential ultrasound scattering and loss of PA signal waves. An
example of baseline US and PA images are shown in Figure 4.7. It is important to note
that the PA signal directly under the skull at λ=700 nm is an artifact resulting from the
PA pulse from the skin reflecting off of the skull and being detected by the transducer
after a short delay. This artifact is present at all wavelengths, but is strongest at λ=680
and 700 nm. There is little to no US signal inside the skull, but cerebral vessels and
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cortical vessels are visible around the ventricles and at the skull-brain interface,
respectively.
Ultrasound

2 mm

PA at 700 nm

PA at 900 nm

Figure 4.7: In vivo baseline US B-mode image and raw PA signal at λ=700 nm and
λ=900 nm. Dashed line: estimated location of the skull. Bright regions
inside the skull at λ=900 nm are vessels surrounding the lateral ventricles
(indicated by white arrows).
Unfortunately, disruption was difficult to detect in vivo in the mice that were
sonicated with the 2 MHz transducer (2 mice at an MI of 0.6 and 4 mice at an MI of 0.7).
However, in ex vivo images, AuNRs are clearly present in 4 of the mice treated at an MI
of 0.7. In vivo and ex vivo results are shown for 4 mice sonicated at an MI of 0.7. In one
mouse, bubbles were visible during imaging directly after sonication (Figure 4.8).
5 min Post-Sonica.on

90 min Post-Sonica.on

2 mm

Figure 4.8: US B-mode images acquired (Left) directly after microbubble injection and
sonication and (Right) 90 minutes after injection and sonication. Arrow:
location of vessels visible with microbubbles.
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Spectral unmixing of in vivo and ex vivo results for mice sonicated at an MI of
0.7, 4 hours post-sonication, are shown in Figure 4.9. In the mice where bubbles were
visible directly after sonication (Figure 4.8), leakage of AuNRs was more extensive, as
can be seen in the ex vivo images in Figure 4.9.
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Figure 4.9: In vivo and ex vivo results of FUS BBB disruption with 2 MHz transducer at
an in vivo MI of 0.7, for delivery of silica-coated AuNRs in two mice.
Mouse 1 was injected with silica-coated 850 nm absorbing AuNRs. Mouse 2
was injected with silica-coated 780 nm absorbing AuNRs. (Left column)
Raw PA signal at λ=850 nm and λ=775 nm. (Right 3 columns) Spectral
unmixing results. Oxygenated hemoglobin was not included in the ex vivo
spectral unmixing because the tissue had been in formalin for at least 24
hours, thus no oxygenated hemoglobin was present. MI= ~0.7
After imaging, the tissue was used for histological analysis. Consecutive sections
were stained with H&E and evaluated by two photon imaging. Results are shown in
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Figure 4.10. H&E staining was used to detect extravasated red blood cells as a result of
FUS damage to the blood vessels. In two photon imaging, AuNRs are highly fluorescent.
In the Figure 4.10, there is no evidence of red blood cells in the H&E stained section in
the region corresponding to AuNR fluorescence.
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Figure 4.10: (A) USPA results from Mouse 4 treated with 2 MHz transducer at an in vivo
MI of 0.7 (wavelength=775 nm). Yellow box indicates treated region. (B)
Two photon image of tissue section from same region as US image. Yellow
box indicates the treated region as A. White dashed boxes indicate location
of H&E stained tissue slices shown in C. (C) H&E stained section from
same region as A and B.
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4.4 DISCUSSION
Several transducers were tested for BBB disruption, but it was determined that
consistent, localized disruption would require a tightly focused transducer. The 2 MHz
transducer was determined to be optimal. In ex vivo experiments, 2.25 MHz was shown
to be capable of delivering AuNRs to the brain tissue as is evidenced by the presence of
PA signal from AuNRs even after cardiac perfusion, although there were issues with
reproducibility. Spectral unmixing detected what seemed to be deoxygenated hemoglobin
in all of the mice, suggesting hemorrhaging and possible tissue damage. However, this
was not confirmed with H&E staining, which showed no gross tissue changes or leakage
of red blood cells. With the 2 MHz transducer, AuNR delivery was detected in 5 of 6
mice in ex vivo imaging experiments. Disruption was more localized than with the 2.25
MHz, as was expected given the much smaller focal width of the 2 MHz transducer.
In vivo imaging proved to be difficult due to absorption and scattering created by
the scalp. However, with the 15 MHz US/PA imaging transducer, it was possible to
detect cortical vessels and major vessels that ran perpendicular to the transducer.
Additionally, it was possible to visualize microbubbles in the large, transverse
hippocampal arteries in one of the mice during US imaging directly after sonication. It
appears that AuNRs may not be delivered in sufficient concentration to visualize them
with the skin intact. In future studies, it would be best to resect the skin to better visualize
AuNRs through the skull. The MIs used in these studies are slightly higher than those
typically used in literature, resulting in possible tissue damage as evidenced by the
presence of deoxygenated hemoglobin in PA imaging. However, this signal could also be
a result from the overlap of the deoxygenated hemoglobin and nanorod absorption. In the
future, care should be taken in imaging wavelength selection for optimal spectral
unmixing and several types of nanorods should be tested to determine the optimal
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absorption wavelength. High MIs were used in an effort to ensure an effect that could be
imaged with US/PA. Optimization of sonication parameters will be necessary in order to
reduce tissue damage but still ensure maximum delivery of AuNRs.
Finally, it has been suggested in the literature that the use of pure medical oxygen
could affect the extent of BBB disruption.37,

38

Sonication with medical air (a mix of

nitrogen and oxygen) produced more extensive BBB disruption and gadolinium delivery,
as evidenced by MRI signal amplification, than sonication with oxygen in the same mice.
It is possible the gas concentrations in the blood could affect the stability of the
microbubbles, either increasing or decreasing their effectiveness and circulation time.
4.5 CONCLUSIONS AND FUTURE WORK
Based on the results presented in this chapter, FUS BBB disruption for delivery of
PA contrast agents is a potentially useful tool for studying animal models of CNS
diseases. At this point, more optimization is necessary for this method to reach its full
potential. In the future, it will also be important to understand the long-term effects of
FUS BBB disruption for nanoparticle delivery before this method can be used to study
animal models of diseases safely. Specifically, it is necessary to understand the long-term
effect of the inflammatory response caused by the FUS BBB disruption and to determine
what happens to the nanoparticles after delivery and how they are or are not cleared from
the CNS.
Despite the need for further optimization and safety studies, FUS BBB disruption
has huge potential for the non-invasive delivery of PA contrast agents to the brain and
could become a powerful tool to aide our understanding of the mechanisms of and
evaluate potential therapeutics for neurological disorders.
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Chapter 5: A Photoacoustic Contrast Agent for Alzheimer’s Disease:
Antibody-conjugated Gold Nanoparticles
5.1 INTRODUCTION
Alzheimer’s Disease (AD) is a devastating neurodegenerative disorder,
characterized by progressive dementia, affecting 5.4 million people in the United States
alone.1, 2 It is the most common cause of dementia, but definitive diagnosis can only be
made post-mortem via histology.

Clinically, AD is diagnosed primarily through a

process of elimination and differential diagnosis.3 Initially, a diagnosis of dementia is
made and then other potential causes are systematically eliminated through imaging and
other clinical tests. Symptoms of AD include life-disrupting memory loss, difficulty in
completing daily tasks, social withdrawal, agitation, and mood and personality changes,
all of which are a result of neuronal synaptic changes and neuronal loss. Typically, AD
presents in patients over the age of 65, but early-onset familial AD can affect patients in
their 40’s and 50’s. As our population ages, the prevalence of AD is expected to increase.
Currently, there is no cure or mitigating treatment for AD. While there have been
promising results in animal models, none of these have translated to positive clinical
outcomes.4-6 One of the main reasons for this disparity is a lack of in depth understanding
of biomarker expression and how this expression correlates to cognitive and behavioral
outcomes. An imaging system which would allow for the longitudinal imaging of
biomarker expression in vivo in preclinical models of CNS diseases, while not interfering
with the collection of behavioral and cognitive data, would be an extremely powerful and
useful research tool.
The classical biomarkers of interest in AD include beta-amyloid (Aβ) plaques and
tau tangles.7,

8

The normal function of Aβ is not well understood, but in AD, it is

accumulated in high amounts and forms cytotoxic soluble clusters and eventually
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aggregates into insoluble extracellular plaques, which have long been the definitive
hallmark of AD, specifically Aβ1-42.9 These plaques initially appear in the hippocampus
and then spread to the cortex. It has been suggested that Aβ aggregates can induce
hyperphosphorylation of tau protein.10 In a healthy patient, tau is associated with
microtubule stability. In an AD patient, hyperphosphorylation of tau results in
aggregation of tau into neurofibrillary tangles and destabilized microtubules, eventually
leading to cell death. There are well-established post-mortem histological stains for each
of these markers, but few in vivo contrast agents are currently available to assess these
proteins with any quantitative value.
Although there are currently several methods for imaging AD biomarkers in
preclinical models, each method has inherent limitations. Standard histology stains
include Thioflavin T or S and Congo Red.8, 11 However, these rely on fluorescence and
light microscopy, respectively, for identification. Congo Red and Thioflavins have been
used for fluorescence imaging in vivo, but their usefulness is limited to depths of less than
1 mm, limiting imaging to the surface of the cortex, even in mice.12-15 Also, this imaging
method requires the use of an invasive cranial window. For imaging through the skull or
at depths beyond 1 mm in scattering tissues, a contrast agent, which absorbs in the nearinfrared (NIR) region is required. The use of NIR fluorescent markers with Aβ-labeling
antibodies has also been explored for non-invasive optical imaging, though high
background fluorescence in CNS tissue has made it difficult to differentiate between AD
transgenic mice and controls.16
Another alternative to optical imaging of Aβ is PET. Pittsburgh Compound B
(PIB), a derivative of Thioflavin T that can be bound to radioactive ligands, has been
established as a PET contrast agent for Aβ imaging.17-23 PET, although useful, has several
disadvantages, the two greatest being the requirement of expensive radioactive ligands,
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even in trace amounts, and the associated need for a cyclotron nearby for the generation
of the ligands due to their short half-life. Aside from the limited availability and ionizing
radiation and high cost, PET also has poor resolution, roughly 5 mm, limiting its
usefulness in the most common AD animal models utilizing transgenic mice.
PA imaging is a non-ionizing imaging modality that takes advantage of the PA
effect or the conversion of light to sound by the absorption of electromagnetic radiation
and localized thermal deposition.24, 25 Since the primary source of contrast comes from
optical absorption, it has the advantage of optical contrast combined with imaging depths
of up to several centimeters. Several studies have demonstrated the ability of PA imaging
to visualize the brain in vivo in mice and rats.24, 26-31 One study demonstrated imaging of
Aβ plaques in the top millimeter of cortical tissue at micron-level resolution.32 Congo
Red was employed as the Aβ-specific PA contrast agent. However, as previously
mentioned, Congo Red’s peak absorption of 498 nm limits its usefulness for imaging
brain structures located deeper than 1 mm below the cortical surface.
Metallic nanoparticles lend themselves well as photoacoustic contrast agents
because of a large absorption cross-section.33 Gold nanoparticles (AuNPs) exhibit strong
absorption in the visual and NIR regions because of localized surface plasmon resonance
(LSPR). LSPRs result from the interaction of an external electric field with nanoscale
conductive particles. This interaction results in collective oscillations of electron charges
in the conduction band of the nanoparticles. This effect gives rise to unique optical
properties such as increased optical absorption and scattering cross-sections and the
optical absorption tunability. Gold nanorods (AuNRs) can be tuned to the NIR region by
changing their aspect ratio and can exhibit an absorption spectrum shift when in close
proximity to one another.34 This absorption shift could be used to differentiate between
nanorods that are bound to an analyte of interest and those that are unbound.
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Surface modification and bioconjugation of AuNPs have been extensively studied
and several methods for conjugating antibodies to AuNPs exist.35, 36 I believe that an antiAβ antibody will be an excellent initial targeting moiety to test as there are a number of
effective methods for conjugating antibodies to AuNPs. Electrostatic adsorption,
intermediary linkers, and avidin-biotin systems have all been used to conjugate antibodies
to gold particles, but it is difficult to control orientation of the antibody which is essential
for ensuring the functional binding sites of the antibodies are available to the antigen.36
For this reason, I used a directional conjugation protocol previously described in the
literature, which will preserve the availability of the antigen-binding site of the
antibody.37
In this chapter, I aim to determine viability of an anti-Aβ conjugated nanoparticle
to target Aβ in ex vivo animal and human tissue samples.
5.2 MATERIALS AND METHODS
5.2.1 Nanoparticle Synthesis
These initial feasibility studies were conducted with gold nanospheres (AuNSs)
because of ease of synthesis. AuNSs were synthesized via the citrate method.38, 39 All
glassware was rinsed with nanopure water and cleaned with aqua regia prior to use.
Briefly, 5 mg of HAuCl4 was added to 47.5 mL of nanopure water and brought to a
vigorous boil under reflux. Then, 25 mg in 2.5 mL of sodium citrate was added while
stirring and the solution was left until the color changed to red (~10 minutes). The
solution was removed from heat and left to stir under reflux until cooled to room
temperature. Nanoparticles were stored at 4oC until use.
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5.2.2 Antibody conjugation
Amyloid-beta(1-42) targeted IgG antibodies (ab201060, ab10148, Abcam) were
selected for specificity for both murine and human tissue samples and binding specificity
was verified through standard immunohistochemistry. Antibodies were attached to the
surface of AuNSs via directional conjugation, using a thiol linker attached to the nonbinding portion of the antibody, and were back-filled with 5 kD mPEG-thiol as described
in literature (Figure 5.1).37
Hydrazide-PEGdithiol linker

SH

SH

C33H60N2O10S2 MW 708.97

H2NHNOC
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Figure 5.1: Illustration of directional conjugation of IgG antibodies to gold
nanospheres.37
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5.2.3 Particle Characterization
AuNS samples were analyzed using a Hitachi HT7700 TEM (transmission
electron microscope) and Malvern Zetasizer Nano ZS. Zeta-potential was used to
evaluate surface charge of the particles and thus success of surface conjugation.
Ultraviolet to visible (UV-VIS) absorption spectra of the AuNSs in water (if uncoated)
and PBS (if PEGylated) were measured with a Thermo Scientific Evolution 220 UV-VIS
spectrophotometer to verify that the spectrum did not change appreciably after surface
modification.
5.2.4 Atomic Force Microscopy
To initially evaluate specificity of the conjugated AuNSs to Aβ, particles were
incubated with synthesized Aβ (1-42) aggregates. Aggregates were synthesized following
a procedure published by Stine et al.40 Briefly, temperature and pH were used to control
aggregation of pure Aβ monomers into oligomers, fibrils, and larger aggregates. For these
studies, only fibrils and aggregates were synthesized.
Lyophilized Aβ1-42 (A-1163-2, rPeptide, LLC) was resuspended with 1,1,1,3,3,3hexafluoro-2-propanol (HFIP, 105228, Sigma) to ensure a uniform and unaggregated
solution of Aβ monomers. The solution was then aliquotted into low-bind
microcentrifuge tubes and the HFIP was allowed to evaporate in a fume hood overnight.
The dried Aβ was resuspended to 5 mM in Me2SO (DMSO, D2650, Sigma-Aldrich). To
generate fibrils and aggregated fibrils, the solution was diluted to 100 µM with acidic
solutions of either 10 mM HCl or 10 mM HCl/150 mM NaCl respectively. Solutions
were then vortexed for 30 s and incubated at 37 °C for 24 hours.
Fibrils and aggregates were then incubated with freshly cleaved mica, affixed to a
glass slide, for 5 minutes. The mica surface was gently rinsed with nanopure water and
dried with a gentle stream of nitrogen. Conjugated, PEGylated, and as-prepared AuNSs
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were diluted to 1 OD in their respective solvents and incubated with bare mica, fibrils, or
aggregates for 5 minutes and then gently rinsed with nanopure water and dried with a
gentle stream of nitrogen.
All samples were then imaged using a Veeco Dimension 3100 Scanning Probe
Microscope equipped with Olympus OTESPA-R3 AFM probes. Once tip contact was
achieved, Z position was optimized to keep contact force to a minimum. Scan size was
kept smaller than 10x10 µm and scan rates were kept between 1 and 2 Hz. Images were
then processed in Nanoscope using zero-order flattening.
5.3 RESULTS
UV-VIS absorption of the as-prepared (citrate-stabilized), PEGylated, and
antibody-conjugated particles indicated no change in the absorption spectrum. Peakabsorption remained within 10 nm of 523 nm and was not affected by surface
modification. Hydrodynamic size of the particles increased with the various surface
modifications, as expected. Zeta-potential of the citrate-stabilized particles (-44 mV), but
positive for the PEGylated (+11 mV). A protocol for measuring small volumes is being
developed in order to measure the antibody-conjugated particles, though values are
expected to be around +14 mV based on literature.41 DLS and zeta-potential
measurements will be redone with a new batch of particles to ensure consistency between
batches and of the instrument.
AFM of particles incubated with synthesized fibrils and aggregates are shown in
Figure 5.2. Citrate-stabilized and PEGylated particles did not bind to fibrils, but Abconjugated particles are clearly present. It is important to note that there were more fibrils
present in the antibody-conjugated image, which could affect binding of particles. In the
fibrillar aggregate samples, citrate-stabilized particles stuck to the synthesized
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aggregates, PEGylated particles seemed to stick to the mica surface and minimally to the
aggregates, and antibody-conjugated particle adhered to the fibrillar aggregates and to the
mice surface to a larger extent. The results in the fibrillar aggregates correspond to the
surface charge of the particles.
Citrate-stabilized

PEGylated

An4body
Conjugated

20 nm

15

Fibrils

10

5

Fibrillar
Aggregates

0

-5

Figure 5.2: AFM images of citrate-stabilized, PEGylated, and antibody-conjugated gold
nanospheres after incubation with synthetic Aβ1-42 fibrils and fibrillar
aggregates.
5.4 DISCUSSION
Antibody conjugation to the AuNSs was successful, as validated by DLS and
zeta-potential measurements. AFM characterization of nanoparticle targeting was
inconclusive. Inconsistencies in the fibril sample preparations made it difficult to
compare the specificity of the particles, though it did appear that the antibody-conjugated
particles adhered to the fibrils in high concentrations. The fibrillar-aggregate samples
demonstrate both surface-charge-sensitive adherence as well as antibody-antigen
interactions. The strong negative surface charge of the citrate-stabilized particles caused
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them to adhere to the positively-charged peptide aggregates, although they were repelled
by the negatively-charged surface of the mica. It is possible that binding to the fibril
sample was limited due to low concentration of fibrils surrounded by a negatively
charged surface. The slightly positively-charged PEG particles had minimal interactions
with both the mica and the peptides. The positively-charged antibody-conjugated
particles adhered to the mica surface, but also can be seen on the fibrillar aggregates. This
would indicate that they overcame the potential electrostatic forces due to the antibody
binding to the antigen. This would explain the results of the fibril sample as well as the
fibrillar aggregate sample, but nanoparticle binding needed to be examined further.
5.5 CONCLUSIONS AND FUTURE WORK
Initial AFM studies showed promising results, although electrostatic interactions
affected binding of particles. To reduce electrostatic interactions, studies were performed
in human and mouse tissue samples. Ex vivo histology is currently being optimized and
performed. Conjugation of an anti-Aβ antibody was straight-forward and resulted in
positively charged particles Anti-Aβ-conjugated AuNSs were able to bind specifically to
synthesized Aβ1-42 fibrils and aggregates, though also interacted strongly with negativelycharged cleaved mica. They were also able to bind to Aβ1-42 plaques in murine and human
tissue samples, though antibody-optimization was necessary.
The next logical step would be to determine how antibody-conjugated particles
might affect cells of the CNS. One research group is investigating an in vitro microfluidic
model of primary cells of the CNS, including inflammatory cells. If the antibodyconjugated nanoparticles cause an inflammatory response, nanoparticles could be
conjugated to molecules that are derivatives of amyloid-binding dyes as an alternative to
antibodies. Several PET contrast agents were developed from derivatives of the
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histological stains Congo Red and Thioflavin. It may also be possible to develop an
amyloid-specific PA dye. Nanoparticles or dyes could be delivered using one of several
methods: direct injection, FUS BBB disruption, or BBB disruption via hyperosmotic
solution. Should all of these methods cause an undesired inflammatory response, it could
be possible to modify the surface of the particle or the dye with an additional peptide that
could allow the particles to cross the BBB.42, 43
Amyloid-specific PA contrast agents present great promise in helping to
understand disease progression in animal models by allowing behavioral and cognitive
studies to be correlated to biomarker expression, as well as to verify the effect of
potential AD therapeutics in clinical trials. The studies presented in this chapter show
promising results, further optimization is necessary before embarking in testing this
imaging modality in assessing potential therapeutics.
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Chapter 6: Conclusions and Future Work
6.1 SUMMARY OF WORK
The aim of this research was to develop ultrasound-based techniques for new
applications in neurology and neuroscience. Ultrasound and photoacoustic imaging are,
potentially, highly effective tools for preclinical neuroimaging due to their ability to
provide both anatomical and molecular information.
In Chapter 2, a novel method for imaging cerebrospinal fluid flow in a
hydrocephalus shunt using microbubble-enhanced ultrasound was described.1 The
method employed a speckle-tracking algorithm originally developed for elasticity
imaging. Flow rates as low as 0.006 ml/min were detected and quantified. Compared to
other methods for measuring flow in a shunt catheter, this method proved to be more
sensitive. Additionally, this method was able to quantify flow and produce a twodimensional displacement map, which could be utilized to identify regions of turbulent
flow. Ultrasound CSF flow measurement lends itself well as an initial screening tool for
hydrocephalus shunt malfunction because it is minimally invasive, requiring only the
injection of an US contrast agent, does not require any radiology or neurology expert for
interpretation of the image, and can be performed in a doctor’s office or emergency room.
It could even be used to study CSF flow dynamics over time in patients, and eventually to
monitor shunt function through primary care physician visits, reducing the need for costly
visits to the emergency room or imaging centers.
FUS BBB disruption was used to non-invasively deliver imaging contrast agents
to the brain tissue of mice. In Chapter 3, an oxygen-sensitive two-photon contrast agent
was delivered and used to measure oxygen saturation extravascularly. The results of this
study suggested that FUS BBB disruption could potentially be used to evaluate oxygen
saturation of brain tissue longitudinally. In Chapter 4, FUS BBB disruption was used to
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deliver photoacoustic contrast agents, which were subsequently imaged in ex vivo and in
vivo. The combination of the results these two studies suggests that FUS BBB disruption
could aid in a multiscale investigation of the brain by delivering contrast agents for
imaging both on the microscopic and the whole brain scale. In vivo photoacoustic
imaging required more optimization due to high absorption of the skin, but ex vivo
imaging was possible with the skull intact, indicating that PA imaging could still be used
for longitudinal studies.
Finally, in Chapter 5, a PA contrast agent for Alzheimer’s Disease was
developed and characterized. Anti-beta-amyloid antibodies were conjugated to gold
nanospheres using a directional conjugation method that ensures the antigen binding site
of the antibody is available. Conjugation and subsequent PEGylation did not affect the
absorption spectrum of the nanospheres. Surface modification did affect surface charge,
as evaluated by zeta-potential. Incubation of the nanoparticles with synthesized amyloid
aggregates showed some promising results, though electrostatic interactions of the
various control particles and conjugated particles made interpretation of the binding
specificity difficult. Immunohistochemistry evaluation of the nanoparticles is ongoing.
Overall, several new promising applications of ultrasound and ultrasound-based
techniques for imaging in the brain are presented. Even though these results are
promising, there is room for optimization in each of the studies and potential future
applications. In this chapter, future research directions for each of the studies presented
will be described.
6.2 IMPROVEMENTS TO ULTRASOUND-BASED CSF FLOW MEASUREMENT
In order for microbubble-enhanced ultrasound measurement of CSF flow to
become common place in the clinic, several improvements must be made to the current
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method. First, the algorithm parameter selection should be automated to make it more
user friendly. For example, kernel size, search area, and flow correction factor could be
pre-defined based on the transducer being used, imaging frame rate, and expected range
of flow rates.
In addition to an automated-algorithm, data processing should occur in real-time.
The code used in the study presented in chapter 2 required roughly 1.5 minutes per
correlation of two frames. The code essentially performed the cross correlation pixel by
pixel. The code could be more streamlined by processing multiple pixels in parallel.
Matlab could be used to perform these calculations and could be used for real-time
imaging and processing on the Verasonics Vantage, a Matlab-based ultrasound imaging
system.
There is a study in progress looking into using the Verasonics Vantage and
nonlinear contrast imaging to enhance the sensitivity of the method described in chapter
2. By using nonlinear contrast imaging, ultrasound signal from the stationary walls of the
catheter are suppressed and speckle from the microbubbles are enhanced.
Finally, microbubbles could be produced in the catheter non-invasively by
acoustic cavitation.2 Acoustic generation of microbubbles in a shunt catheter was
previously described in the literature. Detection of acoustically-generated microbubbles
in a shunt catheter using B-mode ultrasound imaging was demonstrated in an unpublished
study (Figure 6.1). All of the aforementioned improvements would increase the
likelihood of microbubble-enhanced US measurement of CSF flow being adopted for
clinical use.
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Figure 6.1: B-mode images of shunt catheter with microbubble signal overlayed in red.
Microbubble signal was identified by differencing from image of waterfilled catheter. Images are 0.04 s apart with input flow rate of 0.1 ml/min.
(Images courtesy of Andrew Fowler, unpublished).
6.3 IMPROVEMENTS TO FUS BBB DISRUPTION AND IN VIVO PA IMAGING
As with the delivery of PtP-C343, the studies in chapter 4 indicated that delivery
of gold nanorods in a mouse via FUS BBB disruption is possible. However, significant
parameter optimization is necessary, in addition to optimization of delivery of the
microbubbles. The parameters chosen for these studies were higher than those reported as
safe in the literature in an effort to ensure a detectable effect.3 In addition to this, the
amount of AuNRs delivered varied drastically between mice exposed to the same
sonication parameters. This likely has to do with variability in the microbubble samples,
as microbubbles were only visible during in vivo imaging in one mouse and that mouse
also had the greatest extent of BBB disruption and AuNR delivery, and was also the only
mouse to have difficulty recovering after sonication. Based on these observations, there
are several optimizations that could be used to improve the consistency of disruption.
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Ultrasound imaging could be used to verify delivery and circulation of viable
microbubbles. Further, if the circulation time is found to vary between mice,
microbubbles could be delivered by infusion through a catheter rather than a direct bolus
injection to ensure the presence of effective microbubbles for duration of the sonication.
In order for this method to be useful as an in vivo imaging tool, the high signal
content of the scalp must be overcome. The large PA signal of the scalp also reflects off
of the skull, producing a second artifact signal just below the skull, preventing detection
of PA signal from other sources in that region. One option is to remove a portion of the
scalp via sterile surgery. Development of a procedure for chronic preparation would be
necessary for longitudinal studies. Another option is to use a contrast agent that absorbs
at a wavelength where the skin does not. Several nanoparticles that absorb at 990 nm or
higher have been developed.4 Copper sulfide particles have a peak absorption at 990 nm
and can be imaged at 1064 nm.5
In the future, a combined USPA imaging and FUS system would allow for direct
imaging during sonication. A lower frequency US imaging transducer and an optical fiber
could be incorporated into a transducer like the 2 MHz Sonic Concepts transducer
through the center hole. The light delivery would be confined to the specific region of
interest, reducing artifacts from surrounding structures and eliminating the need for a
modeling clay cap to block hair from absorbing light. A lower frequency transducer
would reduce the imaging resolution, but would most likely increase the sensitivity of the
system by detecting more of the PA signal that is able to cross through the skull.
As an alternative to microbubbles, perfluorocarbon nanodroplets (PFCnDs) could
be used to induce more localized and controlled BBB disruption.6-9 PFCnDs are a
relatively new class of ultrasound contrast and drug delivery agents. They are composed
of a liquid perfluorocarbon core and a stabilizing shell. When exposed to high acoustic
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pressures, they vaporize into microbubbles. It has already been demonstrated that
acoustically-triggered PFCnDs can be used to induce BBB opening, though the pressures
required were high and the disruption was inconsistent.10 PFCnDs have also been loaded
with photoacoustic nanorods and dyes to make them into a dual-modal contrast agent.6, 9
The addition of an optical absorber into the droplet also allows them to be optically rather
than acoustically triggered. These optically-triggered PFCnDs could be vaporized using a
laser, increasing their potential circulation time and localizing the microbubbles to a
particular region of interest, verified by ultrasound imaging, and then an acoustic field
could be applied to induce BBB disruption in the same way injectable microbubbles are
used. Another advantage of the PFCnDs is that they could potentially be loaded with
therapeutic or contrast agents and different optical absorbers, making it possible to
deliver the load of one type of droplet to one region and another type of droplet to
another region or at a different time. PFCnDs and BBB disruption could be an incredibly
versatile tool.
6.4 DEVELOPMENT OF A PA CONTRAST AGENT FOR ALZHEIMER’S DISEASE
While the initial characterization presented in this dissertation provides promising
results for a potential in vivo PA contrast agent for whole brain imaging in Alzheimer’s
Disease, there is still optimization to be performed. The interaction of the antibodyconjugated particle with central nervous system cells must be characterized as antibodies
could induce an inflammatory response. If the nanoparticles do not induce an undesired
response, they must be tested in vivo to determine how long they remain in the tissue
after delivery and how they are cleared. If the nanoparticles are not cleared, it would be
impossible to determine if they were bound to an antigen or if they were unbound in the
tissue. Should the nanoparticles induce an undesired cellular response or if they are not
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adequately cleared, a new type of PA contrast agent could be developed.11 Many of the
beta-amyloid contrast agents used in two photon imaging and PET are derivatives of
well-known histological stains (Congo Red and Thioflavin).12,

13

An ideal PA contrast

agent would have strong optical absorption with minimal fluorescence, bind specifically
to beta-amyloid, and be able to cross the blood brain barrier.
6.5 CONCLUSIONS
Several new applications of ultrasound-based techniques in the central nervous
system have been demonstrated in this dissertation. A new method for screening
hydrocephalus patients for shunt malfunction was developed.1 This method could greatly
increase the ability of primary care physicians to evaluate shunt function in
hydrocephalus patients and possibly reduce the need for more expensive imaging.
FUS BBB disruption was used to noninvasively deliver an oxygen-sensitive 2P
contrast agent for the first time, allowing for non-invasive measurement of oxygen in the
extravascular space of a mouse. This technique could eventually be used to study the
long-term effects of stroke on the ability of neurons to recover from a stroke by allowing
for non-invasive longitudinal imaging. It could also be expanded to aid in the delivery of
other contrast agents and even therapeutics, allowing for the study of neurological
disorders and diseases on a microscopic scale.
In addition to delivery of a 2P contrast agent, FUS BBB disruption was used to
deliver photoacoustic AuNRs. For the first time, AuNRs delivered by FUS were imaged
using a commercial USPA system completely non-invasively in a mouse. Although
optimization will be necessary, the ability to image a PA contrast agent with the skull
intact with a commercial imaging system could allow for cost-effective longitudinal
morphological and functional neuroimaging in animal models.
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Finally, a beta-amyloid specific PA contrast agent was developed. The
combination of anti-beta-amyloid antibodies and a gold nanospheres is a promising start
in the development of PA contrast agents for Alzheimer’s Disease. The combination of
FUS BBB disruption with a beta-amyloid specific PA contrast agent could allow for costeffective molecular imaging in the murine brain and longitudinal imaging of molecular
targets.
From my research, a new set of tools has been developed that is capable of
monitoring and improving the outcomes of various CNS diseased (hydrocephalus, stroke,
Alzheimer’s). My hope is that researchers and clinicians can use these tools to better
understand CNS disorders and, ultimately, better treat patients who are affected by these
diseases.
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