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ABSTRACT 

The blood-brain barrier BBB refers to the set of specialized endothelial cells that line the 

vasculature in the brain and effectively control movement of molecules into and out of the brain. 

While necessary for proper brain function, the BBB blocks 98% of drugs from entering the brain 

[1] and is the most significant barrier to developing therapies for neurodegenerative diseases. 

Active transport allows some specific molecules to cross the BBB [2], but therapeutic development 

using this route has had limited success. A number of techniques have been used to bypass the 

BBB, but are often highly invasive and ineffective. Over the last two decades, a minimally invasive 

technique to transiently open the BBB has been under development that utilizes transcranial 

focused ultrasound (FUS) in combination with intravascular microbubble contrast agents. This 

method is often carried out in conjunction with magnetic resonance imaging (MRI) to guide and 

assess BBB opening and has been referred to as MRI guided FUS (MRgFUS) [3], [4]. 

Because of the utility of mouse models of neurological disease and the exploratory nature 

of MRgFUS, systems that allow BBB opening in mice are a useful and necessary tool to develop 

and evaluate this method for clinical application. In this dissertation project, a custom built, cost-

effective FUS system for opening the BBB in mice was developed, with the objective of using this 

device to deliver therapeutics to the brain. Being a custom device, it was necessary to evaluate the 

ultrasound output, verify in vivo safety, and anticipate the therapeutic effect. The scope of the 

work herein consists of the design, construction, and evaluation of system that fulfills these 

requirements. The final constructed system cost was an order of magnitude less than any 

commercially available MRgFUS system. At this low price point, the hardware could allow the 

implementation of the methodology in many more research areas than previously possible. 

Additionally, to anticipate the therapeutic effect, molecules of pharmacologically-relevant sizes 
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were delivered to brain with a novel, multispectral approach. Results demonstrated that the device 

was able to safely open the BBB, and macromolecule delivery showed that both molecule size and 

FUS pressure both influence the amount and distribution of molecules in the brain. Using different 

ultrasound pressures, the threshold for BBB opening was found to be ≥ 180 kPa (0.13 MI). The 

threshold for damage was found to be ≥ 420 kPa (0.30 MI), and was minor at this pressure, but 

extensive for higher pressure (870 kPa, 0.62 MI), in which minor damage was caused by this 

pressure. Performing a novel implementation of a diffusion model on the fluorescence images of 

500, 70, and 3 kDa dextran resulted in calculated diffusion coefficients of 0.032 ± 0.015, 12 ± 6.0, 

and 0.13 ± 0.094 μm2s-1, respectively. 
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CHAPTER 1. INTRODUCTION: DRUG DELIVERY TO THE BRAIN AND 

FOCUSED ULTRASOUND 

1.1 Neurological Disease Prevalence 

Neurological diseases are becoming increasingly prevalent, and treatments have not kept 

up with demand [5]. Even with neurological diseases that garner widespread research efforts due 

to high incidence, success has been lacking. These include malignant brain tumors and 

neurodegenerative disorders such as Alzheimer’s disease. However, the fact that significant 

resources are being utilized to find a cure increases the probability of finding a cure. Unfortunately, 

rare or orphan diseases that are no less deadly, typically receive far less research attention. One 

such disease is Niemann-Pick type C disease (NPC).  

1.2 Blood-Brain Barrier 

1.2.1 Anatomy and Function 

The BBB consists of the capillary endothelial layer that regulates the transport of molecules 

from the capillary lumen to the extravascular brain tissue, or parenchyma (see Fig. 1.1). The BBB 

is an important protective feature of the brain-- limiting access by pathogenic and other harmful 

bloodborne substances through active and passive transcellular transport mechanisms as well as 

passive paracellular transport of small molecules. Passive diffusion across the BBB only occurs 

with lipophilic or small molecules less than 2 nm (600 [1] or 400 Da [6]). Tight junctions are 

transmembrane protein complexes that create cell-to-cell seals, hindering paracellular transport of 

most molecules across the BBB. Beyond the capillary endothelium is the basement membrane and 

various cells that support the BBB structure and function [7] (Fig 1.1). These include neurons, 

microglia, astrocytes, and pericytes [8]. Together, this cellular complex constitutes a 

"neurovascular unit" that is essential for healthy function of the CNS (central nervous system) [9]. 
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Basement membrane (or basal lamina) and astrocyte endfeet surround and support the capillary 

endothelium [10] but are not themselves effective barriers [11], [12]. 

 

Figure 1.1. The neurovascular unit is composed of capillaries and a variety of cells and structures. 

Extravasation of molecules within the capillary lumen are controlled by the capillary endothelium 

and the tight junctions. Surrounding the capillary is the basement membrane, which also surrounds 

pericytes. Astrocyte endfeet surround the basement membrane. Neurons and microglia exist near 

astrocyte endfeet. 

The BBB is different at the choroid plexus, which lines parts of the ventricles with choroid 

plexus epithelial cells. These cells have tight junctions that regulate diffusion of cerebrospinal fluid 

(CSF) in and out of the ventricular space. Adjacent to the ventricular epithelial cells are fenestrated 

(i.e. leaky) capillaries that are isolated from the brain parenchyma. Drugs readily leak from these 

capillaries, but are immediately hindered by the tight junctions of the choroid plexus epithelium. 
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This is therefore called the blood–CSF barrier [2]. While anatomically different from the BBB, the 

neuroprotective effect is the same, and will therefore not be discussed in further detail.  

1.3 Drug Development and Delivery 

1.3.1 Barriers to Neurological Drug Development 

Because only small or lipophilic molecules can passively cross the BBB, this phenomenon 

translates to the hindering of 98% of small molecule drugs from entering the brain, and nearly all 

larger drugs [13]. The pharmaceutical industry primarily produces large molecule drugs. 

Therefore, the ability to discover new treatments for neurological diseases is severely limited. The 

pharmaceutical industry has largely withdrawn from developing drugs to target or cross the BBB. 

This is due to a few underlying issues [14]. First, there is a lack of academic research that 

emphasizes BBB transport biology, making industrial recruitment of scientists with this experience 

difficult. Second, when prospective therapeutics for neurological disease enter clinical trials, they 

oftentimes fail because of the unacceptable route of administration (i.e. most often transcranial 

injection). 

1.3.2 Delivery Techniques 

There are various techniques to deliver drugs to the brain for drugs that are hindered by the 

BBB. For non-targeted delivery, intrathecal (IT), intracerebroventricular (ICV), and intravenous 

(IV) routes are used [15]. With the IT route, drug is injected directly into the intrathecal space via 

lumbar puncture (i.e. spinal tap). Flow of CSF may carry the drug back up to the brain, where is 

can diffuse into the brain parenchyma. Although IT is sometimes used to also refer to the ventricles 

in the brain, injection into the ventricles will be referred to as the ICV route in this chapter. The 

ICV route is an injection of drug into the CSF of the ventricles. In the ventricles, the drug follows 
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the path of the CSF flow, which travels to the other ventricles and finally to the outer surface of 

the brain where it is absorbed by the vasculature. While in the CSF, the drug can diffuse into the 

brain. The ICV route delivers drug near locally the brain, and is likely more efficient than IT, 

which is injected in the lumbar spine. However, diffusion from the CSF to the brain parenchyma 

is very slow compared to CSF flow, so drug transport into the brain parenchyma from the CSF is 

minimal [13]. Unfortunately, ICV is also the most invasive route because it requires drilling 

through the skull and penetration of brain tissue with a needle. A catheter is then placed in the 

cerebrospinal fluid (CSF) of the intrathecal space. The IV route is a direct injection into the 

vasculature. Assuming the drug is highly inefficient at crossing the BBB, this route requires very 

high doses to obtain sufficient concentration of drug in the brain. 

For a more targeted approach to drug delivery, transcranial injection directly into the brain 

parenchyma has been used in some clinical trials [14]. However, this route has been shown to be 

not clinically effective due to highly limited diffusion, for which drug concentration drops to a 

fraction of the injection site at less than 1 mm away [16]. Other techniques, such as convection-

enhanced diffusion, in which injected drug is injected under continuous positive pressure [17], is 

limited by resistance of the brain tissue. These issues have caused glial cell line-derived 

neurotropic factor (GDNF) efficacy studies to fail in humans [18] and primates [19] with 

Parkinson’s disease. GDNF is a neurotropic factor that has demonstrated potent neuroprotective 

and neuroregenerative effects in animal models of Parkinson’s disease [20]. All techniques will 

not be reviewed here, but the options for targeted delivery are limited. 

Like IT, ICV and IV injections, other techniques that have been used in clinical trials to 

administer drugs to the brain are either highly invasive and/or inefficient. For instance, chemical 

BBB disruption using intravenous hypertonic solutions of mannitol have been used to change the 
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osmolarity of the blood, shriveling capillary endothelial cells and disrupting tight junctions. 

Vasoactive compounds can also be used to chemically disrupt the BBB. However, chemical BBB 

disruption is not targeted and can cause significant damage, including edema, seizures [21], and 

increased intracranial pressure [22]. Other drug delivery routes have been reviewed by Chen et. al. 

2014 [23], but are either highly invasive or inefficient, and therefore lack clinical translatability. 

For these reasons, they will not be reviewed in this dissertation. 

1.4 FUS-Mediated BBB Opening 

1.4.1 FUS and Microbubbles 

Over the last decade, a technique that uses intervascular microbubble contrast agents in 

combination with transcranial focused ultrasound has been used to transiently open the BBB, 

which will simply be referred to as BBB opening herein. It has been demonstrated in various 

animal models [24]–[29] and recent clinical trials have been initiated Alzheimer's disease and 

inoperable brain tumors [clinical trial ID NCT02343991, NCT02253212]. Microbubbles refer to 

small perfluorocarbon gas bubbles encapsulated by a lipid shell, and are FDA approved for contrast 

enhanced ultrasound (CEUS) for cardiac imaging because they reflect ultrasound with high 

efficiency. For BBB opening, cavitation of the microbubble is the mechanism believed to be 

responsible for BBB opening. Cavitation is the rapid shrinking and expansion of the bubble due to 

the alternating pressure of the ultrasound and the greater compressibility of gas relative to its liquid 

environment. The cavitation causes mechanical forces around each microbubble in the form of 

what is believed to be shock waves, microjets, and/or microstreaming [30]. In small vessels of the 

brain (e.g. capillaries and arterioles), these forces disrupt the endothelium tight junctions, which 

effectively disrupts the BBB and allows passage of molecules from the vasculature to the brain 
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parenchyma. Besides disruption of the tight junctions, other mechanisms may contribute to 

permeabilization of the capillaries, such as the formation of pores in the capillary endothelium 

[31]. This process is depicted in Fig. 1.2.  

 

Figure 1.2. BBB opening procedure. Simplified capillaries are 

shown (A-D). Microbubbles and drug are injected into the 

vasculature (A). Transcranial focused ultrasound causes the 

microbubbles stably cavitate (or repeatedly expand and 

compress) (B). In some cases, inertial cavitation occurs, causing 

the microbubble to violently collapse (and be destroyed), and 

exerting local mechanical forces, disrupting the tight junctions 

(C). Ultrasound is turned off and the permeabilized capillary 

continues to release drug into the interstitial space. 

BBB opening delivers drug not to the CSF, but the 

interstitial fluid (ISF) (i.e., the extracellular fluid of the brain. ISF is replaced every 20 hours, 

which is ~5.5 times longer than CSF [32]. Therefore, BBB opening would likely improve 

effectiveness compared to currently used methods to deliver therapeutics to the brain.  
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1.4.2 Magnetic Resonance Imaging-guided Focused Ultrasound 

Focused ultrasound is capable of BBB opening, but is also capable of thermal lesions, 

which was first demonstrated in 1954 for noninvasive thermal ablation of tumors in the brain [33]. 

However, without the necessary imaging techniques, and due to the need to perform a craniotomy 

in humans, the technique was never practical. In 1959, FUS was used to treat movement disorders 

of numerous patients with Parkinson's disease [34]. In 1983, FUS was used to treat vertigo with 

limited success [35]. However, without the capability to monitor the focal location and tissue 

temperature, the clinical usefulness of FUS was limited.  

Over the last few decades, MRI techniques to noninvasively monitor temperature changes 

in tissue in near-real-time have been developed. These techniques make use of the temperature 

dependence of the proton resonance frequency and can readily be carried out on commercial MRI 

scanners. When combined with MRI-compatible FUS hardware, lesion temperature and location 

can be monitored in real time, and is referred to as magnetic resonance imaging-guided focused 

ultrasound (MRgFUS). MRgFUS was first patented in 1992 [36] and gained FDA approval for 

treatment of uterine fibroids in 2004 [37]. Focused ultrasound is capable of inducing 18 different 

biological effects [38], and there are multiple applications for low-intensity therapeutic ultrasound 

such as clot lysis [39] and accelerated healing [40].  

Using MRgFUS, therapeutic ultrasound has been approved for thermal ablation of various 

tumor types as well as other clinical applications [41]. Ultrasound is highly attenuated by bone, 

which, until recently, made clinical transcranial MRgFUS impractical. Recently, an MRI-

compatible hemispherically-shaped ultrasound phased array with a large ultrasound aperture was 

developed to overcome the challenges presented by the skull [41]. Since then, clinical applications 



22 
 

for transcranial MRgFUS have continuously grown, but have been limited to ablative procedures 

[42].  

The same technology used for therapeutic MRgFUS could be used for BBB opening. While 

ultrasound sequences differ, the primary difference regarding safety would be that BBB opening 

uses significantly less ultrasound energy compared to ablation, reducing the risk of complications. 

However, MRgFUS is still only used in clinical trials for specific BBB opening applications  

1.4.3 Clinical Application of FUS-Mediated BBB Opening 

Clinical trials using MRgFUS for opening the BBB have only recently begun and there are 

currently no FDA approved uses. However, the ExAblate 4000 is a phased array transcranial FUS 

system FDA-approved for ablation, and is used for BBB opening clinical trials. It can only focus 

within about 3.5 cm from the intercommissural line (between the anterior and posterior ends of the 

corpus callosum), which limits the regions of the brain where it can be used. This limitation is 

being addressed with a new device that has a target zone of about 6.5 cm from the intercommissural 

line [43]. Clinical trials have been initiated to study BBB opening of brain tumor for enhanced 

chemotherapy uptake, with the future intent of combining BBB opening with ablation therapy [41]. 

This dual-treatment therapy is expected to have a better outcome than ablation alone.  

IV chemotherapeutics are used to treat brain tumors but have serious limitations due to 

their poor bioavailability to the CNS [44]. Therefore, brain tumors have been an indication of 

interest for transcranial FUS. In a Phase I feasibility study (clinical trial ID NCT02343991), a 

single patient received BBB opening of a brain tumor in conjunction with doxorubicin treatment. 

However, recruitment of additional patients has been difficult due to the limited treatment area, 

disqualifying most candidates for treatment.  
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Another ultrasound device to open the BBB in locations unreachable to current FUS 

systems, called SonoCloud® (Carthera SAS, Paris, France), is being evaluated in a clinical trial 

for recurrent glioblastoma multiforme (GBM) [45]. This new device is a single unfocused 

transducer element that is surgically embedded in the skull extradurally. It is flush with the inner 

surface of the skull and is positioned to target the tumor and the surrounding tissue. It is powered 

externally with a transdermal needle. The intent is to open the BBB multiple times over the course 

of several months without the need for multiple surgeries. Although the device is not transcranial, 

not focused, and not guided by MRI, it is a novel and potentially promising solution for a deadly 

neurological disease using use of BBB opening. Additionally, there have been no harmful side 

effects associated with monthly BBB opening.  

In recent animal studies [46], [47], BBB opening in AD model rats without drugs have 

shown restoration of memory and reduction of amyloid plaque. The effect is believed to be related 

to the activation of the immune system and movement of neutrophils from the vasculature to the 

brain. These unexpected yet compelling results have led to clinical trials for BBB opening in 

Alzheimer’s patients, initiated in late 2016 [clinical trial ID NCT02986932].  

1.4.4 Future BBB Opening Developments 

While MRgFUS seemingly solves the issue of the BBB hindering drug delivery, there are 

limits to the technique. A limitation of current FUS hardware used for BBB opening is the inability 

to target anything away from the center of the brain (i.e. the edge of the brain near the skull) due 

to the use of flat ultrasound transducers in the phased array, in which each transducer has a 

columnar (or non-divergent) ultrasound beam. Because of this, many patients are ineligible for 

BBB opening with MRgFUS, and a skull-implantable ultrasound transducer, as previously 
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mentioned, may not be practical. Alternative device designs are in development to address this 

issue. 

 New phased array designs are in development [48] that offer improved targeting by 

dramatically increasing the steering range of transcranial FUS. Uniquely, it utilizes patient-specific 

focused ultrasound arrays that are shaped to the individual’s head, so that the transducer elements 

are near the skull, and each transducer element is focused within the skull to minimize the 

incidence angle and maximize transmission as demonstrated in silico. Once through the skull, the 

ultrasound beam diverges, maximizing the treatment area. While this may cause greater heating of 

the skull, the use of low power and low duty cycle would be sufficient to open the BBB without 

significant heating.  

Other work has further improved MRgFUS focusing by compensating for minor phase 

variations to achieve a smaller focal region [49]. Maximizing targeting precision and accuracy is 

especially important as demonstrated by ablative treatment of essential tremor, for example. There 

have been issues possibly related to sight mistargeting with the FUS, resulting in return of tremor, 

unknown long-term effects, and permanent adverse effects [42]. However, by using FUS, this 

procedure it is still less invasive than traditional alternative treatments for essential tremor [50], 

similar to how BBB opening is less invasive than transcranial injection. 

1.5 Scope of Work 

As improvements in MRgFUS hardware are made, and the range of treatments being 

included into clinical trials expand, the base of knowledge regarding the ability of FUS-mediated 

BBB opening to deliver drugs to the brain, and the efficacy of those drugs to treat disease, needs 

to be expanded. Critical questions about the safety of the FUS techniques and the distribution of 

drugs delivered to the brain, need to be answered. Critical development in this regard will take 
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place in animal models, where the FUS techniques and the biodistribution and efficacy of drugs 

can be critically tested without introducing risk into clinical trials. Initiating BBB opening in 

animal models is costly and requires significant time to develop hardware and evaluate BBB 

opening parameters. The work in this dissertation is aimed at providing a solution to this problem 

with a low-cost strategy to carry out BBB opening experiments in laboratory mice and lays the 

groundwork to establish techniques for preclinical evaluation of therapeutics of any 

pharmacologically-relevant size. Size-dependent characteristics of BBB opening were determined 

with a novel delivery strategy using fluorescent dextrans.  

Chapter 2 of this dissertation details the development, construction, and characterization 

of a FUS apparatus suitable for in vivo transcranial FUS-mediated BBB opening in mice. Chapter 

3 describes how the FUS apparatus was used to determine ideal FUS parameters to safely and 

effectively open the BBB in mice in vivo. Chapter 4 demonstrates a multispectral fluorescence 

approach used to evaluate the distribution of molecules of various sizes delivered to the brain of 

mice. The appendix contains information about the FUS system (Appendix A), information on 

other experiments not included in the chapters (Appendix B), MATLAB code written to process 

the data (Appendix C), and FUS system construction information including how to access the 

SolidWorks (Dassault Systèmes, Inc., Waltham, MA) design files.  
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CHAPTER 2. A CUSTOM BUILT FOCUSED ULTRASOUND SYSTEM FOR 

BBB OPENING IN MICE  

Chapter Summary 

This chapter documents the creation of custom, cost-effective hardware for focused 

ultrasound (FUS)-mediated blood brain barrier (BBB) opening in mice, and evaluates the 

experimental settings for safe and reliable BBB opening. As such, the steps taken to complete these 

objectives were (1) a review of conditions required to safely open the BBB in mice, (2) justification 

of the parameters and hardware design best suited for our application, (3) construction of the device 

to the desired specifications, (3) measurement and characterization of the FUS system, and (4) 

estimation of the FUS parameters to use for in vivo experiments. 

2.1 Introduction 

2.1.1 Background 

Ultrasound devices for biomedical applications typically utilize ceramic crystal elements 

with piezoelectric properties [51]. Alternating voltage across the crystal causes expansion and 

compression, which emits positive and negative pressure waves. By definition, the pressure waves 

are in the ultrasound regime when their frequency is above the human hearing threshold of 20 kHz. 

A transducer is, by definition, something that converts one form of energy to another. In this 

context, electrical energy is being transduced into acoustic energy. We will use the word transducer 

to describe the ultrasound-emitting assembly consisting of the piezoelectric element, the housing 

that surrounds it, and the other materials contained within. 

Biomedical applications of focused ultrasound (FUS) often requires a frequency low 

enough for effective tissue penetration but high enough to have a focal region appropriately small 

for the targeted sonication site. Frequencies for transcranial applications are typically between 260 
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kHz and 2 MHz. The lower end is appropriate for humans to minimize the absorption by the thick 

skull, and the high end is appropriate for small animal models where the skull is thin and smaller 

sonication targets may benefit from a smaller focal region [52]. However, low frequencies transmit 

more easily though tissue, increasing the chance of harmful standing waves that occur from 

ultrasound reflecting off the inner surfaces of the skull. The frequency of a transducer is a 

characteristic of the piezoelectric crystal and is typically a fixed value for an individual transducer.  

Ultrasound devices exist for many applications and therefore are made in a variety of 

shapes and sizes. They can be planar, focused, or unfocused. Single-element focused transducers 

or multi-element phased array transducers are commonly used for BBB opening due to the 

targeting capability of the focused beam. Single-element focused transducers typically have a 

round or annular shape with a radius of curvature. Multi-element phased array transducers and 

have a variety of shapes, including planar, hemispherical, and annular. A wide variety of 

transducers result in a wide variety of ultrasound beam shapes and sizes and it is important to 

understand the ultrasound parameters that are important for a given application. Estimations of 

these parameters should result in a predictable outcome of a sonication. This following is not meant 

to be a comprehensive review of ultrasound history, physics, or applications, but is intended to 

serve as a description from which terminology and parameters will be explained that is relevant to 

FUS-mediated BBB opening.  

2.1.2 FUS Theory Relevant to BBB Opening in Mice 

FUS is typically characterized by the size of the US focal spot and the amount of US in 

terms of pressure, intensity, mechanical index, and power. Pressure and mechanical index have 

been found to predict the BBB opening effect and are therefore highly relevant to FUS-mediated 

BBB-opening experiments [53].  
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For any given acoustic wave propagating through a medium, there is an alternating positive 

and negative pressure within the medium it traverses. Pressure, in units of Pascals (Pa), is one of 

the most basic descriptions of an acoustic wave. Because it is not constant over time, various terms 

are used to describe the pressure wave, including peak positive pressure (PPPP), peak negative 

pressure (PPNP), peak to peak pressure (PPP) and root mean square pressure (PRMS). In our FUS 

application, we use relatively long pulses of ultrasound (> 1 ms) with a sinusoidal driving voltage 

of constant maximum amplitude, so that the envelopes of both driving voltage and pressure are 

flat. This simplifies calculations for other parameters. PPNP is primarily responsible for cavitation 

bioeffects [54], making it a particularly useful parameter to evaluate cavitation-related safety 

thresholds. PPPP is sometimes reported as well, but has less significance in BBB opening because 

it is not responsible for cavitation effects of microbubbles like PPNP [54]. PPP is the difference 

between PPNP and PPPP. In our measurements, PPNP was equal and opposite to PPPP, but this does 

not always need to be the case [51]. PRMS describes the average value of the pressure, which is 

particularly useful when determining the power of an FUS pulse. For a sine waveform of constant 

amplitude, PRMS is proportional to the PPNP where 

 𝑃𝑅𝑀𝑆  = 𝑃𝑃𝑁𝑃  ×  2−0.5  = 𝑃𝑃𝑁𝑃  ×  0.707 

Eq. 2.1 

In 1991, PPNP was believed to be the most relevant parameter when considering the 

likelihood of cavitation bioeffects, where 1 MPa was deemed “unquestionably safe” [55]. For fetal 

imaging, the FDA has set imaging thresholds at 2.35 MPa (or 190 W/cm2, shown in Table 2.2) 

[56]. However, with BBB opening, the presence of microbubbles results in far greater mechanical 

bioeffects than without bubbles in the presence of ultrasound. In addition, these bioeffects are 
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frequency dependent, making the Mechanical Index (MI) a more useful parameter to estimate the 

amount of cavitation bioeffects [57].  

𝑀𝐼 =
𝑃𝑃𝑁𝑃

√𝑓
 

Eq. 2.2 

where PPNP is the in vivo peak negative pressure in megapascals (MPa), and f is the FUS center 

frequency in MHz. PPNP is used because negative pressure ultimately causes bubble collapse with 

inertial cavitation.  

Acoustic intensity I, in units of W/cm2, is commonly used to quantify FUS energy density, 

where 

𝐼 =
𝑃2

𝑧
 

Eq. 2.3 

and 

𝑧 = 𝑐 ×  𝜌 

Eq. 2.4, 

where z is the acoustic impedance of the tissue, c is the speed of the acoustic wave in the tissue, 

and ρ is the density of the tissue. Tissues have different acoustic impedance values, and an 

impedance mismatch of a tissue interface determines the amount of acoustic energy reflected as 

an echo [58]. Intensity can vary both spatially and temporally. The FDA has provided thorough 

documentation on how to report different types of intensities, which is necessary for approval from 
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medical device regulatory agencies [59]. There are five different intuitively-named definitions that 

properly describe ultrasound intensity: 

1. Spatial-peak (SP): The intensity at the point where it is the maximum within a region of 

the ultrasound beam--usually the at the center of the focal region.  

2. Spatial-average (SA): The average intensity of the ultrasound beam’s axial cross section 

at its focus.  

3. Temporal-average (TA): The intensity averaged over time, including the duty cycle off 

time. 

4. Pulse-average (PA): The average intensity of the ultrasound pulse duration 

5. Temporal-peak (TP): The maximum intensity at any point in time. 

Both the spatial and temporal intensity characteristics are usually reported, for which a 

subscript is commonly used. For example, ISATA is the spatial-average temporal-average 

intensity, ISPPA is the spatial-peak pulse-average intensity, and ISPTA is the spatial-peak 

temporal-average intensity. Pulse-average and temporal-average intensities (spatial averaged, i.e. 

ISPPA and ISPTA) have the relationship 

𝐼𝑆𝑃𝑇𝐴  =  𝐼𝑆𝑃𝑃𝐴  ×  𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 

Eq. 2.5 

where the duty cycle (or duty factor) is the percent of time that the ultrasound is on. 

𝑑𝑢𝑡𝑦 𝑐𝑦𝑐𝑙𝑒 =  
𝑜𝑛 𝑡𝑖𝑚𝑒

𝑜𝑓𝑓 𝑡𝑖𝑚𝑒+ 𝑜𝑛 𝑡𝑖𝑚𝑒
=  𝑜𝑛 𝑡𝑖𝑚𝑒 ×  𝑃𝑅𝐹  



31 
 

Eq. 2.6 

where PRF is the pulse repetition frequency in units of Hz. Due to the variety of ways to report 

intensity, it is important to specifically state which intensity parameter is being used and how it is 

calculated [60]. With BBB opening, the most commonly reported intensity parameter is ISPPA, 

which represents the spatial maximum intensity. It is uncommon to report instantaneous intensity, 

or peak intensity because intensity is power per area, and power by definition is a rate of doing 

work, meaning that any individual point in time of a rapidly changing pressure waveform is 

irrelevant. For this reason, intensity is based off the average pressure, which is PRMS. For an 

ultrasound pulse where the envelope changes or cannot be accurately estimated, the pressure 

waveform must be integrated for the average pressure to be determined [61]. This is outside the 

scope of this research and will not be further discussed.  

The incorrect application of intensity equations or reporting intensity with ambiguity is a 

common problem in the literature. Out of six sources that report both intensity and pressure in 

ultrasound measurements, three seem to have calculated intensity correctly using PRMS [60], [62], 

[63], with one being a summary specifically about reporting ultrasound exposure [60]. The PRMS 

value is dependent on the shape of the ultrasound waveform, and it is assumed that a sinusoid was 

used for these studies. The other three sources [64]–[66] applied the equations such that intensity 

is double that of the other sources, suggesting that the equations were based off peak pressures or 

the envelope of the pressure rather than PRMS. This reinforces the necessity of the reporting 

guidelines [59] that state ultrasound parameters should be accompanied by an explanation of how 

the values are determined and by example calculations. Because of the variety of the intensity 

equations, it becomes increasingly clear why most BBB opening literature only report the factors 

primarily responsible for BBB opening, i.e. the mechanical index (MI), peak negative pressure 
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(PPNP), and frequency (f). While intensity is important in determining safety thresholds set by 

regulatory agencies, the biological effects responsible for BBB opening are primarily from 

microbubble cavitation that occurs below FDA diagnostic ultrasound limits.  

It has been experimentally determined that FUS applied in the presence of intravascular 

microbubble contrast agent, will cause opening of the BBB when the MI is = 0.46 or above. [67]. 

Below this level, no BBB opening is observed. The FUS system used in our research operates at 2 

MHz and we employ a constant sinusoidal amplitude and a 1% duty cycle (10 ms pulse with a 

1000 ms repetition time), as shown in Figure 2.1. Shorter FUS pulse times are capable of causing 

microbubble cavitation and have been shown to open the BBB. These parameters were selected 

because they have been used successfully to open the BBB in multiple studies by other groups 

[68]–[70]. 

 
Figure 2.1. FUS pulse sequence diagram. 10 ms ultrasound pulses of 2 MHz ultrasound were used 

in BBB opening experiments. Ultrasound off time between pulses was 990 ms, resulting in a 1 Hz 

pulse-repetition rate. The pulse sequence was typically applied for 2 minutes. Pulses are shown 

with fewer than the actual amount of cycles per pulse (20,000). 

To find PPNP from MI, we arrange Equation 2.2: 

𝑃𝑃𝑁𝑃 = 𝑀𝐼 × √𝑓 

𝑃𝑃𝑁𝑃 = 0.46 𝑀𝐼 × √2 𝑀𝐻𝑧 = 0.65 𝑀𝑃𝑎 
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To find ISPPA, we apply Equation 2.3 using PRMS because we are determining the pulse 

average. With a square envelope of a FUS pulse, the temporal and spatial average intensity is also 

the pulse-average intensity, or ISPPA. If the pressure waveform did not have a square envelope, then 

intensity would have to be calculated by integration of the waveform [59]. 

𝐼𝑆𝑃𝑃𝐴 =
𝑃𝑅𝑀𝑆

2

𝑧
 

And impedance in the brain z is given in literature [71]:  

𝑧 = 𝑐 ×  𝜌 =  1.60 × 106 𝑘𝑔 𝑠−1 𝑚−2  

so that 

𝐼𝑆𝑃𝑃𝐴  =  
(0.65 ×  106 𝑃𝑎 ×  0.707)2 

1.60 ×  106 𝑃𝑎 𝑠−1 𝑚−1)
= 1.3 ×  105 𝑊/𝑚2  =  13 𝑊/𝑐𝑚2  

To determine ISPTA is for a 1% duty cycle, we use Equation 2.5 to obtain. 

𝐼𝑆𝑃𝑇𝐴 =  13 𝑊/𝑐𝑚2  ×  0.01 = 0.13 𝑊/𝑐𝑚2 

2.1.3 Estimation of FUS Parameters In Vivo 

As ultrasound travels through tissue, its strength is attenuated from absorption and scatter. 

To estimate FUS pressure and intensity in a living animal, based on measurements in water, the 

values need to be reduced, or derated, to compensate for the greater attenuation of ultrasound 

energy in tissue compared to water. Normally, commercial derating standards use the 

AIUM/NEMA (American Institute of Ultrasound in Medicine/National Electrical Manufacturers 

Association) derating factors, which are also used by US FDA (United States Food and Drug 
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Administration) regulations [72]. Derated pressure P and intensity I can be determined from non-

derated pressure Po and intensity Io using the frequency-dependent attenuation coefficients, or 

derating factors, αdB and αNp, 

𝑃 = 𝑃𝑜𝑒−𝛼𝑁𝑝𝑥𝑓   𝛼𝑁𝑝 = −
1

𝑥𝑓
ln (

𝑃

𝑃𝑜
)   

𝐼 = 𝐼𝑜10
−𝛼𝑑𝐵𝑥𝑓

10     𝛼𝑑𝐵 = −
10

𝑥𝑓
log (

𝐼

𝐼𝑜
) 

Eqs. 2.7 

where standard values for AIUM/NEMA derating factors αdB and αNp are 0.3 dB/cm/MHz [59] 

and 3.45E-3 Np/cm/MHz [67], respectively, and x is the tissue thickness in cm. McDannold et al. 

found that using more accurate tissue specific-values based on literature resulted in an insignificant 

(<2%) difference in pressure [67]. Decibels (dB) and nepers (Np) are logarithmic scales of power 

(or intensity) and amplitude (or pressure), respectively. They have a constant relationship: 

1 𝑁𝑝 =  20 log𝑒 𝑑𝐵 ≈ 8.685889 𝑑𝐵 

Eq. 2.8 

Because I ∝ P2, the following equations can also be used to calculate derated pressure and 

intensity. 

𝑃 = 𝑃𝑜10
−𝛼𝑑𝐵𝑥𝑓

20    𝛼𝑑𝐵 = −
20

𝑥𝑓
log (

𝑃

𝑃𝑜
) 

𝐼 = 𝐼𝑜𝑒−𝛼𝑁𝑝𝑥𝑓/2   𝛼𝑁𝑝 = −
1

2𝑥𝑓
ln (

𝐼

𝐼𝑜
) 
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Eqs. 2.9 

Although it is not necessary to review both dB and Np, it is useful and convenient to define 

both terms because they are both used in literature. Usage seems to depend on whether pressure or 

intensity is being derated.  

As an example, if we position the center of the FUS focus (with a frequency of 2 MHz) at 

the center of the mouse brain (~2.5 mm deep), we calculate the derated pressure as a percent. 

𝑃/𝑃𝑜 =  𝑒−(3.45 𝑁𝑝/𝑚/𝑀𝐻𝑧 𝑥 0.0025 𝑚 𝑥 2 𝑀𝐻𝑧) =  0.98 

In this example, there is a loss of only 2% pressure in the brain. Intensity has a squared 

relationship, and therefore intensity loses 4% (0.982 = 0.96). 

The standard derating factor of 0.3 dB cm-1 MHz-1 (or 3.45 Np/cm/MHz) usually 

overestimates pressure and intensity in vivo since few tissues have this low of attenuation 

coefficient. The intention for using such a low value is to estimate the maximum intensity in vivo, 

and therefore must account for circumstances when FUS has very little attenuation. For instance, 

imaging through the bladder or amniotic fluid for fetal imaging will result in low attenuation of 

the FUS due to the fluid-filled structures [72]. This is appropriate for safety, but for BBB opening, 

it is important to have more accurate estimated values. According to guidelines for reporting 

derated values [60], it is inappropriate to use the standard derating factor to estimate in vivo FUS 

mechanical index and thermal effects for therapeutic FUS. BBB opening requires a particular 

mechanical index range in which microbubbles will cavitate, but long-term damage to brain tissue 

does not occur. Therefore, it is important to accurately estimate derated FUS values rather than the 

possible maximum as is done for safety in diagnostic imaging. To most accurately estimate derated 

values in the brain, the insertion loss of the scalp, skull, and brain must be determined individually. 
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Insertion loss, (the complement of transmission), is the loss of signal due to the insertion of an 

object and accounts for attenuation and reflectance. Particularly with the skull, it is simpler to use 

insertion loss rather than attenuation, due to the high impedance of cortical (or compact or hard) 

bone. A difference in impedance causes reflection of the ultrasound beam. Reflection occurs at the 

surface of two tissues, and is frequency and tissue-thickness independent [73].  

𝐼𝑛𝑠𝑒𝑟𝑡𝑖𝑜𝑛 𝐿𝑜𝑠𝑠 (%) =  100% (1 −
𝑃

𝑃0
) 

Eq. 2.10 

where P is the pressure with the object (e.g. a skull) and P0 is the pressure without the object. 

Normally, insertion loss refers to power and decibels instead of pressure and percent. However, 

pressure and percent are more relevant and intuitive in the context of BBB opening. It is also useful 

to define P/P0 as pressure transmission TP, so that 

𝑃

𝑃𝑜
= 𝑇 

Eq. 2.11 

where TP is percent transmitted pressure through an object (e.g. a skull). 

Brain 

If we adjust the ultrasound beam so that the maximum of the ultrasound focus is targeted 

to the center of the brain, then ultrasound must be derated for approximately 2.5 mm of brain. 

Attenuation coefficients of the brain were reported as 5 Np/m/MHz (0.43 dB/cm/MHz) [74], and 
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have been used to at calculate the brain insertion loss in recent BBB opening experiments [67]. 

Attenuation of the brain for 2 MHz FUS is listed later in this chapter in Table 2.1.  

Scalp 

While the mouse scalp is thin, the attenuation coefficient is significantly higher than the 

brain. The difference in attenuation coefficients for scalp was not considered between different 

species due to a lack of data found in literature. We estimate difference in attenuation of the scalp 

between species is primary is due to the difference in the thickness of the scalp and not in 

differences in attenuation coefficients. The ex-vivo scalp of a mouse has been measured to be 0.7 

mm thick [75], but dermal layers (epidermis, dermis, and adipose) of mouse flank skin were more 

accurately measured to have a total thickness of 0.41 mm [76]. The median attenuation coefficient 

for skin is 40 Np/m/MHz (4.6 dB/cm/MHz) [74], reported previously [77]. Attenuation of the scalp 

for 2 MHz FUS is listed in Table 2.1. The total attenuation of the scalp is far less than the bone of 

the skull, but is account for in order to calculate the total attenuation of all tissue layers that 

attenuate the ultrasound (i.e. scalp, skull, and brain). 

Skull 

Estimation of derating in the skull is complicated because the thickness of the skull, the 

angle of incidence of the beam, and bone type all vary spatially. The skull contains spongy (or 

trabecular or cancellous) and hard bone. The porous structure of spongy bone highly attenuates 

ultrasound due to scattering, and hard bone has five times the impedance of other soft tissues, 

resulting in significant reflectance. The various incident angles of a curved skull contribute to 

distortion of the focus, making it impractical to predict in vivo ultrasound properties. However, 

distortion and absorption due to the skull can be modeled with a detailed 3D image of the skull, as 

has been done in animal models including mice and rats [52], and in humans [41]. 
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Intuitively, absorption of ultrasound energy by the skull can be compensated by simply 

increasing the ultrasound energy. However, heating of the skull limits the amount of ultrasound 

energy that can safely be used. There are several strategies to minimize heating of the skull when 

the skull is thick. First, a lower frequency ultrasound beam reduces the amount of absorption of 

the skull. Second, distributing the ultrasound over a larger area of the skull distributes energy and 

therefore reduces heating. Third, the skull can be actively cooled by chilling water or other material 

used for acoustic coupling. Fourth, the relative pressure of the focus can be increased by phase-

correcting distortions due to the skull, allowing FUS energy transmitted though the skull to be 

reduced without sacrificing peak pressure at the focus. This last method requires a high resolution 

registered CT image of the skull to model the US beam [78].  

In animal models with thin skulls, such as mice, most of the issues described above can be 

ignored. Single element focused transducers maintain undistorted focal spots through the rat skull 

using frequencies of ≤1.5 MHz and are suitable for safe BBB opening. Mouse skulls are even 

thinner and have negligible distortion at 2.53 MHz [52]. While the mouse skull is thin enough to 

not cause distortions at these frequencies, insertion loss is significant and should be considered to 

determine derated pressures. 

The easiest method for derating pressure in mice is to extrapolate from human data. The 

average derating factor for the human skull is 167± 57 Np/m/MHz [74]. Using this value, the 

derated value of a mouse with a skull thickness of 0.2 mm [52] is: 

𝑇 =  𝑒−(167 𝑁𝑝/𝑚/𝑀𝐻𝑧 × 0.0002 𝑚 × 2 𝑀𝐻𝑧) =  0.94 

And for a 0.6 mm-thick skull [75]:  

𝑇 =  𝑒−(167 𝑁𝑝/𝑚/𝑀𝐻𝑧 × 0.0006 𝑚 × 2 𝑀𝐻𝑧) =  0.82 
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The uncertainty of thickness has a dramatic effect due to the high attenuation coefficient 

of bone. Compounding the uncertainty is the extreme size difference between the human and 

mouse skull, meaning it is entirely likely that the attenuation coefficients may be significantly 

different due to the skull microstructure. Therefore, alternative methods should be used to measure 

the insertion loss.  

It is practical and more accurate to determine the attenuation of the skull by placing an ex 

vivo skull cap in the path of the FUS beam in water and measuring the insertion loss. Choi et. al. 

2007 [79] performed this experiment with a mouse skull at 1.5 MHz and found the attenuation to 

be approximately 18%. While this attenuation factor does not directly provide attenuation at 2 

MHz, we can rearrange Equation 2.7 to solve for the unknown attenuation coefficient αNp and 

thickness x. 

𝛼𝑁𝑝𝑥 = −
1

𝑓
𝑙𝑛(𝑇)   

Assuming all mice skulls have similar characteristics allows αNpx to be a constant, and we 

can therefore find the relationship between attenuated pressure and frequency for different FUS 

parameters, so that  

𝑇2 = 𝑒
(

𝑓2
𝑓1

ln(𝑇1))
 

Eq. 2.12 

where T2 (not to be confused with MR terminology) is the unknown transmitted pressure for a 

known frequency f1, and T1 is a known transmission pressure for a known frequency f2. This 

equation was used to estimate attenuation of the skull. Due to the theoretical nature of using this 
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equation to estimate attenuation, we do not expect it to be more accurate than an experimental 

measurement of the ultrasound through an ex-vivo skull cap. Not included in this equation is 

reflection, but because it is a non-frequency dependent constant for a mouse skull, it cancels out 

with the other constants. The use of this equation for a mouse skull should result in a similar T2. 

However, this is not the case. Two sources report T for a mouse skull using 1.5 and 5 MHz FUS 

[79], [80] with transmitted pressures of 82% and 62%, respectively. Applying Equation 2.12 to 

find T for 2 MHz results in different percent transmissions: 

𝑇2 = 𝑒(
2.0 𝑀𝐻𝑧
1.5 𝑀𝐻𝑧

ln(0.82)) = 0.77 = 77% 

𝑇2 = 𝑒(
2.0 𝑀𝐻𝑧
5.0 𝑀𝐻𝑧

ln(0.62)) = 0.52 = 52% 

The mathematical approach to estimating transmitted pressure through the skull produces 

unreliable results. An alternative approach is to fit a curve based on values reported in literature. 

The data points in Fig. 2.2 were fit to an exponential based on Equation 2.7. The fitted value of T 

for 2.0 MHz was 75%. 

 
Figure 2.2. Frequency-dependent transmission through the mouse skull. Three data points were 

plotted for experimentally measured insertion loss for different frequencies. Perfect fitting (R2 = 
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1) is the result of rounding in MATLAB and having only 3 data points. Additional data could not 

be found in literature.  

The percent pressure transmitted through the skull based on the best-fit equation in Fig. 2.2 

is listed Table 2.1 (76% pressure transmission), along with the combined derating effect of the 

skin and brain. The total percent derated pressure (Table 2.1) is calculated from the individual 

derated values calculated from Equations 2.8 and 2.10. 

𝑇𝑡𝑜𝑡𝑎𝑙 =  𝑇𝑠𝑘𝑢𝑙𝑙  ×  𝑇𝑏𝑟𝑎𝑖𝑛  ×  𝑇𝑠𝑐𝑎𝑙𝑝  

Eq. 2.12 

Standard derating uses a derating factor of 3.45 Np/m/MHz to estimate percent 

transmission. Experimentally-measured derating factors are estimated for each tissue type, and 

more accurately estimate in vivo FUS pressure and intensity. Standard derated pressure for 

combined tissue layers (Table 2.1) estimated a 98% pressure transmission. However, 

experimentally-measured derated pressure was 71% for all tissue layers. The skull is responsible 

for the majority of attenuation. Not including the skull, the difference between standard and 

experimentally-measured derated pressure is less than 2%, consistent with McDannold et. al. 2008. 

Table 2.1. Standard and experimentally-measured derated (i.e. transmitted) percent pressure and 

intensity values for mouse skin, brain, and skull using 2 MHz FUS. 

 

In Table 2.1, αNp is the derating factor. %I is the percent transmitted intensity, and %P is 

percent transmitted intensity. %I = %P2. The experimentally-measured derated value for the skull 
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is estimated from literature, and is the percent transmission through ex-vivo mouse skull cap 

measured with a hydrophone (Fig. 2.2) [79], [80]. This value was validated by our own 

measurements as described in section 2.2.5. Skin and brain experimentally-measured derating 

factors are reported in Goss 1978. The experimentally-measured attenuation coefficient of the skull 

(686 Np/m/MHz) was calculated from %P using Equation 2.7. For comparison, the human skull 

experimentally-measured attenuation coefficient is 166+/-53 Np/m/MHz. Calculating instead with 

a skull thickness of 0.6 mm [75] yields αNp = 220 Np/m/MHz, which is within one standard 

deviation of the mean human skull [74] (calculation not shown). The overestimation of αNp may 

be due to acoustic reflection off the skull, which was not considered separately. However, αNp is 

calculated from %P for the skull, so the total transmission calculation is not affected. 

2.1.4 FUS Safety and BBB Opening Thresholds 

Clinical use of ultrasound is categorized as either therapeutic or diagnostic. The FDA has 

set limits for diagnostic imaging to avoid harmful bioeffects such as the formation of gaseous 

bubbles from dissolved gasses, and inertial cavitation. These values are based on a standard 

derating factors, so actual values in vivo would likely be lower. The only bioeffects desirable for 

BBB opening is the cavitation of microbubbles that are already present. It is therefore important 

to not exceed the limits [59], listed in Table 2.2. 

Table 2.2. Thresholds for Safety and BBB opening. FDA safety thresholds and estimated pressure 

thresholds are from a variety of sources reviewed by Chu et al. [27].  
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*Values are estimated from trends and plotted results from McDannold et. al. 2008 [27]. 

**Values are estimated from Holland and Apfel 1989, reviewed in [57]. 

The subscript “.3” is the notation used by reporting guidelines [59] to indicate the value is 

derated by the standard derating factor of 0.3 dB/cm/MHz. For review, ISPTA.3 is the derated spatial-

peak temporal-average intensity in mW/cm2. ISPPA.3 is the derated spatial-peak pulse-average 

intensity in W/cm2. MI@ISPPA.3 is the derated mechanical index at the maximum ISPPA.3. FDA 

limits in Table 2.2 are derated using the standard derating factor (see text). The FDA limit for 

pressure is calculated from MI at 2 MHz (Eq. 2.2). BBB opening, and cavitation limits have higher 

deration factors to account for tissue-specific attenuation at 2 MHz (Eq. 2.6) according to Table 

2.1. BBB opening ISPTA.3 thresholds are calculated using a 1% duty factor (Eq. 2.5). BBB opening 

intensity and pressure thresholds are based off mechanical index values at 2 MHz (Eq. 2.2 and 

2.3). The FDA ISPPA.3 limit is higher than necessary to open the BBB, indicating that BBB opening 

pressures alone will not cause damage. The FDA ISPTA.3 limit allows only the low end of the safe 

(no damage) BBB opening range (ISPPA.3 4 to 9.4 W/cm2, @ 1% duty cycle). Using a 0.5% duty 

cycle would allow the high end of the safe BBB opening range to be used. However, 1% duty 

cycle has been used successfully to open the BBB without damage [47], [81], and the FDA limit 

may be much lower than necessary for animal models. The FDA ISPTA.3 limit is for fetal, 

abdominal, intraoperative, pediatric, small organ (breast, thyroid, testes, etc.), neonatal cephalic, 

and adult cephalic imaging, and is far lower than limits for peripheral vessel imaging (0.720 

W/cm2). Considering that focal lesions occur at 10 W/cm2 ISPTA, the FDA limits are far below 

levels that would cause thermal damage [82], [83]. Proving safety, on the other hand, is much more 

difficult and is a source of contention [84]. There are convincing data that fetal ultrasound can 

negatively impact birthweight in animal models, yet some physicians argue against arbitrary FDA 

ultrasound limits since physicians should decide what is best for their patients, and the fetal studies 
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do not provide sufficient proof that ultrasound caused lasting damage [84]. The burden of proof 

for safety falls on the physicians who advocate for using higher FUS pressure.  

The ISPPA.3 limit ensures that FUS energy deposited at any given point in time at the focus 

does not cause unsafe bioeffects, including acoustic radiation force, radiation torque, acoustic 

streaming, shock waves and cavitation [85]. The ISPTA.3 limits heating due to absorption of 

ultrasound energy in the tissue. Unlike intensity, the MI limit accounts for frequency and defines 

the threshold for cavitation and cavitation-related bioeffects. Even at low intensities, the use of 

very low frequencies can result in large mechanical indices, which can disrupt tissue and cause 

inertial cavitation with mechanical energy. According to Chu et al., a MI of less than 0.3 does not 

causes cavitation of microbubbles [27]. 

As shown in Table 2.2, the threshold for reliable BBB opening has been found to be 0.46 

MI, but 0.25 MI seems to be the minimum (and potentially unreliable) MI required for BBB 

opening. This is reinforced by Baseri et. al. 2010, who found that the BBB could be opened at 0.24 

MI but not 0.12 MI. Similarly, O’Reilly 2012 found 0.25 MI opened the BBB but not 0.21 MI. 

Not coincidentally, the inertial cavitation threshold (>0.26 MI for 1 µm diameter bubbles at 2 MHz 

[86] is equivalent to the minimum BBB opening threshold. However, an injection of microbubbles 

contains a range of sizes, making it difficult to determine the bubble sizes responsible for BBB 

opening in vivo. For example, a Definity® microbubble that is used clinically has a mean diameter 

range 1.1 to 3.3 µm, with 2% of the bubbles greater than 10 µm [87]. Smaller bubbles down to 0.5 

µm have a slightly lower inertial cavitation threshold [57], so it is possible that BBB opening 

occurs from inertial cavitation of smaller bubbles. The inertial cavitation threshold for Definity® 

microbubbles was reported to be 0.37 MI [Baseri 2010], suggesting that microbubbles are closer 

to 3 microns in diameter according to the cavitation threshold [57]. In addition to the uncertainty 
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due to microbubble size, relative uncertainty between modern ultrasound standardization labs that 

calibrate hydrophones vary 4.5 to 15.2% [88], which is relatively high considering how close the 

thresholds are for inertial cavitation and minimum BBB opening MI. With the various sources of 

uncertainty, safety should be evaluated by direct measurement of the ultrasound in vitro as well as 

in vivo.  

Measurements of the focal region boundaries are defined as the ultrasound drop-off to -6 

dB of the peak intensity. This is sometimes called the FWQM (full-width at quarter-maximum) of 

intensity. It is useful to define -6 dB for intensity because it results in a beam width equal to the 

corresponding FWHM pressure (-3 dB). This is further explained and demonstrated in Figure 2.3. 

The focal length as well as intensity are important parameters to measure (e.g. with a hydrophone 

to ensure ultrasound does not exceed the safe limits. 

   

Figure 2.3. FWHM of an ultrasound beam cross section (axial or lateral) model for intensity and 

pressure. A normal distribution was plotted in MATLAB to represent pressure (blue line). Also 

plotted was the representative pressure amplitude squared to represent the intensity distribution. 
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For a given ultrasound beam distribution, pressure and intensity have different FWHM values 

because of the squared relationship. To characterize the FWHM of an ultrasound beam, half the 

amplitude is used (-3 dB) which corresponds to 25% (-6 dB) of the intensity for the same width. 

2.1.5 Device Options 

There are a variety of hardware options that can be used for BBB opening in mice. In this 

project, it was desired to develop an ultrasound system that could be used to open the BBB in mice 

and would be compatible with an existing 7T Bruker BioSpec MRI instrument. 

The application of transcranial FUS is typically performed through the top of the head, as 

traversing from the bottom of the head would result in significant reflection and distortion of the 

beam due to respiratory airways and other non-brain structures. Therefore, two general design 

approaches are typically used, as shown in Figure 2.4. 

MRgFUS Systems 

 
Figure 2.4. Examples for delivering FUS in the prone (A) and supine (B) positions. These two 

examples use a container of water to acoustically couple the transducer to the animal. The 

transducer is typically mechanically linked to a translation system to target different parts of the 

brain.  

When the transducer is over an animal in the prone position (Fig. 2.4A), i.e. a ‘prone 

design’, it is usually in a container of water with an acoustically-permeable membrane, with a thin 

layer of ultrasound gel between the animal’s scalp and acoustic membrane. Unless the container 



47 
 

is optically clear and the focal length is sufficiently long, it is difficult to visualize the presence of 

bubbles that may collect in the water cone and interfere with the ultrasound beam. It is important 

to be able to see the bubbles so they can be removed if present. Bubbles at the transducer surface 

may cause damage to the transducer by reflecting ultrasound energy back into the transducer 

element. Enough energy at high duty cycles would quickly heat and damage the piezoelectric 

transducer element. Additionally, design A requires the transducer and water container to be 

removed between animals, meaning a more complex targeting assembly is required. Some groups 

who use this prone design use an annular transducer with an imaging transducer through the center 

[89].  

‘Supine designs’ (Fig. 3B) have advantages and disadvantages compared to the ‘prone 

design’. Systems that require a supine position are designed using a tank of water with the animal 

platform as the top of the tank, as shown in Fig. 3B. The transducer is within the tank of water, 

and the FUS is directed up through a window in the tank. If the system is mobile, the window 

should be covered with an acoustically-permeable membrane to eliminate splashing or spilling. If 

there is little risk of slashing or spilling, as in a benchtop system, the window could be open to the 

animal’s head if the window is sufficiently large to not block the FUS beam while holding the 

animals head in the proper place. Bubbles in the system will not float to the surface of the 

transducer. Instead, they will float to the window where they are easily visible and removed before 

the animal is placed on the cradle. Without a membrane over the window, the water is directly in 

contact with the scalp, simplifying the system and reducing the chance of bubbles blocking the 

ultrasound. However, the supine position is unnatural for mice, which makes breathing under 

anesthesia more laborious for the animal. 

Commercial Systems 
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Commercial options to open the BBB in mice have been reviewed [90]. Benchtop systems 

are available, such as the Phillips TIPS (Therapy and Imaging Probe System). However, only one 

is compatible with small animal MRI imaging hardware (FUS instruments RK-300). It is capable 

of computer-controlled steering of the ultrasound beam. Unfortunately, at a cost of approximately 

$200K, is cost prohibitive to the research being carried out within a typical research grant. For this 

reason, it was decided to develop a custom, home-built system within this dissertation project. 

Custom-Built Options 

To meet all our requirements, multiple subsystems had to be developed. These include the 

FUS system itself, an acoustic coupling apparatus, the animal head restraint system (head 

immobilization, monitoring temperature and respiration, heating, and anesthetic gas), the MRI 

radio frequency (RF) receiver coil, the microbubble delivery system, and a transducer positioning 

system. Considering various FUS system designs [90], [91], there was no suitable open-source 

design that would allow us to perform MRgFUS within our MRI system. Such a system required 

development from the ground-up and had significant engineering challenges related to translation 

within the small space of the MRI bore. Additionally, opening the BBB within the MRI bore adds 

additional complexity due to need for catheterization of tail vein for the microbubble injection, 

increasing the failure rate [92]. It was decided that a benchtop ultrasound system that would allow 

us to develop BBB opening techniques outside the MRI and have the future possibility of 

MRgFUS within the MRI magnet, which was the goal of this dissertation work.  

Custom Benchtop BBB Opening System 

A basic FUS system consists of an ultrasound transducer, a waveform generator and an 

amplifier. The waveform generator and amplifier do not need to be MRI-compatible and can be 

purchased commercially, but a MRI-compatible transducer must be specially-made. We contracted 
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with an electronics engineering firm (Synergy Electronics, Inc., Scottsdale, AZ) to build an all-in-

one waveform generator, amplifier, and user interface, along with a detachable and calibrated 

ultrasound transducer designed to our specifications. The transducer was built based on published 

directions on construction of ultrasound transducers [51], and the specialized requirements to make 

them MRI compatible [93]. 

2.1.6 Description of FUS System 

The goal of the work described in this chapter was to construct an ultrasound device 

capable of delivering ultrasound to an animal for BBB opening and was compatible with MRI to 

allow MRgFUS experiments to continue in future directions. This goal was met, which required 

validation of the manufacturer’s ultrasound specifications, construction of a device to hold the 

animal, and estimations of in vivo ultrasound attenuation. 

Collaborating with Synergy Electronics, an ultrasound driver was built, which included a 

waveform generator and amplifier, and is shown in Fig. 2.5A. The schematic of the transducer 

element is shown in Fig. 2.5B and was built to design specifications we provided. The beam profile 

(Fig. 2.5C) of the transducer was provided by manufacturer. An apparatus to acoustically couple 

the FUS to an anesthetized mouse was designed in SolidWorks (Fig. 2.5D) using optomechanical 

component models and custom parts. The custom parts were produced on an Objet Connex 350 

3D printer (Fig. 2.5E), and the final system was assembled (Fig. 2.5E). 
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Figure 2.5. Development of BBB opening hardware. Manufacturer (Synergy Electronics, Inc.) 

concept rendering of selected ultrasound driver form factor (A) and design of ultrasound transducer 

cross section (B) and specifications (not shown). The manufacturer also supplied a beam profile 

(C) with arbitrary intensity to demonstrate focal dimensions. An assembly to couple the ultrasound 

to an anesthetized mouse was designed in SolidWorks (D) using optomechanical and 3D printed 

parts. An Objet Connex 350 3D printer (E) with Stratasys Fullcure 720 polymer material was used 

to print custom parts. The final assembly (F) with the ultrasound driver and transducer (the 

transducer sits below the platform and is not visible in panel F). 

The FUS system driver (Fig 2.6A) is equipped with a touch interface to control the 

ultrasound settings, and has a memory to save settings. The ultrasound could be set to an intensity 

(likely ISPPA) range of 10 to 4000 W/cm2, in 10 W/cm2 increments up to 200 W/cm2, then 100 

W/cm2 increments up to 4000 W/cm2. The duty cycle is set by selecting and FUS output on and 

off times of 0 to 20 ms, in 1 ms increments, therefore having a duty cycle as low as 4.8% (1 ms on 

and 20 ms off) according to Equation 2.6. The driver is equipped with two external inputs. The 

footswitch input triggers the FUS pause or continue toggle button. The other input, the external 

trigger, is labelled “ext”, and uses a TTL (transistor-transistor logic) pulse to turn the ultrasound 



51 
 

driver off, where a square wave pulse (i.e. a continuous) 5V DC amplitude into the driver external 

trigger input overrides the power to the ultrasound transducer, and 0V does nothing to the driver 

(allowing FUS output to continue unaffected). For example, if a 10-ms ultrasound pulse with a 

PRF of 1 Hz is desired, the ultrasound driver should be set to 100% duty cycle, and externally 

triggered through a 5V DC pulse for 990 ms at 1 Hz using a waveform generator. It would be more 

desirable for the TTL pulse to turn on the ultrasound rather than turn it off so that the driver doesn’t 

need to run at 100% duty cycle by default. Great caution is needed because high duty cycles can 

be damaging to tissue and ultrasound hardware, and the driver gives no indication of if the 

ultrasound is off when a TTL pulse is used. If the waveform generator is mistakenly turned off or 

unplugged while the ultrasound is on, the transducer or hydrophone could quickly be destroyed. 

Personal correspondence with another group that uses TTL pulses to control ultrasound explained 

they have the same issues, suggesting that this is how ultrasound is commonly controlled across 

different platforms. The footswitch input is equivalent to pressing stop and start, so ultrasound 

output is evident, but it does not discriminate between the on or off condition. This means that if 

not used correctly, the above example could result in 990 ms on and 10 ms off, which is nearly 

100% duty cycle. Therefore, the use of the footswitch to control duty cycle was not used and is 

not recommended. 
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Figure 2.6. Ultrasound system driver (A) and the ultrasound transducer (B), submerged in a tank 

of water, and held by a 3D-printed transducer holder. The transducer holder is attached to the 

translation stages using optical posts. 

The transducer is a circular, 20 mm diameter single element with a frequency of 2 MHz 

and focal distance of approximately 19 mm. It is attached to a 10-foot cable so the ultrasound 

driver can be placed far enough from the MRI bore for MRgFUS experiments. The ultrasound 

system specifications, as reported by the manufacturer, are listed in Table 2.4. 

Table 2.3. Manufacturer specifications for the Synergy Electronics ultrasound system. 

Specification Value 

Frequency 2 MHz 

-6 dB Beam cross section at the focus 1.1 mm 

-6 dB focal zone length 7 mm 

-6 dB Beam area 0.95 mm2 

Max Pin (power) 70 W 

Max Pout (power) 40 W 

Intensity 4 kW/cm2 

Max Vin, VRMS 37@ z=20 ohms at 2 MHz 

Actual Focal Length (AFL) 18.5 mm 
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2.1.7 Description of the FUS Animal Apparatus 

 
Figure 2.7. Apparatus for BBB opening in mice. The apparatus consisted of 3D-printed parts (light 

yellow objects) and purchased optomechanical components. 

To couple the ultrasound into a mouse’s head, an apparatus consisting of custom parts were 

designed in SolidWorks and printed on a Objet Connex 3D printer using Fullcure 720 material 

(Fig. 2.7). Other parts were optomechanical components that were purchased from Thorlabs 

(Thorlabs, Newton, NJ). The custom animal platform supported the mouse in a supine position at 

the correct height above the above the transducer so that the center of the focus of the transducer 

was within the brain of the mouse. The platform also provides anesthesia to the mouse while it is 

on the platform. The acoustic window of the platform was shaped to the crown of the mouse head, 

so that when the mouse was properly placed on the platform, the scalp of the mouse was in contact 

with the water directly above the FUS transducer. An adjustable nose cone was designed into the 
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platform to deliver anesthesia and was angled downward to help immobilize the head. The entire 

apparatus is placed into a tank of degassed water (not shown) such that the water comes up to the 

base of the platform and the scalp of the mouse is just under water. Even though the mouse only 

needed to be on the platform for a few minutes, the scalp is exposed to the water and isoflurane 

anesthesia causes the core temperature to rapidly drop, so it is beneficial to apply heat to the animal 

with warm air (e.g. via a blow dryer set to warm). Although the degassed water in the tank could 

be preheated, warm water has a greater change of forming gas bubbles between the scalp and 

ultrasound transducer, reflecting the ultrasound. Additionally, the 3D-printed parts of the apparatus 

are thermoplastic, and easily warp and bend in warm water. 

Some optical mechanical parts were used instead of 3D-printed parts for strength and 

rigidity. These consisted of a breadboard, posts, and linear translation stages. Optical posts were 

used to hold the platform and translation stages out of the water so that only the animal head would 

be in contact with water and to avoid water damage to the translation stages. Optical posts were 

also used to attach the translation stages to the transducer holder (Fig. 2.6B).  

The entire assembly was designed to be submerged in a container of RO water up to the 

acoustic window. The water was allowed to equilibrate to room temperature and pressure for 24 

hours, so bubbles did not spontaneously form from dissolved gasses. 

2.1.8 Description of Translation Stage 

To move the transducer in space, manual translation stages (Fig. 2.8) designed for optical 

components (Thorlabs, Newton, NJ) were used because they offered high precision at low cost. 

With 10-micron graduations and a 25-mm translation range, they proved suitable for translating 

the ultrasound transducer focus to any part of the mouse brain. Single element ultrasound 
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transducers typically have a long focal zone that sonicate the entire thickness of the mouse brain 

in the z-direction, meaning that translation in only two dimensions (x and y) is necessary. 

 
Figure 2.8. Translation stage system used for BBB opening apparatus. Two single-axis (Thorlabs 

model PT) translation stages were fastened together for XY translation. These stages are modular, 

and can be upgraded to be computer-controlled.  

2.2 Characterization of System FUS via a Hydrophone 

An Onda (Sunnyvale, CA) HGL-0200 hydrophone with an AH-2010 preamplifier was used 

to characterize the FUS beam shape, measure the spatial peak ultrasound pressure, validate the 

manufacturer’s calibration and measure the attenuation of the mouse skull. While there were 

differences for each experiment (explained in each section), the setups shared a common 

configuration, as shown in Figure 2.9. 
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Figure 2.9. Diagram of FUS measurement setup with the hydrophone. The ultrasound transducer 

was secured with a 3D-printed holder in a tank of RO water with the ultrasound beam pointing 

upwards. The hydrophone was secured to an XSlide 3-axis translation system with VMX 

Controllers (Velmex, Inc., Bloomfield, NY). The transducer driving voltage was minimized to 

protect the hydrophone by using a 10 dB in-line electrical attenuator. A waveform generator was 

used to control the duty cycle when the desired duty cycle was beyond the driver software 

limitations. The waveform generator was also used for synchronization of the ultrasound pulse to 

the oscilloscope. The acoustic output was measured with the hydrophone and recorded with a 

Tektronix oscilloscope (Tektronix, Beaverton, OR). The voltage to pressure conversion factor of 

the hydrophone with the preamplifier at 2.0 MHz was 2.12 MPa per volt according to the Onda 

hydrophone calibration specifications. The hydrophone was manually scanned in 3D space to 

determine the focal maximum, which was marked as the origin (0, 0, 0) for automated translation 

purposes. The ultrasound transducer and hydrophone tip were submerged in a tank of RO water 

for acoustic coupling. The water was not degassed but the hydrophone tip was periodically wiped 

to ensure it was bubble-free. Variations were made to this setup for different experiments as 

described.  

2.2.1 Beam Shape  

To characterize the beam shape, a waveform generator was used to trigger the ultrasound 

driver with a 10-microsecond pulse length and the hydrophone was centered at the origin. 

Hydrophone output and the waveform generator synchronization were moved from the 

oscilloscope to a digital-to-analog converter (DAC) installed in a National Instruments PXI 

Chassis (Austin, TX). The pulse was recorded from the hydrophone. In-house software 
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(Experimental Ultrasound and Neural Imaging Laboratory, University of Arizona) was used to 

scan the entire XZ beam profile at 500 µm increments over a 25 x 25 array, where Z is axial to the 

beam (Fig. 2.9). The data was interpolated and resampled to 100 microns for display. At each 

increment, the voltage waveform was recorded with the DAC. MATLAB was used to process the 

raw data to generate images and plots. To characterize how pressure might change with long pulse 

lengths, peak pressure values were examined at early and late timepoints (~20 and ~75 µs after the 

pulse was emitted). A 10-dB attenuator was inserted between the transducer and driver connection 

to minimize potential damage to the ultrasound power.  

The acoustic pressure and intensity profile at the early timepoint (~20 µs) generated from 

the hydrophone (Fig. 2.10) showed a focal region with no standing waves (A,D). Axially, the beam 

has a profile that appears Gaussian with a FWHM of approximately 4.1 mm for pressure (E) and 

3.0 mm for intensity (B). The lateral profile of the beam is narrow, and appears more triangular in 

shape with a FWHM of approximately 1.2 mm for pressure (F) and 0.8 mm for intensity (C). 
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Figure 2.10. Beam pattern early in FUS pulse (~20 µs) with no standing waves. Intensity was 

calculated from pressure. Intensity image (A) appears more tightly focused than the pressure (D). 

The intensity axial profile (B) appears to have a Gaussian shape, and the FWHM is smaller than 

the pressure FWHM (E). The plotted lateral beam cross section of the intensity (C) at the focus is 

narrower than the pressure (F). 

At about 75 µs into the pulse, standing waves become apparent from the beam pattern (Fig. 

2.11). Standing waves are caused by multiple reflections between surfaces that are additive at 

“nodes”. The surfaces may have been the transducer and the hydrophone tip. Attempting to 

determine the focal maximum in the presence of standing wave nodes will produce false 

maximums. The axial and lateral FWHM are different for intensity and pressure due to the 

quadratic relationship between pressure and intensity (Eq. 2.3). According to the plotted axial 

pressure, the standing waves only slightly increase the peak pressure (Fig. 2.11D vs Fig. 2.10E). 
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Figure 2.11. Beam pattern late in pulse (~75 µs) with standing waves. Intensity image (A) appears 

to have a smaller focus than the pressure (C). The intensity axial profile (B) appears to be both 

Gaussian and sinusoidal. The distance between nodes is about 1.5 mm, double the wavelength of 

2 MHz ultrasound.  

2.2.2 Manufacturer Calibration Verification 

The manufacturer calibrated the ultrasound driver and transducer combination using an 

ultrasound power meter, which had a large rubber cone absorber, to generate calibration node 

points for various FUS output voltages. These nodes can be viewed and modified in a hidden menu 

that is accessible on the device by repeatedly pressing the upper corner of the system information 

screen. Each node point has voltage for one value, and the other value has unlabeled units. It may 

correspond to the power meter results. As part of a closed system, we can only speculate as to how 

the voltage is determined for a given intensity setting. The output of the system was verified with 

the hydrophone at the focal maximum with a 10 µs pulse length PRF at 1 Hz, which was also 
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synchronized to an oscilloscope. The peak pressure was recorded at the focal maximum for a driver 

setting of 10 W/cm2, resulting in an intensity of 11.6 W/cm2 (Table 2.4). 

2.2.3 Measurement of BBB Opening Pressures 

In preliminary experiments, we found that the lowest intensity setting (10 W/cm2) of the 

ultrasound driver clearly opened the BBB. To obtain a lower power for BBB opening experiments, 

we used in-line (between the transducer and driver) electrical attenuators 3 dB, 6 dB, and 10 dB, 

which effectively should reduce ultrasound intensity by 2, 4, and 10 times, respectively. Similarly, 

ultrasound pressure should be reduced by 1.4, 2, and 3.2 times, respectively. Pressures were 

recorded using the same technique used for the manufacturer calibration verification. 

2.2.4 Focal Maximum of Hydrophone Measurements 

The FUS focal maximum (origin) pressure amplitude of a 10 µs pulse was measured in 

water with an oscilloscope using different driver configurations (Table 2.4, Measured in Water). 

These included the use of the lowest driver setting with and without in-line electrical attenuators 

from 3 dB to 10 dB. Intensity was also calculated from pressure, and derated values were also 

calculated. The most important values from this table are the derated MI values (rightmost 

column), which are all below the BBB damage threshold according to Table 2.2, and the MI of 

0.297 is above the minimum threshold for BBB opening.  

Table 2.4. Ultrasound measurements with a hydrophone and corresponding derated values.  

 

FUS driver configuration
Hydrohone 

(mVpp) 

ISPPA 

(W/cm
2
)

ISPTA 

(mW/cm
2
)

PPNP 

(MPa)

MI @ 

(ISPPA)

ISPPA.3 

(W/cm
2
)

ISPTA.3 

(mW/cm
2
)

PPNP.3 

(MPa)

MI @ 

(ISPPA.3)

factory-set minimum* * 10.0 100 0.544 0.385 5.15 51.5 0.390 0.276

factory-set minimum 553 11.6 116 0.586 0.414 5.97 59.7 0.420 0.297

factory-set minimum -3 dB 345 4.52 45.2 0.366 0.259 2.32 23.2 0.262 0.185

factory-set minimum -6 dB 232 2.04 20.4 0.246 0.174 1.05 10.5 0.176 0.125

factory-set minimum -10 dB 149 0.84 8.42 0.158 0.112 0.43 4.33 0.113 0.080

Measured in Water Derated for Mouse Brain
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*Factory-calibrated driver intensity of minimum of 10 W/cm2, measured with an ultrasound power 

meter (radiation force balance), from which pressure, intensity and derated values were also 

calculated for comparison to hydrophone measurements. All other values originated from 

hydrophone measurements. 

In Table 2.4, values were derated for the mouse brain, skin, and skull (24% pressure 

insertion loss). For comparison, the minimum system intensity setting driving (ISPPA of 10 W/cm2) 

was included (*) for comparison to the hydrophone measurements. Voltage of the system for the 

transducer (factory-set minimum) was factory-calibrated to have an intensity measured with an 

ultrasound power meter (unknown model) and degassed water. A hydrophone with a 200 µm-

diameter aperture connected to an oscilloscope scanned the ultrasound in space to determine the 

spatial-peak pressure (2.12 MPa/V). In-line electrical attenuators (3, 6, and 10 dB) were used to 

reduce the driving voltage to the hydrophone, and these pressures were also measured. The factor-

calibrated output of 10 W/cm2 (*) was compared to hydrophone measurements. 

A summary of manufacturer-supplied and experimentally measured FUS parameters are 

listed in Table 2.5. The measured specifications are similar to those provided by the manufacturer 

except for the axial FWHM of pressure, which was measured to be significantly smaller. It is 

possibly due to an off-axis measurement, as indicated by the non-matching peak values plotted in 

Figure 2.10 (E vs F). 

Table 2.5. Manufacturer and experimentally measured specifications. Measurements were taken 

to validate the manufacturer-supplied parameters. The -6 dB of intensity is equal to the FWHM of 

pressure. As noted by the asterisk (*), the standing waves increase the axial FWHM from 4.1 to 

6.4 mm. 
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Parameter Manufacturer 

Specification 

Measured 

Specification 

Frequency  2 MHz 2 MHz 

Lateral FWHM Pressure 1.1 mm 1.2 mm 

Axial FWHM Pressure 7 mm 4.1 mm* 

Beam Area** (FWHM Pressure) 0.95 mm2 1.1 mm2 

Minimum Intensity 10 W/cm2 11.6 W/cm2 

*standing waves increased this value to 6.4 mm. 

**Area of axial cross section where axial pressure is maximum 

2.2.5 Skull Insertion Loss 

Skull insertion loss is attenuation of the ultrasound due to insertion of the skull into the 

beam path. To determine the attenuation of the FUS from mouse skull, the setup described in 

Figure 2.9 was used with a mouse skull inserted between the transducer and hydrophone. An adult 

c57/B6 mouse was humanely euthanized with CO2 gas. The skull cap was extracted and fixed in 

4% PFA (paraformaldehyde) for 24 hours. It was then rinsed in saline and positioned 

approximately 3 mm from the center of the focal point in the near field. It was supported by the 

acoustic window of the animal platform of the BBB opening apparatus. Ultrasound measurements 

with and without the skull in the beam path were used to estimate the insertion loss. Measurement 

of the attenuation through the skull varied between 24% to 40% depending on position and 

ultrasound pressure. This was comparable to attenuation estimated from literature of 24% (Table 

2.1).  

Overestimation of attenuation (i.e. up to 40%) may be due to an overestimated pressure 

without the skull (P0, Eq. 2.10) and/or an underestimation of pressure with the skull (P, Eq. 2.10) 

for three different reasons. First, when the hydrophone was positioned without the skull at the focal 
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maximum, standing waves may have overestimated the pressure P0. Second, with the skull in 

place, the node axial position could have shifted, which would also have resulted in underestimated 

P. Lastly, if the skull surface was not perpendicular to the ultrasound beam, a greater amount of 

reflection would have underestimated P. Mapping the beam pattern would be useful to determine 

the actual cause of the variation in attenuation in spite of previous research [52] that found the 

mouse skull did not significantly distort the ultrasound beam. 

2.3 Discussion  

Through the theory and experiments described in this chapter, important ultrasound 

properties for FUS-mediated BBB opening have been determined and these parameters have been 

experimentally measured in a custom-built system for BBB opening in mice. Mice are the leading 

organism for biomedical research, and there are models for many neurological diseases. For these 

reasons, mice are indispensable for developing therapies [94]. Because there is an expected 

uncertainty (4 to 15%) with ultrasound measurements using calibrated equipment [60], [88], [95], 

[96], it is useful to compare our results to previous reports [88]. 

Few groups report the usage of 2 MHz for BBB opening in mice because rats are more 

commonly used as the animal model. In rats, 1.5 MHz is more appropriate due to the thicker rat 

skull. However, steps to determine the frequency dependence of derating equations are well 

defined so it is simple to compensate for different frequencies. Additionally, data from multiple 

experiments and groups have been reviewed [27], revealing threshold trends for microbubble 

cavitation [53], [97], BBB opening, and safety. With this information, in vivo ultrasound pressure, 

intensity, and mechanical index can be estimated and compared to previous literature. Ultrasound 

settings expected to open the BBB are evaluated with in vivo experiments in Chapter 3 of this 

dissertation.  
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As previously stated, the minimum intensity setting of the driver of 10 W/cm2 was 

measured to be 11 W/cm2 using a hydrophone. This is within the normal ultrasound measurement 

error of 4 to 15% [60], [88], [95], [96]. At this setting, the derated MI in a mouse brain was 

estimated to be 0.30, which is at the low end of effective BBB opening [27]. Lower MIs can be 

obtained by using in-line attenuators (3, 6, and 10 dB) to obtain 0.19, 0.13, and 0.08 derated MI, 

respectively. A MI of 0.19 might open the BBB based on the results from other groups since it is 

close to MI values that do not open the BBB [89], [98] . Finally, the two lower attenuators 0.13 

and 0.08 are not expected to open the BBB because they are at or below MI values that are known 

not to open the BBB, even with a 15% measurement uncertainty.  

The acoustic profile and cross sections with and without the standing waves demonstrated 

how standing waves can dramatically alter the focal characteristics. According to the speed of 

sound in water (1484 m/s), it would take about 13 µs for ultrasound to reach the hydrophone at the 

focal length, and 39 seconds for the first reflected wave to reach the transducer. This explains why 

standing waves are present at about 75 µs and not present at about 20 µs. Within the mouse brain, 

BBB opening has been routinely performed using ultrasound pulses are longer (1-10 ms), so 

standing waves do occur by reflecting off the dorsal-ventral internal surfaces of the skull (about 

3.5 mm apart, leading to possible opening of the BBB caused by the nodal pattern of the standing 

waves. Standing waves in intact rat skulls have been measured with an optical hydrophone, and 

standing wave patterns have been clearly seen in 25% of rats with MR imaging following BBB 

opening [68]. Recently, the effect of standing waves in mouse skulls have been shown to increase 

the opened region of the brain, and strategies that include random ultrasound frequencies and 

pressures have resulted in far smaller opened regions of the BBB due to the reduction of standing 

waves [99]. The measured axial FWHM without standing waves was measured to be 4.1 mm with 
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a short pulse. An adult mouse brain was measured from a high-resolution MR image and had a 

maximum dorsal-ventral (top to bottom) length of 3.5 mm. Based on these dimensions, the axial 

FWHM would penetrate the entire length of the brain, although the presence of standing waves 

(Fig. 2.11) would likely increase the volume of opened BBB [99]. In either case, any anatomical 

structure of the brain could evidently be reached for targeted treatment mice models. Although the 

results from application of the FUS system in vivo may differ from the results described in this 

chapter, the measurements described in this chapter are a useful and necessary step to determine 

the initial parameters needed and appropriate for BBB opening in vivo. 

The development of the BBB opening hardware described in this chapter was an iterative 

process. These preliminary experiments evaluated several ultrasound transducers and acoustic 

coupling strategies to achieve repeatable BBB opening with simple yet effective methods (without 

success). These strategies are documented in Appendix B.1.  

The cost of the benchtop FUS system and the proposed MRgFUS system that could be 

built in the future are summarized in Table 2.6. 

Table 2.6. The cost of the materials and components of benchtop system and proposed MRgFUS 

system.  
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Part Benchtop System Proposed MRgFUS System 

3D-printed parts ~$50 ~$50 

Optomechanical parts ~$1000 N/A 

MRI-compatible 

motors 
N/A ~$1000 

MRI-compatible FUS $20,000 

Machined plexiglass N/A ~$200 

Surface Coil N/A ~$4000 

Total for either system ~$21,050 ~$25,250 

Total for both systems ~$26,300 

The benchtop system was created at the cost of ~$21,050. The proposed MRgFUS system 

may also use a DAC and a laptop to trigger the FUS system and control the motors. Materials 

required to create a custom MRgFUS system would cost about an additional $5,250, which is very 

low considering the expanded capabilities of MRgFUS and the cost of comparable commercial 

systems. The cost of the benchtop system is approximately $25,000, which is about 1/10 of the 

cost of a commercial system (FUS Instruments). 

The system, after repairs and modifications (APPENDIX A) appeared to perform reliably. 

There are five primary limitations to this system. (1) Although currently limited to benchtop 

experiments due to the design of the FUS apparatus (animal platform and translation stage), it 

could easily be used in other devices, such as an apparatus for MRgFUS without any modification 

of the ultrasound driver or transducer. (2) The lack of computer-controlled translation system 

increases the risk of human error when attempting to translate to different locations in the brain. 

(3) The lack of ear bars in the current animal cradle may lead to a small variation in sonication 

location, but allow of rapid positioning of the animal onto the cradle. 
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CHAPTER 3. BLOOD BRAIN BARRIER OPENING IN MICE 

Chapter Summary 

In Chapter 2, we described the design, construction, and characterization of a MRI-

compatible FUS system for BBB opening. Chapter also considered theoretical BBB opening under 

a specific set of experimental parameters. In this chapter, we consider how additional experimental 

factors impact BBB opening, including FUS pulse length and repetition frequency, microbubble 

types and sizes, targeting of different locations in the brain, and mouse strain. We then describe 

experiments performed using the FUS system described in Chapter 2 to experimentally open the 

BBB in mice. Several things will be evaluated, including the ability to target various locations in 

the brain, the transience of BBB opening, and the effect of FUS pressure on BBB opening and 

tissue damage. By evaluating these aspects, we experimentally determine parameters for safe and 

effective BBB opening.  

3.1 Introduction 

As discussed in the previous chapter, numerous parameters affect the characteristics of 

BBB opening, e.g. the frequency and peak pressure of the FUS, the duration of a single FUS pulse, 

the duty cycle and total duration of the FUS, the size and composition of the µBs, the amount of 

µBs injected, the structure of the brain region being targeted, the type and amount of anesthetic 

used, as well and many others. It is not feasible to comprehensively test a parameter space with 

such large dimensions. Even though pioneering researchers of this technique have narrowed the 

parameter space for sufficient BBB opening, the in vivo effects of our system can only be estimated 

from this previous work. Experimental validation is required to achieve the desired outcome (i.e. 

temporary and safe BBB opening in mice). In addition to FUS, there are other important factors 
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that could affect BBB opening and will be closely examined. These include microbubbles, 

targeting site, and the animal characteristics. 

3.1.1 Ultrasound 

As described in Chapter 2, the FUS frequency of our system (2.0 MHz) is expected to be 

appropriate for safe and effective BBB opening in mice. At 1% duty cycle, heating should also not 

be an issue for the FUS pressures being used. Other FUS parameters, such as pulse repetition 

frequency, pulse length, and sonication time need to be chosen to ensure appropriate BBB opening 

and minimize damage. It would be convenient to simply adopt recently used parameters by other 

groups that have established safety. However, considering that our system uses higher frequency 

than other systems, and will therefore require more FUS energy to have the same BBB-opening 

effect, the experimental effects of each parameter will be assessed.  

FUS Pulse length 

FUS is applied in pulses of oscillating pressure. In our case, the pulses have a frequency of 

2.0 MHz. Various FUS pulse lengths have been used successfully to open the BBB: 100 ms [100], 

50 ms [101], 1.3 ms [102]. Shorter pulses were found to produce a more uniform distribution of 

acoustic cavitation throughout the focal volume, and longer pulses or high duty cycles were found 

to impede the flow of microbubbles due to secondary radiation forces [103], [104]. BBB opening 

has been shown to increase as pulse lengths increase up to 10 ms in previous studies [67], [105]. 

Also, very short pulses (less than 75 microseconds) eliminate standing waves as shown in Chapter 

2, but this hinders BBB opening. Because of these observations, a 10 ms pulse length is commonly 

used [27], [68], [106] and is what has been chosen for the current project. 

Pulse repetition frequency (PRF) 
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A 10 ms pulse length repeated every second (i.e. 1 Hz PRF) has a duty cycle of 1%. A 2 

Hz PRF has been used for biomedical applications like lithotripsy [107] and BBB opening [26], 

[108]. However, 1 Hz is generally regarded as safer for both applications and is commonly used 

in BBB opening experiments [31][31], [81], [101]. Higher PRFs have been used to open the BBB, 

but this usually results in higher duty cycles if pulse length is not also reduced. Some examples of 

PRFs (and duty cycle) that have been used for BBB opening are 2 Hz (2%), 10 Hz (20%), and 20 

Hz (20%) [89], [98], [109]. For lower FUS frequencies, it may be more efficient to use a higher 

PRF (and higher duty cycle) because of the lower pressure requirements for BBB opening. 

The FUS ‘off time’ (i.e. time between FUS pulses) is also important because it must be 

long enough to allow new microbubbles to enter the FUS beam. While this effect has not been 

well-characterized, long (>490 ms) ‘off-times’ are typically used to avoid tissue heating [98]. 

Some groups who use short off times find it necessary to pause for as long as 30 seconds to allow 

the heat to dissipate [89], [92]. We chose to use a 10 ms pulse length at 1 Hz (990 ms off) to 

achieve a 1% duty cycle. 

Total Sonication time 

The total sonication time, or the time from the start of the first pulse to the end of the last 

pulse, is typically between 30 seconds to 2 minutes, although single pulses have also been used to 

open the entire hemisphere of a brain with scanning ultrasound (i.e. a single pulse per location) 

[46]. Due to the short half-life of µBs in the vasculature (in the range of a few minutes), BBB 

opening would have little benefit past 2 minutes [110]–[112]. Some groups who use a PCD 

(passive cavitation detector) stop the sonication once a specific cavitation dose has been reached 

[27], [99], [113]. It has been shown previously that it is important to start the FUS immediately 

following injection of microbubbles because a delay would effectively increase the pressure 
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threshold for BBB opening due to the loss of µBs [92]. We chose to use a sonication time of 2 

minutes. 

FUS frequency 

FUS frequency selection is a compromise between penetration (favoring lower 

frequencies) versus spatial resolution and focusing (which favor higher frequencies). The lower 

frequencies (250 to 500 kHz) are practical for BBB opening because they have good penetration 

due to relatively low attenuation in bone and tissue compared to higher frequencies. Slightly higher 

frequencies are a suitable compromise to achieve a smaller focus. The Insightec ExAblate Neuro, 

for example, is the only FDA-approved MR-compatible human transcranial FUS device. It is being 

used in clinical trials [114], [115] and has an operating frequency of 220 to 720 kHz [116] and a 

focal size as small as 1.5 x 1.5 x 3 mm [117]. In humans, higher frequency FUS (1.5 to 2 MHz) 

would be inefficient and unsafe due to attenuation of FUS within the skull and would cause unsafe 

heating of skin and bone to achieve BBB opening deep within the brain. Even at relatively low 

operating frequencies, the Insightec ExAblate device actively cools the scalp with chilled water to 

prevent these undesirable effects. In preclinical studies using small animals, e.g. mice, heating due 

to FUS at higher frequencies, e.g. 2 MHz) is a non-issue with appropriate FUS parameters due to 

the thin skull (approximately 0.2 mm). Additionally, using higher frequencies allow smaller 

regions of brain to be targeted, which is important for animal models with small brains. 

3.1.2 Microbubbles 

Microbubbles play an important role in BBB opening and safety. They have long been used 

clinically as ultrasound contrast agents, and have relatively low adverse event profile. The 

microbubbles membranes are primarily composed of a protein or lipid monolayer shell. The 
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microbubbles used in this project are composed of a perfluorocarbon gas core surrounded by a 

phospholipid shell and are suspended in a saline-based excipient. Perfluorocarbon gas is typically 

used because it is biologically inert and has a longer half-life in the bloodstream than other gasses 

(e.g. air or carbon dioxide). Currently, several different brands of microbubbles have been 

approved by the FDA for cardiovascular imaging because they are generally safe and provide 

excellent ultrasound contrast because they reflect ultrasound with high efficiency. BBB opening 

has been achieved with these same microbubbles at the FDA-approved dose for imaging [47]. 

Other microbubbles had FDA approval, but these had air or nitrogen gas cores resulting in very 

short vascular half-lives and have been discontinued [111]. Several types of microbubbles have 

been used to open the BBB, including microbubbles made in-house, and are listed in Table 3.1. 

Using well-established methods [118], we synthesize custom microbubbles (Table 3.1, custom) 

which have been used in a number of previous experiments [119], [120].  

Table 3.1. Ultrasound contrast agents that have been used to open the BBB. 

micro-

bubble 

µB per 

mL 

shell mean 

diameter 

gas 

core 

clinical 

dose 

safety 

test 

mean 

t1/2 

OptisonTM 

[110], [121] 

5.0-

8.0x108 

albumin 3.0-4.5 

µm 

C3F8 0.08 

mL/kg 

2.5x, rat 1.3 m 

Definity® 

[87], [111] 

1.2x1010 lipid 1.1-3.3 

µm 

C3F8 0.01 

mL/kg 

24x, rat 3.5 m 

SonoVue® 

[122], [123] 

1.0-

5.0x108 

lipid 1.5-2.5 

µm 

SF6 0.03 

mL/kg 

30x, rat <1 m 

Custom 

[119], [120] 

1-5 x 109 lipid ~1-2 µm C4F10    

Optison™ (GE Healthcare, Milwaukee, WI), Definity® (Bristol-Myers Squibb Medical 

Imaging, N. Billerica, MA, USA), and SonoVue® (Bracco Diagnostics Inc., Milan, Italy) are 
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commercially available. Our custom formulation should also be capable of opening the BBB. 

Optison™ has a maximum bubble diameter of 32.0 µm, with 95% less than 10 microns [110], 

[121]. Definity® has a maximum bubble diameter of 20 µm with 98% less than 10 µm [87], [111]. 

SonoVue® (or Lumason®) has a maximum bubble diameter of 20 µm with 99% of the bubbles 

are smaller than 10 µm [122]–[124]. We chose to use the custom microbubbles for BBB opening 

experiments which have a formulation almost identical to Definity® except with perfluorobutane 

Microbubble Dose 

Based on safety tests of other lipid-based µBs (Table 3.1), our custom µBs should be safe 

in rats to at least 24 times the human dose as defined by the commercial product documentation 

[87]. Instead of body weight, body surface area is commonly used to determine equivalent doses 

between humans and animal models (allometric scaling). Larger animal models have lower 

metabolic rates and slower physiological processes, so they require a smaller dose based on weight 

[125]. Mice have approximately twice the body surface area as rats per weight [125], so a dose of 

24x in rats would be equivalent to 48x in mice according to the human-equivalent dose (HED) 

(Eq. 3.1). To maximize clinical relevancy, some groups have sought to maintain similarity to the 

FDA-approved human dose (0.01 mL/kg) (using 2 to 5 times more [108], [126]. In mice, it is 

difficult to accurately and repeatedly inject sub-microliter volumes to achieve FDA-approved 

doses, leading some groups to use significantly higher doses, up to 2.4 mL/kg. With standard FUS 

parameters, this dose caused hemorrhaging as well as increased BBB opening [127]. By diluting 

µBs into a larger volume of saline, smaller doses are easily injected in mice, which has been 

demonstrated previously [27], [100] In the studies included in this project, we chose to use 0.2 

mL/kg, which is equivalent to 4 microliters in a 20-gram mouse.  
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When determining equivalent doses between humans and animals (or between animals of 

different species), an HED equation is used:  

𝐻𝐸𝐷 (𝑚𝑔/𝑘𝑔) =  𝐴𝑛𝑖𝑚𝑎𝑙 𝑑𝑜𝑠𝑒 (𝑚𝑔/𝑘𝑔) × 
𝐴𝑛𝑖𝑚𝑎𝑙 𝑘𝑚

𝐻𝑢𝑚𝑎𝑛 𝑘𝑚
   

Eq. 3.1 [125] 

where km is the species-specific body weight to surface area correction factor [125]. A 1x HED, 

based on the FDA approved dose, is 0.063 mL/kg, which is 3 times less than what we selected. 

However, doses up to 24x µB HED were demonstrated to be safe in rats should be well-tolerated 

in mice. Equation 3.1 can be rearranged to find this dose in for mice. 

𝐴𝑛𝑖𝑚𝑎𝑙 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑑𝑜𝑠𝑒 = 24 × 0.010 𝑚𝐿/𝑘𝑔 𝐻𝑢𝑚𝑎𝑛 × (𝐻𝑢𝑚𝑎𝑛 37/𝑀𝑜𝑢𝑠𝑒 6) =

1.5 𝑚𝐿/𝑘𝑔    

It is likely that optimal microbubble doses are different for BBB opening and ultrasound 

imaging because they have different objectives. For imaging, dose is dependent on improving 

contrast without oversaturation [128]. For BBB opening, the goal is to achieve an amount of 

cavitation that safely disrupts the BBB but does not cause significant tissue damage. While many 

of the parameters that determine the amount of cavitation can be controlled, variability of injected 

microbubbles remains a challenge. Besides the number of µBs in the vasculature, µB size is the 

other important factor that plays a role in BBB opening and safety.  

Microbubble size 

Microbubbles are well tolerated in animal models, and even at 2.4 mL/kg [127], harmful 

effects were not seen in mice. µBs >5 microns in diameter get stuck at capillary junctions, but the 
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effect is temporary because the gas dissolves into the blood [129]. Cerebral capillaries are 4 to 8 

μm in diameter [130], so some microbubbles greater than 5 microns may enter the brain. Previous 

work has characterized the relationship between cavitation, frequency, pressure, and bubble size 

[97]. The data shows that for 2 MHz FUS, stable cavitation occurred at 0.14 to 0.32 MI, and inertial 

cavitation occurred at higher pressure. The data showed that larger bubbles undergo stable 

cavitation at a lower pressure threshold than smaller bubbles, which is consistent with findings 

from other studies [126], [131], also suggesting that BBB opening results from stable cavitation. 

The expected cavitation for these pressures are consistent with BBB opening results using 

Definity® microbubbles, which the BBB opening threshold was between 0.12-0.24 MI and the 

safety threshold was between 0.24 and 0.37 MI using 1.525 MHz [89]. The results of these studies 

are complementary, and provide a starting point for experimentally determining appropriate FUS 

parameters with our system. 

Microbubble stability 

The half-life of µBs in the vasculature are affected by the choice of anesthesia, which 

ultimately affects BBB opening. Isoflurane in oxygen is a common and convenient method for 

anesthetizing animals for imaging studies. However, isoflurane with oxygen has been shown to 

have reduced BBB opening compared to ketamine and xylazine, possibly due to the 

vasoconstrictive effects and rapid clearance of microbubbles from the increased oxygen content 

[106]. Isoflurane also causes reduced cerebral perfusion pressure and an impairment of 

cerebrovascular autoregulation [132], which may reduce the number of microbubbles in the focal 

region. On the other hand, ketamine increases cerebral perfusion pressure and cerebrovascular 

autoregulation is not impaired. Despite the issues associated with isoflurane anesthesia, we have 
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found that we can use it to reliably open the BBB, and it is commonly used by other groups who 

perform FUS mediated BBB opening [99], [133]–[135]. 

Microbubble injection 

Care must be taken during the µB injection because excess pressure on the syringe plunger 

can irreversibly collapse bubbles, which is evident when the visibly cloudy diluted bubble solution 

becomes transparent. In clinical use, a large gauge needle is recommended [87], but this is not 

practical in the tail vein of a mouse. Because a small gauge needle is necessary, slow and steady 

pressure needs to be applied to the plunger to avoid bubble collapse. 

The number of microbubbles present during the application of FUS depends on many 

experimental parameters including blood flow, tissue vasculature, anesthesia, the type of bubbles 

being used, the injection route (bolus vs infusion), the injection proficiency and technique of the 

animal technician [136] and, as mentioned previously, the duty cycle and pressure of the FUS. 

With so much potential for experimental variability, one group has employed microbubble dose-

independent strategies to control the amount of BBB opening [98]. This is done by limiting the 

amount of microbubble cavitation events, the factor directly responsible for BBB opening, by 

using a passive cavitation detector (PCD) to monitor microbubble cavitation emissions. Once the 

desired cavitation dose has been achieved, the FUS is terminated.  

A PCD is most useful to detect inertial cavitation, which results from a high mechanical 

index. Inertial cavitation is typically associated with unwanted bioeffects, and is not necessary for 

BBB opening [137]. A mechanical index that opens the BBB without inertial cavitation can be 

determined with T1- and T2-weighted MRI. With a sufficient microbubble dose and sonication 

time, well-practiced tail vein injection techniques, and a properly selected mechanical index, there 

should be significant and reliable BBB opening appropriate for animal models. Additionally, the 
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spatial constrains of MRgFUS systems for small animals models do not allow the use of a PCD, 

which is a limitation of cavitation detection in preclinical MRgFUS studies.  

3.1.3 Targeting 

The majority of preclinical BBB opening experiments have been done in small animals, 

primarily in mice and rats with single element FUS systems. Various locations of the brain have 

been targeted for BBB opening in animal models, including the caudate putamen [26], [27], [99], 

[133], [137], the hippocampus [89], [138]–[140], and the substantia nigra [141]. The minimal size 

of the target is limited by the focal diameter of the beam, typically about 1 mm full-width-at-half-

maximum (FWHM) [126]. The focal length of the ultrasound transducer is approximately 8 mm 

long (FWHM) and will therefore sonicate the entire depth of the brain. Some groups have the 

capability to open large regions of the brain with computer-controlled translation of the transducer 

element, but the safety of opening the BBB in large regions has not been well characterized and is 

less clinical translatable as explained in Chapter 2.  

In addition to biological relevance of a sonication target, other factors need to be 

considered. Targets that require a shallow angle of FUS incidence to the skull will suffer greater 

ultrasound distortion and attenuation [52]. Targets near the ventricular surface will allow drugs to 

diffuse into the CSF and into other parts of the brain and/or be rapidly washed out.  

In this project, we are developing the FUS methods to treat Niemann-Pick type C (NPC) 

disease. NPC pathological relevance of targets has been studied based on volumetric analysis and 

PET imaging. In an NPC-/- mouse model at 3 weeks of age, there was significant reduction in 

neocortical volume compared to a wildtype mouse. By 9 weeks, there was a reduction in the 

hippocampus, caudate putamen, thalamus, cerebellum and neocortex [142]. PET imaging revealed 

abnormal metabolism in the thalamus, prefrontal cortex, parietal–occipital white matter, basal 
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ganglia, cerebellum and the pons [143]. Adult-onset NPC revealed severe atrophy of the 

cerebellum [143], [144], which was likely attributed to the age of the patient. Brain regions that 

undergo atrophy and/or abnormal metabolism may be suitable drug delivery targets. Any of these 

targets can be reached in mouse and rat models, but existing hardware designed for focal BBB 

opening in humans cannot target structures near the skull. Therefore, structures appropriate for 

studying BBB opening safety and are relevant to NPC include the hippocampus, the cerebellum, 

and the caudate putamen. The hippocampus is essential for learning and memory [145] and is a 

target of interest for neurodegenerative diseases like Alzheimer’s disease [146]. Preliminary 

studies have evaluated the ability to open the BBB at this target [6], [89], [138], [147]. The 

cerebellum is essential for fine motor control and motor learning [148], and has pathological 

significance for neurological disorders that affect movement, including Huntington's disease, 

multiple sclerosis, epilepsy, and Niemann–Pick disease. The only FDA-approved device for 

transcranial FUS is unable to reach the cerebellum, diminishing clinical applicability for this target. 

However, new devices are being developed that would allow BBB opening to additional regions 

of the brain [45], [48]. 

The caudate putamen, also called the caudoputamen, is part of the basal ganglia and 

striatum, and is involved in voluntary motor control, goal-directed action, memory, learning, and 

decision-making [26]. It is a drug delivery target of interest for Parkinson’s disease, and this target 

has been used in a study in primates to evaluate safety [26] and other proof of concept studies in 

animal models [27]. Neurotrophic factors have been delivered to this target as well as the substantia 

nigra in Parkinson’s disease animal model [141]. Unlike the hippocampus, the caudate putamen is 

not adjacent to folds or ventricles and is optimal for fluorescence histology. It is therefore a better 

target to evaluate BBB opening parameters in the brain. Additionally, while volumetric reductions 
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in the hippocampus from NPC may affect memory, reductions in other subcortical regions such as 

the caudate putamen have a greater effect on motor control, and treatment of these areas would 

have a more apparent effect in NPC animal models [149]. 

3.1.4 Animals 

Certain mouse strains are more appropriate for memory and cognitive tests that are used to 

evaluate neurodegenerative disease states. For example, we have found that C57BL/6 mice are 

more appropriate to use with the Morris swim task [Barnes 1996] than BALB/c for several reasons. 

In preliminary experiments, BALB/c mice tended to refuse to swim, had trouble completing the 

task, and the white fur was not easily tracked by the camera system of the swim task setup. 

C57BL/6 are not known to have these issues. Other groups have also found a similar species-

dependent issues with swim tests [150], [151]. For these reasons, we chose to use a C57BL/6 

background for our experiments. A disadvantage of using these mice is that tail vein injections are 

more difficult because the dark pigmentation of the tail partially obscures the tail vein. We have 

found that a backlight is useful to increase the visibility of the tail vein and is sufficient for 

repeatable µB injections. 

3.1.5 Safety 

In general, lower FUS frequency and pressure amplitudes and lower µB doses have been 

shown to result in reduced tissue damage [105]. FUS pressures used for diagnostic imaging (<1.5-

2 MPa) have been assumed to be safe for BBB opening in humans [138]. However, as we have 

described in Chapter 2, microbubbles reduce the pressure threshold for damage. Because of the 

difficulty associated with quantifying the amount of microbubbles injected, as well as how they 
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traverse the tissue, it is necessary to evaluate safety for a particular set of BBB opening parameters 

and methods. 

Evidence of damage has been assessed in multiple ways. Noninvasively, evidence of 

edema can be seen with T2-weighted MRI [137], [152], and evidence of hemorrhaging with T2*-

weighted MRI [29], [153]. Quantitative cognitive tests have also been used [26]. Details of 

physical damage is best shown with histology. H&E-staining following BBB opening has been 

used to show the extent of and type of damage in several studies [89], [154]. Different strategies 

have been used to quantify the damage. Some studies simply report that tissue damage was present 

or not [126], [127], [137]. One study counted microhemorrhages (RBCs>5), damaged neurons, 

and microvacuolizations [89]. Damage commonly has a punctate distribution, so some groups 

count the number of damage sites [53], [154], [155]. TUNEL-stained histology has been used to 

show damage from the presence of apoptotic cells, which were counted [154]. Hemorrhages can 

be seen from gross examination of thick sections using a low power microscope [89]. Because it 

is difficult to quantify, the presence or absence of hemorrhages was simply used to indicate harmful 

FUS parameters. In general, these studies have found that BBB can be achieved with little or 

negligible damage and no long term cognitive deficits. Long term safety studies of repeated BBB 

opening in nonhuman primates up to 20 months have shown no detectable damage with MRI or 

cognitive deficits [26]. Cognitive testing was performed with a behavioral test that used the well-

established random dot-reaching task with a reward. In this task, a dot would appear on an LCD 

screen and the animal was trained to touch it to receive a reward. Reaction time and touch error 

were quantified before and after BBB opening.  

An important aspect of safety is the transience of BBB opening, for which MRI is 

particularly useful because the BBB can be evaluated at multiple timepoints. A previous study 
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using MRI has revealed that by 6 hours after FUS-mediated BBB opening, the BBB is mostly 

closed, and is fully closed by 24 hours [152]. Similarly, if BBB opening results in hemorrhage and 

edema, they are absent by 6 hours, as shown by T2*- and T2-weighted images, respectively [135]. 

Edema shown by T2-weighted MRI was associated with histological damage [137]. In this chapter, 

we add to the body of work by evaluating safety using a parameter set particular to our system (2 

MHz FUS for 2 min, PRF 10 ms, duty cycle 1%).  

3.2 Methods Common to All Experiments 

3.2.1 Microbubble Preparation 

Microbubbles were prepared at least one day before use with a mixture of 1,2-dipalmitoyl-

sn-glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3 phosphate (DPPA), and 1,2-

dipalmitoyl-sn-glycero-3-phosphoethamolamine-N-polyethyleneglycol)-2000 (DPPE-PEG-

2000). Lipids were dissolved in propylene glycol by heating to approximately 60 C followed by 

reconstitution with normal saline and glycerol to achieve a final lipid concentration of 1 mg/mL. 

The resulting opalescent lipid colloids were placed in 2 mL glass vials and sealed. The headspace 

of the vials was purged with perfluorobutane (Fluoromed, Round Rock, TX) and stored at 4oC 

until used. Just before use, microbubbles were ‘activated’ by agitating the sealed vials at 4,500 

rpm for 45 seconds using a Lantheus VIALMIX vial shaker (North Billerica, MA). Sizing was 

conducted on a Malvern Nano Zetasizer (Malvern, Malvern UK). The microtbubbles were 

approximately 1 micron in size and had a concentration of approximately 1-5 x 109 microbubbles 

per mL [Harpel 2016].  

Because of the small volume of mice, the concentration of microbubbles produced with the 

preparation above is too high and would require injections of impractically small volumes. To 
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remedy this, activated microbubbles were diluted in multiple steps. First, 0.5 mL of sterile saline 

was loaded into a 1 mL insulin syringe with a 27-gauge needle. The syringe has minimal dead-

space and small graduations suitable for small volumes. The trapped air bubbles in the syringe 

were removed by agitation (i.e. flicking with a finger) and all the air was ejected along with the 

equivalent volume of five times the µB dose. The agitated µB vial was inverted gently several 

times to resuspend the µBs and five times the µB dose was drawn up into the syringe. A small 

amount of air was then drawn into the needle to remove the µB solution from the syringe needle. 

The syringe was then gently inverted several times and rotated until the diluted microbubbles 

appeared fully mixed. Finally, excess air was expelled and 100 µL of the diluted microbubbles 

were injected into an animal for a final non-diluted dose of 0.2 mL per kg of body weight. This 

dose is 20x greater than the starting FDA-recommended human dose but 5x less than the maximum 

dose safely used in murine animal models in preclinical studies [87], [156]. The microbubbles 

were consistently used at approximately 15 minutes of activation, and a fresh vial of microbubbles 

was used for each animal.  

3.2.2 FUS Experiments 

The goals of the FUS experiments in this chapter were to (1) demonstrate that BBB opening 

could be performed, (2) explore the targeting capability of the ultrasound system, and (3) 

determine the ultrasound pressure that allows safe and effective BBB opening. We hypothesize 

that this system, although completely custom and low-cost, is capable of opening the BBB in mice 

both safely and effectively. BBB opening experiments used the following experimental setup. One 

gallon of reverse osmosis (RO) water was allowed to equilibrate to room temperature and pressure 

for 24 hours. The FUS apparatus described in Chapter 2, was placed in a large plastic container 

and the container was filled with the water up to the acoustic window of the animal bed. An Agilent 
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33220A waveform generator was programmed with a square wave of 5 volts for 990 ms and zero 

volts for 10 ms. It was then connected to the FUS driver external trigger input. The FUS driver 

was set to 100% duty cycle (so that the duty cycle is controlled by the waveform generator) and a 

FUS intensity was set according to the experiment parameters. A 3, 6, or 10 dB in-line electrical 

attenuator was sometimes connected between the driver and the transducer to reduce power to the 

transducer, as described in Chapter 2. The FUS driver output was turned on, triggered by the 

waveform generator with a 10 ms pulse length at 1 Hz (1% duty cycle). A visual inspection of the 

water surface distortion was made to ensure that FUS was pulsing and was in the expected location 

with respect to the acoustic window. In some cases, the water level was increased and/or the FUS 

settings were adjusted temporarily to make the effect on the water surface more visible. 

Adjustments to the transducer focus location were made as necessary by adjusting the translation 

stages by manually rotating the micrometer drive adjustment knobs. The FUS was turned off and 

the mouse was prepared.  

A mouse to be used in the experiment was first anesthetized with 1.5% isoflurane in a gas 

chamber. Once under anesthesia, the mouse was then transferred to a work surface heated with a 

pad filled with warm circulating water, and a nose cone was used to continue anesthesia. The scalp 

fur was removed with scissors followed by depilatory cream (CVS brand, Woonsocket, RI). 

Excess depilatory cream was gently wiped away with wet paper towels and was patted dried. Mice 

were placed on their side and ethanol was used to clean the injection site. A blow drier was used 

to warm the animal and dilate the blood vessels until it started to kick, about 30 seconds. A 

degloved hand was placed next to the animal in the path of the blow dryer during warming to 

ensure the animal was not overheated or burned from the warm air. A custom-made tail vein 
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illuminator was used to illuminate the lateral tail vein and to aid needle insertion, as shown in 

Figure 3.1.  

 
Figure 3.1. Custom tail vein illuminator and injection procedure. The setup used for performing a 

tail vein injection (A) consists of a 650-lumen bicycle light, a custom-made light channel, and a 

mouse positioned on its side with a nose cone for anesthesia. An internal diffuse reflector conducts 

the light through a curved slit (under the mouse tail). Usage of the illuminator (B) requires the tail 

to be gently held in place. The vein in the unilluminated tail (C) is more difficult to see than with 

illumination (D). The arrow is pointing at the tip of the needle prior to injection. The light channel 

was designed and constructed by Michael Valdez. 

A toe pinch ensured the animal was fully anesthetized. Gentle pressure was applied above 

the injection site with a finger to further dilate the vein. Microbubbles for injection were prepared 

ahead of time as described above and injected into the lateral tail vein slowly with gentle pressure 

applied to plunger. The diluted microbubbles in the barrel were monitored during injection to 

ensure there was no visual change in the appearance that would indicate microbubble collapse, 

(i.e. the cloudy solution turning clear).  

Following the injection of the microbubble solutions, the mouse was placed in a supine 

position on the FUS bed with the head centered over the acoustic window. Slight pressure was 

applied to the jaw to ensure the skull was aligned with the acoustic window in which the scalp was 

partially submerged in water (as described in Chapter 2). Anesthesia was directed to the nose cone 

and it was positioned over the jaw to stabilize the head with slight pressure against the jaw. The 

scalp was visually inspected through the wall of the plastic container for skin folds, air bubbles, 

fur, and anything else that could interfere with the FUS beam. Any issues were quickly corrected 
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before proceeding. About 30 seconds after microbubble injection, the FUS was turned on for two 

minutes with the previously described settings (10 ms pulses at 1% duty cycle) while warm air 

from a blow dryer was used to maintain animal temperature. During warming, respiration rate was 

visually monitored and the warm air was turned off if respiration rate dramatically increased. 

Within seconds of rapid respiration, the mouse usually begins to kick and move which could 

disrupt FUS targeting. Following FUS, the mouse was removed from the bed and gently patted 

dry with a paper towel. Mice with successful BBB opening procedures were maintained under 

anesthetized for imaging. Otherwise, mice were allowed to recover on a heat pad with oxygen 

flowing through the nose cone. After about a minute, mice were placed in their cages and 

monitored until ambulatory.  

To align the focus to the mouse brain, two mice (not shown) received BBB opening 

procedures. The first mouse was anesthetized and placed on the animal holder with the head over 

the FUS window. The window fit the crown of the skull so that the top of the skull protruded 

through the window. The distance from the scalp to the window was measured with calipers. An 

MRI of a mouse head was used to estimate the distance from the center of the brain to the top of 

the scalp. These two measurements were used to adjust the vertical position of the transducer with 

respect to the acoustic window so that the focal maximum (at the focal length) was centered in the 

brain. The focal location was adjusted in the x-y plane to the center of the acoustic window as 

described in the BBB opening procedures. The first mouse underwent BBB opening procedures 

with a derated pressure of 420 kPa (see Chapter 2). T1-weighted MRI was performed as described. 

The x-y displacement from the center of the opened BBB region to the center of the desired target 

(the caudate putamen) was measured on a horizontal MRI image. The x-y translation stages of the 

FUS apparatus was adjusted accordingly to move the FUS focus to the brain target. At this position, 
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the BBB of the second mouse was opened and imaged to verify that the desired target was opened. 

For experiments that required targeting of different locations in the brain, the x-y translation 

distance from the current to the desired target was measured on the MR image and the adjustment 

was made to the translation stages that controlled the position of the ultrasound transducer.  

3.2.3 MR Imaging 

All mice that underwent successful BBB opening procedures received MRI to examine the 

extent of the opening. Immediately following the application of FUS, mice received Gd-based 

MRI contrast agent (MultiHance, Bracco Diagnostics Inc.) introduced via an IP injection at 0.1 

mmol/kg of body weight (or 6.4 mL/kg). A Bruker MRI mouse cradle had been preheated with a 

warm water circulator and mice were secured with ear bars and a bite bar. A built-in nose cone 

was used to deliver anesthesia. Body temperature was monitored via a fiber optic temperature 

probe that was lubricated and placed in the rectum of the mice (SA Instruments, Inc., Stony Brook, 

NY). Respiration was monitored with a sealed pillow place underneath the animal and connected 

to a pressure transducer (SA Instruments, Inc., Stony Brook, NY). The MRI cradle holding the 

mouse slid into the bore of a Bruker BioSpec 7T MRI system (Bruker Medical, Boston, MA) for 

imaging. A 72 mm Bruker linear volume birdcage coil was used for RF transmission and a 4-

channel mouse head phased array coil was used for reception. Horizontal, sagittal, and coronal T1-

weighted spin-echo images were obtained using the following parameters: TR/TE = 400/9 ms, 

FOV = 1.92 x 1.92, matrix size = 128x128, slice thickness = 750 um. In some animals, co-localized 

T2-weighted images were obtained with a fast spin-echo pulse sequence to evaluate the presence 

of edema from BBB damage. Imaging parameters were TR/TEeff = 6000/56 ms, echo train length 

= 8, echo spacing = 14 ms, FOV = 1.92 x 1.92, matrix size = 128x128, slice thickness = 750 um. 

MRI required approximately 20 minutes. Unless mice were to undergo tissue preparation 
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procedures, they were allowed to recover from anesthesia with 1 minute of oxygen followed by 

close observation until ambulatory. 

3.2.4 Transcardial Perfusion / Tissue Preparation 

Animals that were to be used for histological evaluation remained under anesthesia, which 

was increased to 2.5% isoflurane. A custom-made perfusion apparatus was constructed based on 

a design described previously [Gage 2012] and is shown in Figure 3.2. 

 
Figure 3.2. Perfusion apparatus constructed based on the design of Gage et. al 2012. A 5-gang 3-

way stopcock manifold is used to control the flow of air and liquid. To prepare the apparatus for 

perfusion, the containers are partially filled with PFA and PBS. A manometer bulb (hand-pumped) 

is used to build up pressure in the apparatus by pumping air into the PFA and PBS container head 

spaces, which is monitored with a manometer gauge. Using the stopcocks, air is flushed from the 

PFA outlet, then PBS is flushed to the end of the perfusion needle and the flow is stopped with the 

outlet valve.  
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The apparatus was prepared with 30 mL of 4% PFA and 20 mL of PBS per animal. Air 

was flushed from the lines. Pediatric tape was used to secure the animal’s limbs to a surgical tray 

with the animal in a supine position. A nose cone was used to continue the administration of 

anesthesia. A toe pinch was used to determine if the animal was fully anesthetized. Using sharp 

curved surgical scissors, a lateral incision was made through the integument and abdominal wall 

just beneath the rib cage. The diaphragm was cut open along the entire length of the rib cage and 

the diaphragm was then cut open to expose the pleural cavity. Curved blunt scissors were then 

used to cut through the rib cage and up to the collar bone on both sides. Connective tissue was cut 

between the rib cage and the heart. A hemostat was clamped to the tip of the sternum and the 

hemostat was placed over the head to expose the heart. A 25-gauge needle from the perfusion 

apparatus was held next to heart with a helping hand clamp. The clamp was slid forward so the 

needle tip entered the posterior end of the left ventricle. After starting the saline pump, the right 

atrium was cut to allow the blood to flow out. Following perfusion of 20 mL of PBS, the apparatus 

was switched, and the animal was perfused with 30 mL of 4% PFA. The animal shook shortly after 

the start of the PFA, indicating the time of true fixation. The scissors were used to remove the head 

and the skin of the head. The brain was extracted from the skull and placed in 10 mL of 4% PFA 

for 24 hours at 4ºC. The brain was then transferred to ethanol for up to 12 hours before being 

embedded in parafin wax. It was then sectioned coronally at 6 microns with a step size of 150 

microns so that at least one section was within the focal zone of the FUS. Sections were mounted 

to glass slides and stained with hematoxylin and eosin. Slides were imaged on an Olympus 

microscope and a 1.25x objective lens. A blank slide was imaged as the background, and was 

subtracted from the saved images using ImageJ (NIH, Bethesda, MD). Mice which were not part 
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of experiments requiring tissue were humanely sacrificed according to IACUC-approved 

procedures using CO2 for at least one minute longer than apparent death.  

3.3 Results 

Experiments were carried out to evaluate several aspects of BBB opening in vivo: (1) the 

effect of FUS, with and without microbubbles, (2) targeting of different brain regions, (3) safety 

and tissue damage as a function of pressure, and (4) the transience of BBB. A total of 37 wild type 

C57BL/6 adult mice were used in these experiments. The number of mice included in each 

experiment are listed in Table 3.2.  

Table 3.2. Experiments in this chapter and number of mice. 

Experiment n 

Effect of Microbubbles, Gd, and FUS 5 

Targeting Specific Regions of the Brain 3 

Evaluation of Safety / Pressure on BBB Opening 25 

Evaluation of BBB Opening Transience 2 

3.3.1 Effect of Microbubbles, Gd, and FUS 

Mice were prepared as described above, then underwent BBB opening procedures as 

shown in Table 3.3. A derated pressure of 420 kPa was used for all mice that received FUS. A 

total of five mice were used for this experiment (1 mouse per condition). All mice received T1 and 

T2-weighted MR imaging procedures as described above. Two control mice did not receive MRI 

contrast. T2-weighted MRI was used to check for signs of edema [52], [157].  

Table 3.3. List of experimental parameters to evaluate the effect of Gd, FUS, and µBs on BBB 

opening. 
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Mouse Gd 
BBB Opening 

µB FUS 

Experimental x x x 

Control 1    

Control 2 x   

Control 3  x x 

Control 4 x  x 

 
Figure 3.3. T1- and T2-weighted images of mice under a variety of experimental conditions. The 

first two columns of images are from mice that did not receive FUS treatment. Images in the 

leftmost column (control) show the natural contrast of a naïve mouse brain without contrast agent 

or FUS. Images in the second column (+Gd) show the signal obtained with the presence of Gd-

based MRI contrast agent. Images in columns 3-5 underwent partial (columns 3 and 4) or complete 

(rightmost column) MRgFUS procedure. Only the mouse receiving contrast agent, microbubbles 

and FUS shows signal enhancement on the MRI image. One mouse per condition was used. Results 

were only for subjective characterization and were therefore not quantified. One mouse per 

condition was used. 

Following application of FUS, mice were injected with MRI contrast (or not), placed into 

the 7T MRI instrument and T1- and T2-weighted imaging was carried out as described. In the 

mouse that received no MRI contrast agent (column 3, +µB+FUS), there was no discernable 

contrast change in the brain due to the FUS, indicating no MRI-visible damage was occurring to 
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the brain when applying FUS. When no µBs were included in the procedure (column 4, 

+Gd+FUS), there was no visible opening of the BBB to MRI contrast agent. Only when the 

complete BBB opening procedure was carried out (column 5, +Gd+µB+FUS), there was a distinct 

spot of signal enhancement, approximately 1.5 mm in diameter, on the T1-weighted image 

demonstrating the BBB has been regionally opened to MRI contrast agent. T2-weighted images 

showed no sign of acute edema or hemorrhage. All mice undergoing these procedures recovered 

from anesthesia with no noticeable effects from BBB opening. They behaved normally when 

returned to their cages, including locomotion, exploration, grooming, and nesting.  

3.3.2 Targeting Specific Regions of the Brain 

Three mice were prepared as described above. In each mouse, the BBB was opened in one 

of three brain regions (caudate putamen, hippocampus, or cerebellum) using the described BBB 

opening methods and a derated FUS pressure of 420 kPa. Mice received T1-weighted MRI as 

described above. Corresponding atlas images were used to subjectively evaluate targeting 

accuracy.  
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Figure 3.4. BBB opening in specific brain regions. T1-weighted MR images of horizontal, 

coronal, and sagittal slices centered at the location of MRI signal enhancement from BBB opening. 

Representative coronal and sagittal atlas sections [158], [159] are shown to the right of the 

corresponding MRI slices. Arrows indicate the locations of the hippocampus (A, red arrow pointed 

to the green structure), the cerebellum (B, black arrow pointing to the yellow structure), and the 

caudoputamen (C, yellow arrow pointing to the light blue structure).  
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The hippocampus on the right hemisphere (Fig. 3.4A) of the brain was targeted or BBB 

opening. The FUS beam traversed the cortex and part of the brain stem and did not open the entire 

hippocampus. BBB opening of the cerebellum (Fig. 3.4B) resulted in significant enhancement of 

target but not the entire cerebellum. BBB opening of the caudoputamen (Fig. 3.4C) in this example 

was at the anterior end of the target. Repeated opening in the same target in multiple mice resulted 

in an x-y targeting variability of approximately 1 mm from the intended target (not shown). 

3.3.3 Evaluation of FUS Pressure on BBB Opening 

To determine the pressure at which BBB opening occurs, experiments were carried out 

using different derated FUS pressures: 870, 420, 260, 180, and 110 kPa (0.62, 0.30, 0.18, 0.13, 

and 0.08 MI, respectively). Methods used were described in Section 3.2.2. According to 

calculations included in Chapter 2, the lowest pressure (110 kPa) was not expected to open the 

BBB. Mice with high pressure, considered to be safe for ultrasound imaging (870 kPa derated), 

were included as a positive control for evaluating bioeffects of BBB opening. Unlike the other 

pressures, the positive control pressure was not measured but was calculated from the FUS driver 

setting 50 W/cm2. Two control groups (-FUS -µB, +FUS -µB) were included. All groups had at 

least three mice. BBB opening was quantified from the MRI images using the NIH ImageJ 

software. In all brains, a circular region with 3.7 square mm (large enough to surround the largest 

regions with BBB opening) was hand-placed over the enhancing region of the brain and the 

contralateral side of the brain. Signal enhancement was quantified as the ratio of the mean signal 

in the region of BBB opening to the mean signal from the contralateral side. 
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Table 3.4. Mice for BBB opening pressure and safety study. 

Cohort n 

BBB Opening Imaging 

µB 
FUS 

(kPa)* 
MI MRI Microscopy 

Exp 1 5 x 870 0.62 x x 

Exp 2 4 x 420 0.30 x x 

Exp 3 3 x 260 0.18 x x 

Exp 4 3 x 180 0.13 x x 

Exp 5 3 x 110 0.08 x x 

Control 1 3 - - - x x 

Control 2 3 - 420 0.30 - x 

*Five pressures were used to open the BBB. Microscopy was performed on tissue sections of the 

brain. FUS pressures that failed to open the BBB, as expected with Exp 5, did not undergo 

microscopy of brain tissue to evaluate damage. 
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Figure 3.5. Evaluation of BBB opening with various pressures in mice. Bar chart with percent 

signal enhancement in the brain (above) for different pressures used to open the BBB. Error bars 

represent SEM. Representative MR images with different pressures used to open the BBB are 

shown below. Very low pressure (110 kPa, n=3) did not result in any visible BBB opening. 

Increased pressure (180 kPa, n=3) resulted in slight BBB opening. Higher pressures (260 kPa, 

n=3); 420 kPa, n=4; 870 kPa, n=5) all clearly showed BBB opening. 420 kPa shows the greatest 

enhancement in these representative images and in the bar chart, which is likely due to the small 

group numbers. (* = p < 0.05) 

Variation in cavitation events, either inertial or stable, will change the capillary 

permeability of the resulting BBB opening, which is visible as signal enhancement with MRI, as 

was quantified in Figure 3.5. FUS pressures of 870 to 260 kPa clearly opened the BBB as seen on 

the T1-weighted images (Fig. 3.5). When pressure was decreased to 180 kPa, there was reduced 

but still a clear signal enhancement. At 110 kPa, there did not appear to be a significant difference 

compared to the controls. Thermal bioeffects in this study were expected to be minimal. Previous 

studies by Choi et. al. [79] found that at 20% duty cycle, temperature increase was only 0.5 degrees 
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Celsius over 30 seconds. With far lower duty cycle, our experiments were not expected to cause 

bioeffects from heat.  

3.3.4 Evaluation of Safety 

Immediately following MRI, the mice in the BBB opening vs. pressure study underwent 

transcardial perfusion and tissue preparation methods as described. Histology of the brain was 

carried out and evaluated for tissue damage. The damage was identified by Elizabeth Fernandez, 

a trained observer, and validated by David Besselsen, DVM, PhD, a pathologist. For each brain, 

the section with the most damage was identified and classified as either negligible/no damage, 

minor damage, or major damage. Major damage was characterized by more than five distinct 

damage sites in the section and/or large extensive bleeds. Low damage had 5 or fewer damage 

sites, and negligible/no damage had no visible damage on any section. 

 
Figure 3.6. Histological assessment of damage following BBB opening. Representative MRI with 

corresponding H&E sections (1.25x magnification) showed minor damage in mice following BBB 
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opening. Only sections with damage are shown in addition to the control. Sections magnified 10x 

(C, G, K) outlined by yellow boxes showed sites of damage in the opened BBB region. Regions 

(D, H, L) outlined by blue boxes were enlarged to show detail of damage. Greater FUS pressure 

(A-D) resulted in increased BBB permeability to MultiHance (A), but also caused 

microvacuolizations, microhemorrhages, and damaged neurons (C, D) in most mice at this 

pressure (n=5). One mouse showed extensive hemorrhages. Lower FUS pressure (E-H) resulted 

in less BBB permeability to MultiHance (E) and caused microvacuolation and damaged neurons 

(G, H) in all mice (n=4) and microhemorrhages in one mouse. Control mice (I-K) only received 

µBs without FUS and showed no signs of damage or BBB opening (I) or damage (K, L). Lower 

FUS pressures for both groups (n=3) also showed no damage (not shown). The contralateral 

(unsonicated) side of all brains showed no damage. Straight arrows point to damaged neurons, 

wiggly arrows point to microhemorrhage, and arrowheads show areas of microvacuolation. 

Histology revealed that all mice at 870 kPa (0.62 MI) had major or minor damage, and 420 

kPa (0.30 MI) mice had only minor damage. Lower pressures 260 kPa (0.18 MI) and 180 kPa (0.13 

MI) had no visible microscopic damage. Controls were used to ensure that FUS without 

microbubbles did not cause any damage, and that any signs of damage in brains without FUS were 

indicative of tissue preparation artifacts. Some tissue preparation artifacts were visible, which 

included small tears, red spots, and folds (not shown). The red spots were believed to be 

overlapping tissue fragments (debris from tissue sectioning artifacts) and had a different 

appearance compared to microbleeds. In summary, BBB opening with 260 kPa opened the BBB 

without visible damage. BBB could be further opened with greater pressure (420 kPa) at the cost 

of minor damage. These results and the effects of other pressures are summarized in Table 3.5 

[160]. 
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Table 3.5. Summary of BBB Opening and Safety results. 

Pressure* BBB Opening Damage 

870 kPa (0.62 MI) ++ Minor to Major Damage 

420 kPa (0.30 MI) ++ Minor Damage 

260 kPa (0.18 MI) ++ None 

180 kPa (0.13 MI) + None 

110 kPa (0.08 MI) - N/A 

*Four different FUS derated pressures were used to open the BBB. 870 kPa resulted in BBB 

opening and minor to major damage in mice. 420 kPa also resulted in BBB opening but with only 

minor damage. 260 kPa also resulted in BBB opening but with no visible damage. 180 kPa only 

resulted in reduced opening and no visible damage. 110 kPa did not open the BBB. “++” = BBB 

opening, “+” = slight BBB opening, and “-“ = no BBB opening. 

3.3.5 Evaluation of BBB Opening (Transience) 

To estimate the transience of BBB opening, two mice were prepared and underwent BBB 

opening as described. Two FUS pressures were used: derated 420 and 260 kPa. Both pressures 

have been validated as suitable for safe and effective BBB opening. These experiments were 

carried out to evaluate the duration of the BBB opening. Both mice received T1-weighted MRI as 

described above. Imaging was repeated 24 hours later with identical MRI parameters including the 

injection of contrast agent. Image enhancement was quantified using ImageJ. A circular region 

was placed over the enhanced region of the brain and on the contralateral side of the brain. Signal 

enhancement was quantified as the ratio of the mean signal in the region of BBB opening to the 

mean signal of the contralateral side. 

Results demonstrate that after 24 hours, the BBB had completely closed as evidenced by 

Gd contrast agent (Fig. 3.7).  
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Figure 3.7. BBB Opening vs Time. MRI of mice 30 minutes and 24 hours post BBB opening for 

260 (n=1) and 420 kPa (n=1). By 24 hours, no visible evidence of BBB opening remained.  

3.4 Discussion 

The experiments described and performed in this chapter lay the foundation for safe and 

effective BBB opening with our custom FUS apparatus. The experimental BBB opening results 

for the selected parameters were consistent with the theoretical results described in Chapter 2. 

Additionally, the expected safe cavitation range of 0.14 to 0.32 MI [97] was consistent with the 

BBB opening and safety results in this study. It also suggested that the inertial cavitation that 

occurs at 870 kPa (0.62 MI) may be the cause of the damage seen in histology. However, this 

cannot be verified without additional experiments that precisely control bubble size and cavitation 

dose. Nonetheless, evaluation of BBB opening with MRI and histology using different pressures 

sufficiently explored the parameter space to determine the threshold (180<kPa<260) for effective 

BBB opening. Although higher pressures resulted in greater amounts of contrast agents to enter 

the brain, they induced unwanted damage.  
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Interestingly, there were two pressures tested that were suitable for BBB opening 

depending on assessment of the damage. Using a peak negative pressure (PNP) of 260 kPa, the 

BBB was opened without visible damage while a pressure of 420 kPa opened the BBB and caused 

only minor vascular damage. As described in Chapter 2, some studies concluded that minor 

vascular damage is expected following BBB opening and is inconsequential to long term cognitive 

deficits. Based on this conclusion, either pressure could be suitable for BBB opening. We expect 

the lower pressure to be more suitable when very large regions of the BBB need to be opened, as 

with scanning FUS or unfocused ultrasound [46], [156]. However, when the therapeutic effect is 

dependent on a large dose, when targets are limited to small regions of the brain, or when repeated 

BBB opening is not necessary, greater pressure could be tolerated.  

From the results of our experiments, we can conclude our BBB opening threshold is 

consistent within a range between 0.18 and 0.30 MI (for 260 and 420 kPa, respectively). A previous 

study reported the threshold for reliable BBB opening was an MI of 0.46. We believe our threshold 

is lower than this reported value due to a greater number of the microbubbles injected in our study 

and differences in our method of preparation. Both of these effectively increase the number of 

bubbles reaching the insonation site, particularly larger bubbles, which have a lower cavitation 

threshold (as explained in Chapter 2).  

The ability to open the BBB was not significantly affected by targeting different regions of 

the brain (tested only with 420 kPa). Variability of skull thickness and angle of incidence could be 

expected to affect the derated pressure and hence BBB opening. This proved to be a non-issue in 

the mice, and is likely due to the thinness of the mouse skull. Other characteristics of the target 

may affect the suitability for a specific application. The hippocampus is a long, curved structure 

in mice and would require multiple sonications to open the BBB along the entire hippocampus in 
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one hemisphere. Consequently, this would open other parts of the brain above and below the 

structure as well. This issue is mitigated in large animal models (primate and porcine) because 

electronic steering is typically employed by the FUS which allows a much shorter focal region and 

rapid focal location changes.  

The cerebellum is located at the posterior dorsal edge of brain and our results indicate that 

is a target for BBB opening with our apparatus. Even though it was at the edge of the acoustic 

window, the FUS beam was not significantly attenuated or interrupted by the plastic around the 

window. This target is also slightly larger than the FUS beam diameter, and drug delivery to this 

entire region would be completed with two sonications. The brain stem is below the cerebellum 

and is therefore in the path of the FUS beam. Like the experiments conducted herein, safety studies 

often sonicate the structure in one hemisphere and not the other to compare both sides of the brain. 

However, this proved to be impractical with the cerebellum because it has poor bilateral separation 

(located near the longitudinal fissure) relative to the focal beam diameter. This issue is 

compounded by FUS beam sometimes entering the brain at a small angle due to the flat animal 

platform and the lack of ear bars. This causes the animal and the head to be slightly tilted to the 

side when in a supine position.  

The final target, the caudate putamen was a suitable targeting because it was relatively 

large and there were few structures above or below it. While our system would require multiple 

sonications to target the entire region in mice, targeting the center of the structure may be suitable 

for delivery of neurotherapeutics because it opens a significant portion of the BBB target. It also 

avoids opening neighboring regions, and diffusion may allow most of the target to receive 

therapeutically relevant doses, especially with smaller molecules. 
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Even though molecules can seemingly be safely delivered to the brain, there are still 

relevant questions that must be answered regarding the biodistribution and pharmacokinetics of 

therapeutics once they have crossed the BBB. This is especially important considering that for 

most neurological diseases, appropriate therapeutic dose to the targeted region is essential to the 

prognosis of neurological disease. While hydroxypropyl-beta-cyclodextrin (HPBCD), specifically, 

is not dramatically larger than Gd contrast agents, many emerging neurotherapeutics, e.g. 

monoclonal antibodies, are much larger. Studies suggest that BBB opening is, not surprisingly, 

dependent on the size of the molecule to be delivered [102], [109], [161]. In the following chapter, 

experiments will be described that characterize how BBB opening is affected by delivery of 

molecules of various sizes to the brain. 
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CHAPTER 4. A NOVEL MULTISPECTRAL FLUORESCENCE IMAGING 

APPROACH TO IMAGE THE DISTRIBUTION OF MACROMOLECULES 

DELIVERED TO THE BRAIN 

4.1 Introduction 

The design, construction, characterization and demonstration of a MRI-compatible FUS 

system that can safely and effectively open the BBB in mice was discussed in Chapters 2 and 3 of 

this dissertation. In all of the experiments presented in those chapters, small molecular weight MRI 

contrast agents were used to evaluate BBB opening. In practical use, however, it will be desirable 

to deliver pharmacologically-relevant molecules that range in size from small to large. For 

example, in NPC disease, hydroxypropyl-beta-cyclodextrin (HPBCD), with a molecular weight of 

1375 Da, is being used in experimental treatments [162]–[166] does not passively enter the brain 

[14]. In the treatment of Alzheimer’s disease and Parkinson’s disease, antibody therapies that 

target the plaque-forming amyloid proteins have been proposed. Monoclonal antibodies are 

nominally in the range of 70 kDa and also do not passively cross the BBB either. For these, and 

other therapeutics to achieve their desired effect, access to the brain parenchyma is necessary. For 

these reasons, experiments were designed and conducted to determine the distribution of molecules 

with a range of molecular weights following MR-guided FUS delivery to the brain. 

There are many factors that influence the distribution of drugs in the brain, including 

turnover of the CSF, route of administration, molecule hydrophobicity, bioavailability, time, and 

size [167]. Theoretical and in vitro models exist that can estimate the distribution of drugs in the 

brain, such as in silico models of the BBB [168], [169] and BBB on a chip [170], [171]. However, 

these model systems are still in development and can only be used to predict results; they are not 

practical replacements for in vivo experiments.  
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A number of in vivo experimental methods have been used to assess the extravasation of 

molecules from the brain vasculature, across the BBB, into the brain parenchyma. Fluorescently 

labeled molecules that have extravasated into the brain parenchyma can be imaged using a variety 

of in vivo imaging techniques such as non-invasive near-infrared fluorescence (NIRF) imaging 

[172], [173], dynamic in vivo confocal microscopy [174], dynamic in vivo 2-photon microscopy 

[64], [175], microspect/CT [176], and PET [173]. MR imaging of intravascular gadolinium-based 

contrast agents are also used to assess BBB integrity in vivo, but this is primarily done with only 

small molecular weight Gadolinium-based Contrast agents (GBCAs) [7]. MRI in combination with 

GBCAs are powerful tools to rapidly and noninvasively evaluate BBB integrity, but has 

limitations. The contrast obtained from GBCAs are not very high, i.e. a high concentration of agent 

is needed for detection and commercially available (BioPAL, Inc., Worcester, MA) high MW 

GBCAs (approximately >50 kDa) have a limited range of sizes that are costlier than similarly sized 

imaging agents for other modalities.  

Because of the variability of in vivo experiments and the desire to accurately quantify the 

spatial distribution of molecules within the brain following FUS, we designed and conducted a 

combination in vivo / ex vivo experiments that use an MRI contrast agent in combination with 

fluorescently labeled dextran molecules.  

Fluorescently labeled anionic dextrans are commercially available in a variety of molecular 

weights and different fluorescent properties [177], [178]. Dextrans are soluble, nontoxic 

polysaccharides with a flexible random coil structure, and have been used for numerous clinical 

and industrial applications [179]. Because they are relatively biologically inert, they have been 

used to coat nanoparticles to reduce toxicity and have been used to stabilize nanoparticles in vivo 
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[180]. Additionally, lysine-fixable dextrans are now available [177], which allows the vascular 

contents of tissue to be flushed and the dextrans to be fixed in place with formalin-based fixatives.  

Dextrans have been used previously in animal models so as to estimate the distribution of 

drugs within the brain. Researchers have predicted the distribution of monoclonal antibodies using 

dextrans with a similar molecular weight (155 kDa) [64]. Two-photon microscopy was also used 

to image the extravasation of 10 and 70 kDa dextran from capillaries with various ultrasound 

pressures and derived permeability constants and leakage kinetics [31]. This technique was also 

used to discover that transgenic Alzheimer’s disease model mice were much more resistant to BBB 

opening with FUS than were wild type mice [81].  

Previous experiments have been carried out that have determined the distribution of 

dextrans in the brain following BBB opening with FUS [109], [161]. These experiments suggest 

that higher ultrasound pressures may be necessary to open the BBB to larger molecules [109] 

compared to small molecules. Dextrans were also observed to cross the opened BBB non-

heterogeneously [109], indicating that suitable BBB opening parameters for one part of the brain 

may not be suitable for another. Experiments have shown that higher FUS pressures must be used 

to open the BBB to larger molecules, suggesting that inertial cavitation (measured by a PCD) is 

required to create larger openings in the BBB [161], and that BBB opening with FUS is the only 

technique that can induce size-controllable BBB opening. Additionally, inertial cavitation was 

required to deliver large dextrans into the brain (i.e. 500 to 2000 kDa) and resulted in minor 

microscopic damage. Stable cavitation, also measured by a PCD, allowed smaller dextrans to enter 

the brain (i.e. 3 to 70 kDa). 

Experiments to date, however, have employed dextrans of a single molecular weight, 

tagged with a single fluorescent moiety, e.g. fluorescein [102] or Texas red [109]. Using a single 
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fluorescent moiety has significant drawbacks. Primarily, it is very costly because it requires the 

total number of animals to be multiplied by the number of different dextran sizes. When 

investigating many FUS parameters, significant numbers of mice are required, as in the case of 

Chen et. al. 2014 (4 dextrans x 3 pressures = 12 groups). It is therefore very costly to explore BBB 

opening parameter space due to the high number of animals required. To reduce animal numbers, 

the BBB has been opened using different FUS parameters in different locations in individual 

animals [52]. However, it is usually not practical to compare fluorescence data in different 

locations of the brain due to anatomical heterogeneity [109].  

Besides the cost, using a single fluorescent moiety does not allow direct comparison 

between results from different sizes of dextran [109], [181]. Even with identical BBB opening 

parameters, it is impossible to replicate identical BBB opening between animals due to 

uncontrollable factors, such as microbubble position in the vasculature. By using a single 

fluorescent moiety, there is a missed opportunity to access novel, directly comparable diffusion 

data for different molecular weights. 

By exploiting the fact that different fluorescent labels are commercially available for 

different molecular weight dextrans, we can investigate the distribution of different molecular 

weight molecules in an individual animal. For example, Cascade blue, Texas red, and fluorescein 

are available labels for different sized dextrans and have emission spectra that do not overlap 

(when used with the appropriate filter sets on a fluorescent microscope). This reduces the number 

of animals needed by a factor of 3 (3 FUS pressures x 1 dextran mixture x 3 mice per group). A 

3X reduction in animals is not only a significant savings in cost and time, but is also humane [182]. 

This strategy also allows comparison of the distribution of different size molecules within the same 

animal. This removes the experimental variability inherent in FUS experiments, i.e. amount of 
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microbubbles injected, location and direction of the FUS, effects of anesthesia, differences in 

mouse physiology, etc. A challenge of this experimental procedure is that direct comparison of 

different fluorophores, in terms of total concentration, is complex and difficult to quantify, with 

variability of autofluorescence, tissue absorption, and photobleaching contributing to this issue. 

However, while concentration is important for therapeutic effect, a primary goal of FUS is to be 

able to deliver therapeutics to targeted regions of the brain. With BBB opening, concentration of 

therapeutic in the brain is primarily controlled by the concentration within the vasculature, and has 

a linear relationship [152]. Therefore, simple qualitative assessment of concentration (i.e. present 

or not) is sufficient.  

4.2 Methods 

4.2.1 Animals 

A total of 22 C57BL/6 adult mice were used in this study (IACUC protocol 14-502). Mice 

were divided into 7 groups: 4 control groups (CTRL) and 3 experimental groups (EXP). Only EXP 

groups received BBB opening procedures. CTRL group 1 underwent only tissue preparation and 

fluorescence microcopy to examine the endogenous fluorescence of the naive brain. CTRL group 

2 received an injection of dextrans and underwent tissue preparation and fluorescence microcopy 

to examine the presence of exogenous fluorescence present in the brain, if any, without FUS. 

CTRL group 3 received MRI of the naïve mouse brain. CTRL group 4 received MRI following an 

IP injection MRI contrast agent. All EXP groups received BBB opening, MRI contrast agent, MRI 

imaging, an injection of dextran, tissue preparation, and fluorescence microcopy. The difference 

between EXP groups was the amount of FUS pressure used to open the BBB. EXP groups 1, 2, 

and 3 received high (420 kPa), medium (260 kPa), and low (180 kPa) pressure, respectively.  
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All animals were anesthetized with 1.5% isoflurane or to effect during BBB opening, MR 

imaging, and transcardial perfusion. Animal temperature was regulated with pre-heated water 

circulation systems or warmed air.  

Table 4.1. Definition of the control (CTRL) and experimental (EXP) groups of mice. 

Group n FUS Pressure Contrast Injected Imaging 

CTRL 1 3 N/A -Gd  -Dextrans Microscopy 

CTRL 2 3 N/A -Gd  +Dextrans Microscopy 

CTRL 3 3 N/A -Gd  -Dextrans MRI 

CTRL 4 3 N/A +Gd  -Dextrans MRI 

EXP 1 4 High (420 kPa) +Gd  +Dextrans MRI, Microscopy 

EXP 2 3 Medium (260 kPa) +Gd  +Dextrans MRI, Microscopy 

EXP 3 3  Low (180 kPa) +Gd  +Dextrans MRI, Microscopy 

CTRL groups 1 (-Gd, -Dextrans) and 2 (-Gd, +Dextrans) had no BBB opening and 

therefore didn’t receive MRI contrast agent or MR imaging for validation. Control groups 3 (-Gd, 

-Dextran) and 4 (+Gd, -Dextran) received no BBB opening. The purpose of these groups was to 

provide supplemental MR imaging data so that MR data could also be quantified. EXP groups 1-

3 had different ultrasound pressures for BBB opening. All EXP groups received MRI contrast 

agent, dextran injection, MR imaging, and microscopy. 

4.2.2 BBB Opening 

FUS was targeted to the anterior region of the right parietal bone and traversed the 

somatomotor area of the isocortex and the caudate putamen. This location was selected for the 

clinical relevance to neurological diseases and to minimize the amount of tissue borders in the 
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FUS focus region. Tissue borders have significant paraformaldehyde (PFA)-induced 

autofluorescence [139], [140] and can confound the fluorescence imaging. 

All mice underwent BBB opening procedures described in Chapter 3 using one of three 

different ultrasound pressures (EXP groups 1-3), or no ultrasound (CTRL groups 1-4). 

4.2.3 Magnetic Resonance Imaging 

Following BBB opening procedures, mice were injected IP with gadolinium-based contrast 

agent (GBCA) MultiHance (Gd-BOPTA) at 0.1 mmol/kg of body weight (6.4 mL/kg). A Bruker 

MRI mouse cradle had been preheated with a warm water circulator and mice were secured with 

ear bars and a bite bar to the cradle. A built-in nose cone was used to deliver anesthesia. Body 

temperature was monitored via a fiber optic temperature probe that was lubricated and placed in 

the rectum of the mice (SA Instruments, Inc., Stony Brook, NY). Respiration was monitored with 

a sealed pillow placed underneath the animal and connected to a pressure transducer (SA 

Instruments, Inc., Stony Brook, NY). The MRI cradle holding the mouse was slid into the bore of 

a Bruker BioSpec 7T MRI system (Bruker Medical, Boston, MA) for imaging. A 72 mm Bruker 

linear volume birdcage coil was used for RF transmission and a 4-channel mouse head phased 

array coil, positioned directly above the mouse’s head, was used for reception. Horizontal, sagittal, 

and coronal T1-weighted spin-echo images were obtained using the following parameters: TR/TE 

= 400/9 ms, FOV = 1.92 x 1.92, matrix size = 128x128, slice thickness = 750 um. The images 

were acquired approximately 20 minutes after the injection of GBCA. 
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4.2.4 Fluorescently-Labeled Dextrans 

Fluorescent dextrans (listed in Table 4.2) were selected so that the fluorescent labels have; 

1) spectrally separable fluorescence emissions; 2) a range of molecular weights, and; 3) were 

commercially available [177]. 

Table 4.2. Molecular weight and fluorescence of dextran used in experiments. 

Dextran MW 

(kDa) 

Fluorescent 

Moiety (name) 

Absorption/emission 

maximum (nm) 

Fluorescent 

Moiety (color) 

3 Cascade Blue 400/420 Blue 

70 Texas Red 595/615 Red 

500 Fluorescein 494/518 Green 

Dilutions of fluorescent dextrans were imaged with a fluorescent stereoscope to validate 

that fluorescence was spectrally separable (results not shown). It is important that these dextrans 

are lysine-fixable, meaning they can be fixed in place (crosslinked with proteins) using formalin 

or PFA to avoid washout of the dextrans. If the dextrans were not lysine-fixable, the brains would 

need to be immediately frozen [183], meaning that intravascular dextrans could not be flushed 

with saline. Additionally, without cryoprotection steps, there would be increased sectioning 

artifacts due to the presence of ice crystals. One mg of each dextran was combined and dissolved 

in 100 µL of PBS, and was injected IV into the tail vein immediately following MRI validation 

while the mouse was still anesthetized. After 20 minutes, transcardial perfusion was performed. 

Dextrans were labeled based on the number of dextran subunits (degree of labeling), so 1 mg of 

dextran should have same amount of fluorescence no matter the size, if the degree of labeling is 

the same. 
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4.2.5 Transcardial Perfusion 

The custom-made perfusion apparatus described in Chapter 3, based on a previously 

published design [Gage 2012], was prepared with 30 mL of 4% PFA and 20 mL of PBS per animal. 

Air was flushed from the lines. After allowing the dextrans to circulate in the mice for twenty 

minutes, masking tape was used to secure the animal’s limbs in a supine position to a surgical tray, 

and a nose cone was placed to continue administration of anesthesia. All animals were anesthetized 

with 2.5% isoflurane or to effect (completely unresponsive to toe pinch). Animals were then 

perfused according to established methods [Spence 2012; Gage 2012]. Briefly, using sharp curved 

surgical scissors, a lateral incision was made through the integument and abdominal wall just 

beneath the rib cage. The diaphragm was cut open along the entire length of the rib cage and the 

diaphragm was then cut to expose the pleural cavity. Curved blunt scissors were then used to cut 

through the rib cage and up to the collar bone on both sides. Connective tissue was cut between 

the rib cage and the heart. A hemostat was clamped to the tip of the sternum and the hemostat was 

placed over the head to expose the heart. The 25-gauge perfusion needle of the perfusion apparatus 

was held next to heart with a helping hand clamp. The clamp was slid forward so the needle tip 

entered the posterior end of the left ventricle. After starting the saline pump, the right atrium was 

cut to allow the blood to flow out. Following perfusion of 20 mL of PBS, the apparatus was 

switched and the animal was perfused with 30 mL of 4% PFA. The animal shook shortly after the 

start of the PFA, indicating the time of true fixation. The scissors were used to remove the head 

and the skin of the head. The head, with intact skull, was placed in 10 mL of 4% PFA for 24 hours 

at 4ºC. The skull was then removed, and the brain was placed in fresh 4% PFA for 24 hours. The 

brain was then cryoprotected in a 15% sucrose solution for 24 hours and then in a 30% sucrose 

solution for 24 hours. Extracted, cryoprotected brains were then embedded in Tissue-Tek OCT 
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compound (Sakura Finetek, Leiden, The Netherlands) in cryomolds and snap-frozen in isopentane 

chilled with a slurry of dry ice pellets and ethanol. Frozen brains were wrapped in foil, sealed in 

an airtight plastic bag, then stored at -80ºC freezer for up to a week until sectioning.  

4.2.6 Tissue Sectioning and Microscopy 

Frozen brains were transported on dry ice to a Microm HM550 Cryostat microtome 

(Thermo Scientific, Walldorf Germany) for sectioning. The cryostat temperature setting was -12 

ºC for the specimen and -15 ºC for the chamber. Temperature was decreased if tissue was too soft 

or increased if too brittle. Coronal sections were cut at a thickness of 100 microns with a cutting 

angle of 7 degrees. Sections were allowed to thaw on room-temperature slides and then re-frozen 

on dry ice. The slides were stored at -80ºC until imaged.  

Frozen brain sections were imaged with an Olympus MVX10 MacroView fluorescence 

stereoscope (1x objective lens) which is capable a resolution up to 1500 lines/mm, a FOV of 55 

mm, and zoom levels from 4x to 125x.  

Cascade blue, rhodamine, and fluorescein filter sets were selected for the dyes listed in 

Table 4.2. Each filter set was installed into a filter cube, giving the stereoscope the ability to 

quickly use different filter sets. During the process of imaging, it was discovered that each cube, 

unfortunately, had a different focal plane that required adjustment of the fine focus for each 

fluorescent wavelength. To account for this, optimal focus was determined objectively by imaging 

an air force target and adjusting the fine focus knob. The knob position for each cube was marked 

with masking tape so that the focus could be quickly and reliably adjusted when switching between 

filter sets. The mercury lamp was allowed to warm up for one hour prior to experiments to reach 

thermal stability, and the sections were imaged with all 3 filter sets with an 11 mm FOV and a 13.8 

micron x 13.8 micron pixel dimension. ImageX CCD and nanoTGI image acquisition software 
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(Photonic Research Systems Ltd., Newhaven, UK) was used to control the camera and capture the 

fluorescent images. Exposure times were 3, 2, and 0.3 seconds for the cascade blue, rhodamine, 

and fluorescein filter sets, respectively. Exposure times were selected to maximize signal without 

saturating the camera’s detectors. Background images (only the black contrast stage plate) were 

also obtained in order to subtract the background fluorescence from the section images. 

4.2.7 Quantification 

The primary goal of quantification was to determine the amount of dextran as a function 

of molecular weight entering the brain following FUS-medicated BBB opening. A secondary aim 

was to evaluate the relative spatial distribution of each size dextran. Quantification methods were 

adapted from previously published work [161] and are described subsequently. Using in-house 

software (MATLAB R2014b, MathWorks, Inc., Natick, MA), a region of interest (ROI) at least 

100 pixels in extent was manually drawn on the fluorescent images within the contralateral 

caudoputamen (left, nonsonicated) hemisphere of the brain. The intensity in this region should 

reflect non-specific binding and background fluorescence signal not related to the BBB opening. 

Images were then set at a threshold of 3 standard deviations above the mean pixel intensity of the 

background ROI. Special care was taken during the outlining of the background region so 

sectioning and perfusion artifacts were not included. 

After thresholding, the entire left and right hemispheres were individually and manually 

outlined. The thresholded pixels within the outlined regions were used to calculate the volume of 

tissue in the brain exhibiting fluorescence for all sections. The volume of tissue exhibiting 

fluorescence in the left, i.e. unsonicated, hemisphere was subtracted from the volume on the right 

(i.e. sonicated) hemisphere to yield the volume of tissue affected by the FUS-mediated BBB 
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opening. The mean fluorescence volume for each group of mice with the same experimental 

parameters was calculated. 

The volume of the brain exposed to GBCA was determined from MRI signal enhancement. 

The signal of the brain intensity was linearly normalized (dorsal to ventral) across each section to 

compensate for signal drop-off from the sensitivity inhomogeneity of the phased-array surface 

coil. This was done using custom software written in MATLAB that estimated and removed a 

linear decrease in signal moving from the receiver coil elements, i.e. the dorsal of the mouse head. 

MR images were then set at a threshold to 3 standard deviations above the mean pixel intensity of 

the background ROI. Special care was taken during the outlining of the region so that the ventricles 

were not included. After thresholding, the entire left and right hemispheres were individually and 

manually outlined. The thresholded pixels within the outlined regions were used to calculate the 

volume of tissue in the brain exhibiting signal enhancement. The volume of tissue exhibiting signal 

enhancement in the left. i.e. unsonicated, hemisphere was subtracted from the volume on the right, 

i.e. sonicated, hemisphere to yield the volume of tissue affected by the FUS-mediated BBB 

opening. The mean volume with signal enhancement for each group of mice with the same 

experimental parameters were then calculated. 

4.2.8 Statistical Analysis 

To determine the effect of molecular weight and pressure on the volume of brain tissue 

exposed to the GBCA or dextran, an unpaired 2-tailed Student’s t-test between individual groups 

were performed in Excel. 
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4.3 Results 

4.3.1 Representative Fluorescence Brain Images 

 
Figure 4.1. Representative coronal MRI and fluorescence images of a mouse brain following FUS-

mediated (420 kPa) BBB opening. The T1-weighted MRI image (A) revealed a large area of 

hyperintensity in the right hemisphere demonstrating extravasation of MRI contrast agent (MW = 

1.1 kDa) across the BBB. The image of 3 kDa dextran in blue (B) exhibits a similar pattern of 

intensity, where diffuse fluorescence is seen in the same region of the MRI. There are small, 

punctate spots superimposed on the diffuse intensity, which are likely blood vessels. The larger 70 

kD dextran in red (C) reveals a more punctate fluorescent distribution, with each spot surrounded 

by a small locally diffuse fluorescent signal. Finally, the image of the 500 kDa dextran in green 

(D) shows fluorescence signal that is almost completely restricted to the small punctate spots. FOV 

width = 1.1 cm, FOV height = 0.8 cm. Refer to this FOV for all coronal images. 

Representative coronal MRI and corresponding fluorescence brain images are shown in 

Figure 4.1. Distributions of GBCA and dextrans all have a related, but distinctly different 

appearance. Small molecules (Figs. 4.1A and 4.1B) have broad diffuse distributions within the 
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brain, indicative of diffusion within the brain parenchyma after extravasation across the 

compromised BBB. Large molecules (Fig. 4.1D) are able to extravasate across the BBB, but 

cannot diffuse through the extracellular space and become lodged near the opening of the BBB, 

exhibiting a puncate intensity distribution. Intermediate-sized molecules (Fig. 4.1C) have a 

combination of the two distributions--punctations surrounded by small diffuse patches of intensity. 

This suggests that the intermediate weight dextrans are extravasating and slowly diffusing in the 

tissue. 

Another way to visualize the extent of diffusivity is with a fast Fourier transform (FFT), 

which is transformation that converts image space into frequency space, or “k-space”. In 2D k-

space, signal closer to the center of the image arises from low-frequency patterns that slowly 

change across the image space, as in diffuse signal. Conversely, k-space signal farther from the 

center is from rapidly changing patterns, like fine details or punctate distributions. Transforming 

the fluorescence data into frequency space is useful to qualitatively compare the relative extent of 

diffusion for molecules of different sizes. A FFT was performed in MATLAB on a fluorescent 

region of the brain in a single section and is shown in Fig. 4.2. A florescence section with few 

overlapping artifacts or tissue boundaries was selected from a mouse opened with 420 kPa FUS. 

4.3.2 Mouse Brain Fluorescence Distribution in K-space  
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Figure 4.2. Fourier transforms (D-E) of fluorescent regions (A-C) in mouse brains following BBB 

opening (420 kPa). A region of interest was used to isolate the same fluorescent region (A-C) for 

each dextran. A FFT was used in MATLAB (Appendix C) to produce k-space images for each 

fluorescence image (D-E). In the 3 kDa k-space (D), the majority of signal is in small region of at 

the center, indicating significantly diffuse distribution of the fluorescence (A). 70 kDa k-space 

signal (E) has significantly more signal farther from the center, indicating a greater amount of 

high-frequency information caused by the more punctate distribution of fluorescence (B). 500 kDa 

k-space (F) has the greatest outside the center, while still having a similar pattern as the smaller 70 

kDa k-space (E). This indicates the fluorescence distribution is the most punctate (C), yet retains 

distribution like that of the smaller intermediately-sized 70 kDa dextran. Images are shown in a 

color map to enhance contrast. K-space images have the same scale. 

K-space intensity distribution is well-correlated with extent of diffusivity as seen in the 

image space. 3 kDa dextran fluorescence (Fig. 4.2A) is visually more diffuse than the larger 

dextrans, which is reflected in the k-space image (Fig. 4.2D). The difference in k-space of the lager 

dextrans appears to only be slightly different, but is consistent with the fluorescence distribution 

in image space.  
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4.3.3 BBB Opening with Various Pressures 

Various FUS pressures were used to open the BBB, with representative MRI (A, E, I) and 

fluorescence (B,C,D,F,G,H,J,K,L) brain images are shown in Figure 4.3. Transverse and coronal 

MRI images show signal enhancement in regions of the brain exposed to the extravasated contrast 

agent and demonstrates the ability to repeatedly target the caudate putamen. MRI signal 

enhancement is clearly visible and appears to increase as ultrasound pressure is increased. The 

volumetric extent of BBB is appreciated by inspection of the transverse and coronal images. 

Images obtained after the medium (4.4E) and high (4.4A) ultrasound pressures appear similar, 

indicating that the majority of the ultrasound focal zone has pressure that meets the threshold to 

open the BBB to molecules the size of the MRI contrast agent (1.1 kDa). Most dramatically, signal 

is far less with low FUS pressure (4.4I) than with the medium ultrasound pressure (4.4E). 

 
Figure 4.3. Horizontal and coronal MRI and fluorescence images of representative mice that 

received FUS-mediated BBB opening. Three different FUS pressures were used (420, 260, 180 

kPa, top to bottom row, respectively). The T1-weighted MR images (grayscale on left) shows 

signal enhancement from the presence of MRI contrast agent on the right side of the brain. The 

fluorescence images (in color, on right) show signal arising from 3, 70 and 500 kDa dextran 

injected IV and allowed to circulate for 20 minutes prior to in vivo perfusion.  
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The fluorescence coronal images in Fig. 4.3 demonstrate a variety of fluorescent and 

autofluorescent features in the brain. BBB opening using high FUS pressure (420 kPa) resulted in 

a columnar pattern of fluorescence in all color channels (Fig. 4.3B-D). The blue channel images 

(3 kD dextran) show diffuse fluorescence in a columnar patter similar to the MRI contrast agent. 

The red channel (70 KD dextran) exhibits this same diffuse pattern, but appears superimposed on 

more punctate regions of intensity. The green channel (500 kD dextran) exhibits only punctate 

spots of intensity, still in a columnar pattern. These images demonstrate that at a pressure of 420 

kPa the BBB is permeable to molecules up to 500 kDa MW. Fluorescence images with the medium 

FUS pressure (Fig. 4.3F-H) show a slightly different pattern, where the blue and red channels looks 

similar to those obtained at higher pressure. However, the green image, corresponding to the larger 

MW dextran does not exhibit much dextran fluorescence. It is apparent that this pressure does not 

allow much extravasation of 500 kDa dextran, indicative of a size-limiting effect on the FUS 

procedure. The somewhat wider columnar distribution in the blue and red channel (Fig. 4.3F and 

4.3G), compared to that seen at the higher FUS pressure (Fig. 4.3 B and 4.3C), is likely due to 

slight movement of the animal’s head during sonication or to anatomical differences (i.e. vascular 

density). The apparent reduction in elongation may be caused by a focal zone with a smaller 

volume that meets the BBB opening threshold. Fluorescence images of animal exposed to the 

lowest FUS pressure, exhibit the same trend, where the blue channel has a somewhat reduced 

region of intensity and the red channel only shows punctate spots of fluorescence, and the green 

channel shows very little increase in intensity from background. The focal zone “shortening” effect 

is more dramatic at the low ultrasound pressure (Fig. 4.3J-L) which also seems to exclude all but 

the slightest amount of 500 kDa from the extravascular space (Fig. 4.3L). Due to the presence of 

autofluorescent artifacts in this section, the fluorescent signal cannot be clearly distinguished as in 
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the other slices (4.4B-D, 4.4F-H) even though the signal seems to be elevated in entire caudate 

putamen—the same location as the other color channels (4.3J,K).  

Autofluorescence in the images in Fig. 4.3 appear to originate from four sources: Non-

selective dextran binding in the brain parenchyma (which gets brighter when folded over on itself), 

paraformaldehyde-induced autofluorescence (most visible at the tissue borders), fluorescence of 

the OCT compound (visible in Fig. 4.3F outside the brain), and from sectioning and mounting 

artifacts, such as what appear to be pockets of air between the tissue and the slide (Figs. 4.3K and 

4.3L). OCT compound and pockets of air are not normally autofluorescent, but nonetheless appear 

to increase fluorescence signal in some instances due possibly to light from fluorescence and 

autofluorescence reflected off the surfaces of the OCT compound and pockets of air, and possibly 

by insufficient filtering of light by the fluorescence filter set. Nonetheless, the artifacts caused by 

these issues can confound the data, particularly where the artifacts overlap with the ROIs used to 

quantify the data. 

4.3.4 Quantification of Fluorescence in the Brain  

The volume of brain in contact with MRI contrast agent and fluorescent dextrans are 

quantified in Figure 4.4. At the highest pressure (420 kPa), the smaller molecules can cross the 

BBB and diffuse easily into the brain. As the molecular weight and effective size of the molecule 

increases, the volume of brain with dextran decreases due to reduced diffusion. As the pressure of 

FUS is decreased, the amount of brain affected is decreased, while the relationship between 

different molecular weights remain the same. Negligible intensity is seen in the controls, but small 

amounts of auto fluorescence of brain tissue in the green and blue channels were detected. To be 

objective, when processing this data, whole-hemispheres were included as regions of interest 
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which contained non-zero amounts of auto fluorescence which limits the precision of our technique 

when very little signal from fluorescent dextran is present. 

 
Figure 4.4. The brain volume accessed by different molecular weight agents at different levels of 

focused ultrasound pressure. Statistical significance is displayed with asterisks (* = p < 0.05, ** = 

p < 0.01, *** = p < 0.001), and were calculated only for successively-sized imaging agents. Bar 

heights represent mean volume of brain containing the imaging agents. Error bars represent ±SEM 

(standard error of the mean). Categorized by FUS pressure, the following describes the significant 

differences of the volume of brain containing each imaging agent: High FUS pressure (420 kPa): 

Brain volume with GBCA was greater than all dextrans. 3 kDa dextran was also greater than the 

70 kDa. However, there was no difference between the 70 kDa and 500 kDa dextrans. Medium 

FUS pressure (260 kPa): There was no difference between GBCA and the 3 kDa dextran, but the 

3 kDa dextran was greater than the 70 kDa. As with the higher pressure, there was no difference 

between the 70 and 500 kDa dextran. Low FUS pressure (180 kPa): Both GBCA and 3 kDa 

dextran were significantly greater than the larger-sized dextrans. There was no other difference 

between imaging agents. Control (-FUS +Dextran): There was no difference between the 

imaging agents. Control (-FUS -Dextran): 3 kDa and 500 kDa were greater than at least one of 

the other imaging agents. This is likely due to a higher amount of sectioning and perfusion artifacts 

on the right side of the brain, as well increased autofluorescence in the blue and green color 

channels. 

Figure 4.5 contains the same data as Fig. 4.5, but is sorted by molecule size so that the 

effects of pressure are be more readily compared. It is evident that high FUS pressure is preferable 

when the maximum amount of molecular extravasation of small molecules is desired. Although 

minimizing the pressure should be safer, the reduced pressure also reduces the amount of brain 

volume exposed to the small molecules. However, this effect is diminished when using larger 
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molecules (3 kDa and larger). In this case, higher FUS pressure does not deliver large molecules 

to larger volumes in significantly greater amounts than the autofluorescence from the controls. 

 
Figure 4.5. Results of BBB in mice with different ultrasound pressures and imaging agents, 

categorically sorted by imaging agent. Statistical significance is displayed with asterisks (*p < 

0.05, **p < 0.01, ***p < 0.001), and were calculated to determine difference in brain volume due 

to pressure. P-values that are not statistically significant are shown numerically. Bar heights 

represent mean volume of brain containing imaging agents. Error bars represent ±SEM (standard 

error of the mean). Categorized by imaging agent, the following describes the significant 

differences of the volume of brain for each FUS pressure: 1.1 kDa GBCA: All FUS pressures 

used to open the BBB increased imaging agent in the brain compared to the controls (-FUS 

+Dextran and -FUS -Dextran). Additionally, higher pressure significantly increased volume. 3 

kDa Cascade blue: There was no difference between higher pressures used (420 kPa and 260 

kPa), but both allowed imaging agent to enter the brain parenchyma. At 180 kPa, the amount of 

imaging agent was greater than one control (-FUS +Dextran) but not the other (-FUS -Dextran), 

likely due to coincidentally more autofluorescent artifacts on the right side of the brain. There was 

no difference between these controls. 70 kDa Texas red: There was no difference between the 

higher pressures (420 and 260 kPa), and 260 kPa allowed the imaging agent into the brain. All 

other pressures didn’t allow the imaging agent to significantly to enter the brain. 500 kDa 

fluorescein: 500 kDa did not enter the brain with any pressure used when compared to either 

control. There was also no significant difference between controls.  

4.3.5 Analysis of Results 

To validate the size of dextrans of various molecular weights, we examined values reported 

in literature, which typically use dynamic light scattering to determine their hydrodynamic 

diameter i.e. the effective diameter of a molecule in water. Dextrans of various molecular weight 
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(MW), 3 - 2000 kDa) are plotted against their measured hydrodynamic diameter (dH). The data 

was obtained from multiple references [152], [161], [179], [184] and was fit, using MATLAB’s 

curve fitting tool (cftool), to the generic power equation  

dH=aMWb+c 

Eq. 4.1 

where a, b, and c are fitting parameters. 

 
Figure 4.6. Molecular weight vs hydrodynamic diameter. Plotted values with trendline (Equation 

4.2). 

Coefficients (with 95% confidence bounds) of a, b, and c are 2.28 (±0.42), 0.420 (±0.0224), 

and -1.53 (±1.14), with an R-square of 0.9985, to yield the relationship  

dH(MW) = 2.28 (MW)0.420 - 1.53 



123 
 

Eq. 4.2 

We found that sources in which dextran sizes were reported were in agreement, and Eq. 

4.2 allows estimate of the diameter of dextran molecules between 3 and 2000 kDa. This is 

particularly important when comparing biodistribution of dextrans with known molecular weights 

to different molecules and nanoparticles of comparable size. One limitation is that according to the 

vendor [177], dextran products are polydisperse due to breakdown of the polymers during 

chemical processing following separation of size. The 3 kDa dextran product has a maximum of 3 

kDa MW, with actual sizes are 3 to ~1.5 kDa.  

The volume of brain accessible to molecular contrast agents at 20 minutes after injection 

is plotted versus the calculated hydrodynamic diameter of the contrast agent and the FUS pressure 

employed in BBB opening in Figure 4.7. Visual inspection suggests that above a threshold pressure 

of approximately 100 kPa the affected brain volume increases as a function of pressure and 

decreases exponentially with molecule diameter. This is consistent with diffusion rates and 

molecule size. With regards to FUS pressure, it seems to be neither linear nor exponential, but 

sigmoidal, with 180 kPa as a positive inflection point and 260 as a negative. These trends do not 

take into account statistical significance and would need to be validated with supplemental 

experiments that would include additional FUS pressures to open the BBB as well as higher n 

values to increase statistical power. 
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Figure 4.7. 3D surface plot of volume of brain with signal from imaging agent (z-axis, dependent 

variable) vs FUS pressure and molecule diameter (x- and y-axis, independent variables). Z-axis 

values are also displayed with a colorbar. Molecule diameters were determined from literature: 

GBCA (0.82 nm), 3 kDa dextran (2.3 nm), 70 kDa dextran (10.2 nm), 500 kDa Dextran (30.6 nm) 

[161], [185]. Ultrasound pressures were 420, 260, 180, and 0 kPa. 

4.4 Discussion 

This is the first time that the distributions of various MW compounds have been measured 

simultaneously in the same animals and demonstrates important features of this delivery method. 

Most importantly, we have found that BBB opening with 260 kPa may be sufficient for whole 

brain treatment in mice when employing smaller molecular weight agents (< 3 kDa). However, 

when using larger molecular weight compounds, e.g. monoclonal antibodies (70-155 kDa), multi-

site BBB opening may be necessary using higher ultrasound pressure for effective delivery due to 

the minimal diffusion of these compound in the brain. Validation could be done by treatment of 

an animal model disease with a prospective therapeutic, or performing an assay to quantify the 

amount of therapeutic delivered to the brain with BBB opening. Understanding molecular 
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diffusion, clearance, and half-life in the brain parenchyma are important to determine if 

extravasated large molecules in a punctate distribution would eventually diffuse to significant 

volumes of the brain. 

Based on quantitative measurements of the fluorescence and MRI images, small molecules 

easily enter the brain, and molecules up to 500 kDa only enter the brain at high ultrasound 

pressures. At this FUS pressure, only minor damage was seen in the brain (Chapter 3). 

Extravasation of large molecules may also be achievable at even lower ultrasound pressures 

because it seems that a threshold is between 260 and 420 kPa. These conclusions were primarily 

drawn from qualitative analysis of the images (Figs. 4.1-4.3) and not the objective quantification 

of the bar charts. For quantitative analysis, several regions of fluorescence were found to not be 

statistically different from control animals, particularly for low ultrasound pressure and large MW 

dextran. Statistical significance could be improved with several changes. Larger groups of animal 

numbers would improve the statistical power and would allow outliers to be rejected (e.g. brains 

with abnormally large amounts of autofluorescence and/or imaging artifacts. As an alternative to 

using more animals, statistical power could be improved with a more labor-intensive analysis that 

reduces standard deviation: Anatomical segmentation of the brain would allow one or more 

structures of varying autofluorescence to be quantified individually. This would reduce variability 

due to tissue autofluorescence and increase statistical power. Another issue is fixative-induced 

autofluorescence, which is high at the brain margins, making fluorescent signal difficult to quantify 

when it is in the same region. An effective strategy to avoid this issue is to use 1% PFA instead of 

4%, and reduce the amount of time that it is exposed to the fixative [140]. Increasing the amount 

of dextran per animal, although costly, would increase the relative fluorescent signal in the brain, 

possibly allowing the weaker autofluorescence signal to be below the background threshold.  
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4.4.1 Pharmacokinetics of FUS-Mediated BBB Delivery 

The purpose of this study was to determine the sizes of molecules can be delivered to the 

brain with our ultrasound system for a specific set of ultrasound settings. With the end goal of 

delivering therapeutics to animal models of human neurodegenerative disease such as Alzheimer’s 

Disease and Niemann-Pick type C Disease, there are additional considerations necessary. It is 

simply not enough to be able to deliver molecules because there are other pharmacokinetics that 

could greatly impact therapeutic effect.  

Fluorescent punctate distributions seen in high molecular weight dextran (Figure 4.1D) 

may result from dextrans within the capillary endothelium and not the extracellular space [Fan 

2014]. It is possible that the FUS resulted in permeation of endothelial cell membranes 

(sonoporation), which would allow movement of molecules into the endothelium, but not further 

into the brain parenchyma. This study does not account for differences between hydrophilic (e.g. 

dextrans) and lipophilic molecules. Lipophilic molecules are known to more easily cross the BBB 

via transcytosis [186]. The charge of molecules also has an effect. Endothelial cell barriers have 

glycocalyx residues that have a net negative charge, meaning it will repel other negatively charged 

molecules, as demonstrated in an experiment using neutral and anionic dextrans [187]. Further 

evidence that supports this finding is that neutralization of the BBB endothelial layer increased 

permeability of anionic dextrans, but did not affect neutrally charged dextrans [188], [189]. 

Hypertensive disruption of the BBB has been shown to increase permeability while still allowing 

increased extravasation of neutral molecules compared to anionic, indicating the effects of having 

a negative charge does not change with BBB integrity [190]. The half-life of drugs in the brain, 

plasma half-life, closure of the BBB over time, and molecular diffusion should all be considered. 

Half-Closure Time 
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 If there is a supply in the vasculature and the BBB remains open, the brain will receive a 

continuous dose of therapeutic. However, BBB opening is transient and therefore closes over time. 

As it closes, fenestrations in the capillary endothelium become smaller and reduce the size 

threshold for molecules that can cross into the brain parenchyma. 

Marty et al. [152] utilized MR imaging with custom MR contrast agents of various sizes 

(1 to 65 nm) to model the half-closure time of the BBB. Half-closure time is defined as the time it 

takes for the BBB to close by half for a particular molecule size. According to the model, as 

hydrodynamic diameter (dH) increases, half-closure time (t1/2) exponentially decays according to 

[152]. 

  

Eq. 4.3 [152] 

where A = 2.35E4 seconds and B=0.2106/nm-2.  

The diameters of imaging agents used in this study as well as hydroxypropyl-beta-

cyclodextrin (HPBCD), a drug of interest, are listed in Table 4.3, along with estimated half closure 

times predicted by Eq. 4.3. From the data in Table 4.3, large molecules have a very short amount 

of time to extravasate, i.e. a short half-closure time, and should be injected before or immediately 

following BBB opening. On the other hand, small molecules would benefit from having long 

circulation times in the vasculature in order to maximize dose to the brain. With a BBB Half-

Closure Time for 500 kDa at only 2 minutes, there may not be enough time for significant amounts 

to extravasate into the brain parenchyma. These findings are consistent with previous studies that 

have shown 3 to 8 nm particles can cross the BBB 20 minutes after it has been opened, but not 
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large molecules [109]. The pressure and frequency used to determine these size limitations was 

450 kPa at 1.5 MHz (MI 0.37), which is below the inertial cavitation threshold that is necessary to 

deliver large molecules to the brain [161], and below the BBB opening threshold proposed by 

other studies [53]. This suggests that inertial cavitation causes the formation of pores that are 

inherently different than when stable cavitation is used to open the BBB. Inertial cavitation has 

been shown to cause more microvascular damage [8], indicating that pores are perhaps larger 

and/or more damaged and require more time to heal.  

Plasma Half-Life 

Numerous studies have been done to characterize plasma half-life for molecules of various 

molecular weights. It is well known that large molecules have long circulation times--above 40 

kDa, dextran does not passively permeate capillaries of normal tissue [191]. Dextrans 40 to 60 

kDa have long been used clinically as plasma expanders [192] increasing the volume of plasma 

with osmotic pressure.  
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Table 4.3: Imaging agents used in this study and HPBCD with diameters and corresponding half-

closure times of the BBB calculated from Equation 4.3. Half-lives of molecules in plasma, and 

brain are also shown. Human values are reported from patients with healthy renal function *[193], 

[194]. 

Molecule 
Molecular 

Diameter (nm) 

Half-Closure 

Time (hr) (rat) 
Plasma t1/2 (hr) Brain t1/2 (hr) 

Gd (Gd-

BOPTA) 
0.82 5.7 1.8 (human [195]) <2 (rat [196]) 

HPBCD 1.4* 4.4 
0.4 (rat)*              

1.9 (human)* 
<2 (rat [196]) 

3 kDa 

Dextran 
2.3 3.1 

0.28 (rat)*           

<0.8 (mouse 

[109], [197]) 

~2.5 (rat [198]) 

70 kDa 

Dextran 
10.2 0.28 

42 (human [199])            

2.2 (rat)*                

16.8 (mouse 

[200]) 

90 (rat [198]) 

500 kDa 

Dextran 
30.6 

0.033 (2 

minutes) 

>3 (rat)*            

>19 (mouse 

[200]) 

>90 (rat [198]) 

The kidneys play a role in filtering small particles and renal clearance has been determined 

in many studies [194], [201], [202]. Dextrans below 15 kDa (~5.5 nm diameter) are filtered without 

restriction [194] and the threshold for renal clearance of dextran is about 40 kDa [203], which is 

approximately 9 nm in diameter (FD-40, Sigma). Dextrans of 60 kDa MW (~10.7 nm diameter) 

and larger are degraded slowly in the liver before excretion, with a half-life of more than a day 

[199].  

Kobayashi [202] summarizes how size relates to suitability of contrast agent: Particles 3-6 

nm in diameter are quickly cleared through the kidney indicating these agents to be potentially 

suitable as functional renal contrast agents. Contrast agents 7-12 nm in diameter have a longer 

plasma half-life, and are better suited for use as blood pool contrast agents. 



130 
 

We used Gd-BOPTA, ~0.82 nm in diameter [185], to enhance contrast in MRI, which is 

rapidly cleared as described. Although we couldn’t increase plasma half-life, significantly high 

levels of concentration were maintained in the vasculature via IP injection. Since we would expect 

similarly rapid renal clearance with HPBCD (1.4 nm diameter), which is also a small molecule, a 

similar injection route should increase delivery to the brain as well.  

Brain Half-Life  

With the capability of delivering molecules to the brain parenchyma, it is important to 

know the half-life of these molecules in the brain, summarized in Table 4.3. While the molecules 

diffuse, they are also cleared through various pathways using specific CSF generation and drainage 

sites [204]. Both diffusion and clearance can technically be modeled, but have complex multi-

compartment kinetics that are difficult to characterize independently [12]. If a therapeutic is 

rapidly cleared by the CSF, it may require sustained infusion to have a therapeutic effect. Size 

plays a key role in the half-life for elimination in the brain. For a small molecule (<500 Da), this 

is usually less than 0.1 hour [196] which is much more rapid than large molecules (90 hours for 

70 kDa FITC-dextran) [198]. 

For small molecules, rapid clearance from the CSF and unrestricted renal filtering suggests 

that a bolus IV injection of a therapeutic is not the best course of action when attempting to 

maximize delivery to the brain. Instead, a subcutaneous or intraperitoneal injection is preferable. 

Large molecules, however, are more likely to remain in the vasculature for days, but delivery to 

the brain suffers from a short amount of time that the BBB is open to these molecules. However, 

once in the brain, large molecules will persist in the brain for days [198]. 

Clearance systems in the brain not only include the BBB, but also intracellular and 

extracellular degradation, CSF bulk flow (to the CSF sink, perivascular drainage and perivascular 
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glymphatic), and CSF absorption (of the circulatory and lymphatic systems, and the meningeal 

lymphatic vessels). Some clearance systems have multiple destinations, and each system has 

multiple factors that affect the clearance, such as sleep, ISF flow rate, age, genetics, and molecular 

interactions [12]. While it is important to understand how clearance mechanisms impact the fate 

of drugs in the brain, it is impractical to generate models for each mechanism to predict overall 

clearance rates. Instead, animal models are used with model therapeutics or labeled therapeutics 

to model pharmacokinetic and biodistribution parameters.  

Diffusion of Molecules in the Brain.  

In the brain parenchyma, diffusion of molecules is primarily restricted to the tortuous 

extracellular space (ECS), with possible slight permeability through the cell membranes. The 

diffusion behavior is reflected in diffusion parameters selected for in silico models that have 

promising utility for a broad array of practical applications, such as generating simulated diffusion-

weighted MRIs of pathological conditions [205], [206]. 

Researchers have sought to characterize parameters needed to simulate diffusion in the 

brain. An parameter is the ECS volume fraction, which was originally estimated to be non-existent 

(in the year 1956) or very small (5%) [207]. However, new in vivo techniques increase the estimate 

of ECS up to 20% and a width of 38-64 nm [207], [208]. The punctate distribution of 500 kDa 

dextran (green, Fig. 4.1D) indicate there is very little diffusion for this size molecule. Having a 

predicted diameter of 30.6 nm, (Table 4.3), diffusion would be limited but possible based on the 

new ECS width estimates reported by Nicholson et. al. 2006. If previously estimated widths of 

approximate 20 nm was accurate [207], the 500 kDa dextrans would become embedded in the ECS 

immediately after extravasation. In all of our experiments, dextrans were allowed to diffuse for 20 

minutes. In order to demonstrate the possibility of diffusion, we would need to image diffusion of 
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the 500 kDa dextran at longer timepoints to allow the punctate fluorescent distribution to become 

noticeably more diffuse. The smaller molecules showed significant diffusion at all ultrasound 

pressures. indicating that the ECS width does not inhibit diffusion at these molecular sizes. 

4.4.2 Mathematical Model of Diffusion in the Brain 

The multispectral experiments carried out in this work are novel and ensure that the images 

from different molecular weight dextrans can be directly and quantitatively compared. In order to 

exploit this, a mathematical model of diffusion has been applied to analyze the imaging data from 

three different size dextrans to characterize molecular diffusion in the brain.  

Particles that can freely diffuse from a point source in 3D space will do so with a Gaussian 

or normal distribution [209] such that the concentration of the particle, C, at any distance from an 

origin, r, and time, t, can be calculated according to: 

𝐶 =
𝑃

𝛼

1

(4𝐷∗𝑡𝜋)3 2⁄
𝑒

(
−𝑟2

4𝐷∗𝑡
)
 

Eq. 4.4 

where P is the moles of a substance deposited at the origin (r = 0) at time t = 0. D* is the effective 

diffusion coefficient of the particle in the brain, which is limited by the size of the particle, the 

tortuosity of the ECS and the matrix components within it. 

Over the time course of our experiment, we assume that there is a constant amount of 

contrast agent in the vasculature, which provides a constant “source” of particles to openings in 

the BBB. For diffusion of particles from a constant source of particles, Eq. 4.4 is modified to  



133 
 

𝐶 =
𝑄

4𝜋𝐷∗𝑟𝛼
(𝑒𝑟𝑓𝑐 (

𝑟

2√𝐷∗𝑡
)) 𝑓𝑜𝑟 𝑡 ≤d 

Eq. 4.5 

where Q is the constant release rate in moles per second, t is time since initial release, and d is the 

period in which particles are being released, and α is the fraction of the volume available for the 

particles to move in. The equation only fits for those agents who’s half-life is at least five times 

longer than the diffusion half-life. In applying these equations to our model, we assume that the 

concentration of agent in the blood remains constant during the time that the BBB is open, and the 

BBB is opened at a point source which is leaking particles from the vasculature at a constant, but 

unknown rate. In our experiments, t = d = 1200 s (20 minutes, the amount of time allowed for the 

agent to circulate and diffuse into the brain) and Eq. 4.5 can be simplified to  

 
Eq. 4.6 

where the first term in the equation has been changed to co and represents the initial concentration 

of the particle at each point source.  

Techniques and software for fitting our fluorescence images to the diffusion model 

described by Eq. 4.6 were developed in-house using the MATLAB software and are shown 

schematically in Fig. 4.8. The three fluorescence images of a single section (blue, red and green, 

corresponding to 3, 70 and 500 kDa dextran, respectively) were read into MATLAB. Raw images 

were thresholded to three standard deviations above the mean background on the contralateral side. 

Regions of interest were drawn to isolate region of fluorescence. The local maxima in the green 

channel image were used to estimate point sources for fluorescent molecules. The MATLAB 
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function imregionalmax was used to identify the regional maxima. By definition, regional maxima 

are connected components of pixels with a constant intensity value, t, whose external boundary 

pixels all have a value less than t.  

 
Figure 4.8. A diffusion model to determine effective diffusion coefficient of an image. A set of 

fluorescent images with molecules of various molecular weights and with spatially and temporally-

matched BBB opening (blue, red, green images, top) was processed in MATLAB (MATLAB-

generated images shown with blue-yellow parula colormap to enhance contrast. Code is in 

Appendix C). Raw images were thresholded to three standard deviations above the mean 

background. Local maxima representing the center of each punctuation in the 500 kDa 

fluorescence region were located and returned to their original thresholded pixel values. A set of 

2D convolution kernels were generated based on the diffusion model (Eq. 4.6) for a range of D* 

values. The set of kernels was convolved with the image of local maximums to generate a set of 

simulated D* diffusion distributions, and diffusion outside the tissue border was wrapped back in 

with a custom script. Corresponding pixels for each simulated distribution and each normalized 

fluorescent image (3, 70, 500 kDa dextran) were plotted against each other and fit with a linear 

best-fit line. The R2 for the regression was plotted against the diffusion coefficient of the 

corresponding simulated diffusion image. Maximum R2 for each dextran represented the ideally-

fitted D*. 

Visual inspection ensured that the centers of the punctate regions were colocalized with the 

local maxima. Local maxima pixels were returned to their original thresholded pixel values. A set 

of 2D convolution kernels were generated based on the diffusion model (Eq. 4.6), so that co=1, r 
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was the distance from the center pixel, and kernels were generated for possible diffusion 

coefficient (D*) values from 0.0010 to 50. Kernels were made by first creating a distance map 

with the same dimensions as the original fluorescence images, where the center pixel was distance 

r = 0 (representing the origin of diffusion) and each pixel from that location was the distance from 

that location, calculated with the Pythagorean theorem. For example, each pixel adjacent to pixel 

representing the origin of diffusion was a distance of 1 from the origin. The distance map was 

spatially scaled according to the pixel size of the mouse brain images. Pixel size was determined 

my imaging millimeter markings of a ruler with same fluorescence imaging settings, where 1 mm 

= 186 pixels and therefore 1 pixel width = 5.38 microns. The scaled distance map was used for r 

in Eq. 4.6. The error function complement (erfc) was not a MATLAB function, so it was used by 

complementing the MATLAB error function (1 - erf). A value of 1 was used for the initial 

concentration co because it was unknown. The set of possible diffusion coefficients (D*), each 

with 2 significant figures, were used: 

  D* =  { 0.0010, 0.0020, 0.0030, … 0.099 } … 

   { 0.10, 0.11, 0.12, 0.13, … 0.99 } … 

    { 1.0, 1.1, 1.2, 1.3, … 9.9 } … 

    { 10, 11, 12, 13, … 50 } 

By applying these values along with the distance map to Eq. 4.6, a set of concentration 

maps (i.e. convolution kernels) were generated for each D*, where the center pixel was the 

maximum concentration and the origin of diffusion. All convolution kernels were convolved with 

the local maxima to generate a set of simulated fluorescence distributions, where each image 

represented a different D*. Diffusion outside the tissue border was wrapped back in with a custom 

script written in MATLAB. To do this, erode and dilate MATLAB functions were used in 



136 
 

conjunction with a brain section binary mask to determine the pixels outside and adjacent to the 

brain tissue mask border (pixel outer layer number 1), as well as inside and adjacent to the brain 

tissue mask border and add each pixel intensity value co-localized with the simulated diffusion 

distribution (pixel inner layer number 1). For each pixel on the outer layer number 1, the intensity 

was added to the nearest pixel on the inner pixel layer number 1. This was repeated for each 

subsequent layer outside and inside the brain for the same distance from the brain tissue border. 

By doing this, the pixel values outside the brain were effectively “reflected” back into the brain by 

the same distance they travelled outside the brain. This was repeated for all simulated diffusion 

distributions generated by convolution. The simulated diffusion image that most closely matches 

the actual fluorescence image is expected to have a D* that represents the fluorescent image. To 

determine which D* image best matched the experimental images, corresponding pixels for each 

simulated distribution and each normalized fluorescent image (3, 70, 500 kDa dextran) were 

plotted and fit with a linear best-fit linear regression using the MATLAB curve fitting tool cftool 

to generate an r-squared (R2) goodness-of-fit value. This was used so that even if the images were 

not normalized (e.g. had dramatically different brightness or contrast), similar images could still 

be identified with a linear relationship, no matter the slope of the line. The maximum R2 values 

were plotted for each dextran size. The simulated diffusion images that produced the maximum R2 

value for the fluorescence image with which they were fitted, provided the estimated diffusion 

coefficient. An example of the resulting best-fit images for a set of fluorescent images from a 

single slice are shown in Figure 4.9.  
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Figure 4.9. Resulting best-fit simulated diffusion model and corresponding D*. Images are 

displayed using the same blue-yellow colormap for objectivity and contrast. Raw images that were 

thresholded had most of the autofluorescence removed by a manually-drawn ROI (top). 3 kDa 

image has extensive diffusion that overlaps with autofluorescence artifacts (PFA-induced, 

sectioning and tissue variation). This is also clear in 70 and 500 kDa dextran images in the corpus 

callosum and tissue borders. Best-fit simulated diffusion models (below) correlate well with 

respect to colocalization of signal, but does not replicate the signal pattern. All simulations do not 

show both diffuse and punctate patterns seen in the raw images.  

As seen in Figure 4.9, the diffusion model is able to quantitatively predict the low spatial 

frequency content of the images, but does not reproduce the punctate spots. The model also does 

not account for tissue thickness, which is thin compared to diffusion distance. For small molecules, 

most of the diffuse signal likely comes from adjacent slices. Strategies to account for the three-

dimensional nature of the tissue section would only make the model more Gaussian, when in fact 

we see a pattern that appears to be more similar to a sharp peak on top of a Gaussian. This may be 

caused by high FUS pressure that results in sonoporation of the vascular endothelium. Since the 

tissue section is 3D, the kernel should be integrated over 100 microns to account for imaging depth. 

The depth of the origin of diffusion may be anywhere in the slice, even outside the slice. This 
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could potentially be simulated as an improved diffusion kernel that takes into account this imaging 

depth. Simulated images based on D* found in literature could help elucidate underlying 

discrepancies with the diffusion model. It is also possible that openings in BBB are so dense that 

individual openings are unresolvable. 

The effective diffusion coefficients (D*) estimated from the model are plotted in Fig. 4.10, 

with sizes 2.3, 10.2, and 30.6 nm (for dextrans 3, 70, and 500 kDa, respectively) [161], [185]. 

When plotted logarithmically, D* clearly has a linear trend with size, showing that smaller 

molecules have greater D*. While relative diffusion differences between large (10.2 and 30.6nm) 

and small (2.3 kDa) molecules are easily seen in an image, the diffusion differences between large 

molecules are much subtle. However, when the estimated D* is plotted (Fig. 4.10), the difference 

between the larger molecules (10.2 and 30.6 nm) is much more apparent.  

 
Figure 4.10. Effective diffusion coefficients of molecules in the brain. Effective diffusion 

coefficients measured in in vivo rat cortex (Wolak et. al 2013) and ex vivo turtle cerebellum (Xiao 

2008) [208], [210] using dextrans, and 35 nm quantum dots, and small fluorophore. The results 

have a similar trend to D* values from the simulated diffusion model in Figure 4.8. Plotted values 

of the present study are D* from one section per mouse (n=4) using BBB opening with 420 kPa.  
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Simply selecting a single and isolated diffuse point to examine diffusion parameters would 

have also allowed us to perform the same analysis, but with a single maximum. The benefit of our 

model is that the local maxima of the entire fluorescent region is used, allowing us to sample many 

points and at a single timepoint. Additionally, it allows us to examine determine D* of highly 

diffuse regions of fluorescence for which a single diffuse point cannot be identified for analysis.  

While the accuracy of the diffusion coefficient cannot be validated without true D*, it can 

be compared to data from other studies. With over a decade of studying diffusion in the brain 

[211], data from Thorne et. al. (2006) [208] is more than suitable for comparison. The data from 

this study measured diffusion in vivo in real time in rat brain tissue using similarly-sized 

molecules. This data was also plotted in Figure 4.10. Plotted with a logarithmic scale, the trends 

of both sets of data are linear with nearly identical slopes. This indicates that the diffusion model 

described in Chapter 4 yields D* values that are comparable to D* values obtained from well-

established methods that require considerably more resources to implement.  

While the measurements have the same trend, D* results of Wolak et. al. are approximately 

5 times larger for 3 and 500 kDa molecule sizes, indicating we calculated a greater rate of diffusion. 

It is not clear what could be the cause of this discrepancy, but different measurement techniques 

make different assumptions and could therefore yield different results. Xiao et. al. calculated D* 

values closer to our measurements, but still less than for 3 kDa molecules. 

The diffusion model could also be used to determine the diffusion coefficient of MRI 

contrast agents if the MRI image was obtained at the same spatial location as the fluorescence 

images. The MRI image would also require registration and upsampling (decreasing the voxel 

dimensions) of the image to spatially match the fluorescence images. Additionally, only highly 

diffuse distributions of MRI contrast agent would yield accurate D* values, since highly punctate 
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distributions would not be spatially accurate once the images are upsampled to match the 

fluorescence. Alternatively, fluorescence images could be downsampled to match the MRI data.  

An advantage of fitting to a diffusion model set (Fig. 4.8) is that the product of D* and 

diffusion time are linearly and inversely proportional (according to Equation 4.6), so that 

D*1t1=D*2t2. Therefore, having D*t as a single constant for each best-fit kernel means that time 

does not need to be constant, only known, in order to calculate D*. This is practically useful for 

MRI, where all care was taken to have the same amount of exposure time to opened BBB as the 

dextrans at the imaging timepoint. However, a deviation in the timing would mean that the imaging 

data could still be quantified with equal reliability after the simulated diffusion images have been 

produced and fitted. The kernel represents D* for all continuous timepoints. Additionally, this 

means that any number of imaging agents could be injected for any imaging modality since they 

do not need to occur at the same time, as long as the assumptions for the model and BBB 

pharmacokinetics are met as described. This provides more flexibility to test various drugs of 

interest.  

In this chapter, we successfully delivered molecules pharmacologically-relevant sizes, then 

examined the distribution of the drug in the brain. We found that both molecule size and ultrasound 

pressure significantly influenced the volume of brain that was exposed to the molecule. Analyzing 

diffusion, we also found that our novel multispectral implementing of the diffusion model was 

able to calculate effective diffusion coefficient values that were comparable to literature in which 

much more complex.  
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK 

The purpose of this dissertation work was to establish FUS-mediated BBB opening 

research in laboratory mice. To do this, a low-cost ultrasound system was required that would 

allow BBB opening in mice safely and reliably. With the end goal of treating animal models of 

human neurological disease with drugs delivered to the brain, it was also necessary to evaluate the 

distribution of model drugs to predict the therapeutic effect. Additionally, we needed the flexibility 

to use focused ultrasound within a small animal MRI system for optional future directions, which 

required it to be MRI-compatible and custom-made.  

The resulting cost of the system was an order of magnitude below the cost of a commercial 

MRgFUS system, therefore meeting the financial goals. The manufacturer specifications of the 

system were verified in a series of experiments measuring output pressures in water. After the 

validation, a series of in vivo experiments allowed us to determine parameters for safe and effective 

BBB opening, which fulfilled another goal of this project. Finally, to model the delivery of 

therapeutics to the brain, a novel multispectral approach was taken to evaluate the delivery of 

fluorescently-labeled dextrans of different molecular weights. Utilizing multiple dextrans in a 

single animal for imaging reduced the cost and time of the experiment and allowed for novel image 

analysis techniques, which allowed us to examine the volume of brain exposed to the fluorescence 

marker following BBB opening as well as determine effective diffusion coefficients of the 

molecules within the brain parenchyma. 

With these goals successfully met, the system is ready for use with a wide range of 

applications. It can be used inside the MRI for MRgFUS or on the benchtop. In fact, future projects 

have already been initiated, including MRgFUS projects and the delivery of experimental antibody 

therapeutics in a mouse model of Parkinson’s Disease.  
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Acoustic radiation force imaging (ARFI) (APPENDIX B.4) has been initiated in mice and 

phantoms. ARFI MRI sequences are able to use the displacement caused by pulsed ultrasound to 

generate contrast in phase images, thereby locating the FUS focus before starting ultrasound 

treatment. In gelatin phantoms, the radiation force was readily visualized in phase images. 

However, when applied in mice, we were unable to generate sufficient contrast to visualize the 

ultrasound focus. It is likely due to the different material properties of the mouse brain and gelatin 

phantom, but more experiments will be needed to assess this. ARFI is a prime candidate for MRI 

development due to the increasing applications for clinical MRgFUS.  

The most significant future direction for this project is to redesign the system to enable 

translation of the FUS transducer within the MRI magnet. This will allow the sonication of 

multiple regions of the brain or to change the location of the ultrasound focus to better align to a 

targeted region with MRI guidance. Preliminary MRgFUS experiments have been carried out in 

this regard where the custom FUS system was used inside the 7T MRI magnet (Figure B.6.). These 

experiments are an initial step towards complete MRI-guidance of the delivery of FUS. From 

preliminary experiments, we have been able to monitor the BBB opening in real time and have 

calculated the concentration of contrast agent in the brain as a function of time (Figure B.7.). 

Calculating concentration noninvasively with MRI has great potential for predicting therapeutic 

effect with gadolinium-labeled model drugs.  
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APPENDIX A—MODIFICATIONS AND REPAIRS TO FUS SYSTEM 

With the use of any complex system, especially with a custom portable electrical system 

exposed to mechanical stress, damage is expected to occur over time. Preliminary experiments 

demonstrated inconsistencies in ultrasound output. We identified and rectified several issues and 

implemented best practices to avoid these issues from reoccurring.  

A.1. MRI Incompatibility 

To test if the transducer was MRI compatible upon delivery. It was held by hand near the 

bore of a 7T Bruker MR System. A slight attractive force was exerted on the transducer cable, 

indicating the presence of ferromagnetic material. The transducer was imaged with a water 

phantom consisting of a spherical glass container filled with water. For comparison, the phantom 

was imaged without the transducer. T1-weighted spin-echo MR images of the phantom were 

severely distorted (Fig. 6). The transducer was returned to the manufacturer and replaced with one 

that tested to be MRI compatible.  
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Figure A.1. MR image distortion caused by the ultrasound transducer. Photographs (below) of 

water phantom and MRI (above) on top. Without the transducer (left), MR is not distorted, apart 

from slight magnetic field inhomogeneity from the bubbles. The transducer (right) causes severe 

distortion and noise in the MR images.  

A.2. Driver Internal Disconnection of Power 

We noticed a severe intermittent reduction in acoustic output measured by the hydrophone. 

We suspected the cause to be the loosened strain relief angle bushing that secured the transducer 

connection cable to the driver housing. The loose bushing allowed the cable to freely rotate. 

Removal of the driver top cover revealed a complete disconnection of the transducer cable 

connection from the circuit board due to a broken solder joint, indicating the transducer was part 

of an open circuit. The connection was soldered and the bushing was tightened.  

A.3. Driver External Disconnection of Power 

Intermittent connection of the ultrasound output remained upon repair of the transducer 

power connection to the circuit board, an electrical continuity test failed between the solder joint 

and the external plug (that connects to the transducer cable). The female BNC plug was 
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disassembled from the cable and a broken solder joint was discovered. The connector was soldered 

and multiple layers of shrink tubing were used to insulate and reinforce the repair. To preventative 

future repairs, the transducer was no longer detached between experiments to minimize handling. 

A.4. Damaged Transducer Cable 

The transducer was used for a variety of experiments that put strain on the cable. We 

discovered intermittent acoustic output of the transducer, and were able to replicate the issues by 

wiggling the transducer cable. A slight protrusion in the cable insulation suggested the source of 

the issue. X-ray (Fig. 7) imaging (courtesy of the Center for Gamma Ray Imaging (CGRI) revealed 

breaks and severe fraying of the cable. While we could have repaired this, we would ideally prefer 

the cable to be replaced entirely. Not being familiar with how the cable is connected to the 

transducer, we chose to have manufacturer repair the transducer as they saw fit. It appears that the 

cable was repaired with solder and insulated with shrink tubing, and we were informed that 

minimal stress should be put on this part of the cable. Handling was still necessary, so to minimize 

stress, a wooden splint was taped to the repair site as a preventative measure. 

 
Figure A.2. Damaged transducer cable. X-ray reveals damage of the twisted wiring inside the 

cable including fraying and breakage. 
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A.5. Mislabeled TTL Pulse and Footswitch Inputs 

The driver is equipped with foot switch and TTL pulse inputs for remote triggering. ARFI 

experiments (Chapter 5) revealed that these inputs did not function according to specifications. 

After consulting the manufacturer, we discovered that the labels were switched. The problem was 

rectified by swapping the RCA connectors for each input on the internal circuit board.  
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APPENDIX B—OTHER EXPERIMENTAL RESULTS AND HARDWARE 

The following figures briefly describe other work that was done but was not included in 

the chapters of this dissertation.  

B.1. Previous FUS System Designs 

 
Figure B.1. Previous ultrasound system designs. Previous designs were not suitable for the BBB 

opening but were part of an iterative process to develop the system used in this dissertation. System 

A was designed to be placed over the animal while it was secured to the MRI animal cradle. It 

features a metal-free 3D-printed translation stage and a vertically-adjustable transducer. The 

transducer had a 50 mm focal length and a 30 mm diameter. Unfortunately, there were issues with 

aligning the focus within the animal brain, and 3D-printed material is not well suited for the 

translation mechanism of this design due to the material properties. BBB opening with this device 

resulted in unfocused BBB opening, and we were unable to better align the focus to the brain. 

Device B was designed to align the focus to the mouse brain. It used the same the same transducer, 

and was designed so that the lower part of the device would rest on the animal’s head, with would 

allow easy alignment of the focus to the mouse brain. The whole device was submerged in a 

transparent bag of water. Using this device, we were able to open the BBB, but alignment and 

experiment success rate were poor. A MRI-compatible device (C) was commissioned by our lab 

as a senior undergraduate project. It features a full animal cradle, is was designed for use with the 

transducer described in Chapter 2 (Synergy Electronics, Inc.), which is translated in the x and y 

directions by 2 computer-controlled MRI-compatible motors. However, it lacked acoustic 

coupling, and was therefore not a functional prototype without modifications.  
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B.2. SPECT/CT Imaging 

 
 

Figure B.2. Planar scintigraphy imaging of HPBCD radiolabeled with I123 (right) and MRI images 

(left). Pilot studies determined that HPBCD entered the brain following BBB opening and MRI 

validation. Chemical labeling was performed by Zhonglin Liu, MD. HPBCD was provided by Paul 

Helquist, PhD. The mouse that received FUS (EXP) shows signal in the brain, and the control 

(CTL) does not. All imaging of radioactive material was done by Lars Furenlid, PhD and Christy 

Barber. 
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Figure B.3. SPECT and planar scintigraphy imaging following the same animal in Figure B.2. 

The animal that received BBB opening (B) showed more signal in the brain (outlined) than the 

control (A). The SPECT images are overlaid to CT images. Planar scintigraphy of the brain in 

1mm slices (C, D) showed greater signal in the brain of the animal that received BBB opening 

compared to the control. Images were obtained by Lars Furenlid, PhD and Christy Barber. 
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Figure B.4. Multimodality imaging of radiolabeled DTPA following BBB opening shown in 

horizontal, coronal, and sagittal orientations. CT images of a mouse brain (A-C) were registered 

(G-I) with MRI images (D-E). SPECT (J-O) images of the same mouse that received BBB opening 

(J-K) showed greater signal in the center of the brain than the control mouse (M-O) that received 

no BBB opening. The region with BBB opening is most easily seen in the sagittal images (L,O), 

and is colocalized with the enhanced region brain region of the MRI image (I). This experiment 

was performed to evaluate the relative imaging performance of SPECT and MRI. 

B.3. Acoustic Radiation Force Imaging 

 
Figure B.5. Acoustic Radiation Force Imaging (ARFI) in a phantom. ARFI shows displacement 

of a phantom at the ultrasound focus due to radiation force. The diagram shows the ultrasound 
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transducer (gray) with a water container (blue), a MRI surface coil (brown), and a container of 

brain-mimicking gelatin. An ARFI imaging sequence [4] was programed on the MRI and images 

of the phantom were collected. The MRI ARFI image showed phase images that were sensitive to 

motion. This imaging technique was used to aid in targeting for MRgFUS in mice, but signal to 

noise in the mouse brain was not sufficient to distinguish the location of the focal region.  

B.4. Dynamic Contrast Enhancement and Denoising Strategies 

 
Figure B.6. Dynamic contrast-enhanced (DCE) MRI was used to attempt to quantify diffusion in 

the brain to model the distribution of therapeutics following BBB opening. In this example, MRI 

contrast agent was injected IP while the animal was in the MRI and rapid imaging was performed.  

 
Figure B.7. MRI concentration maps were generated DCE MRI imaged to examine how 

concentration changed over time in different regions of the brain. ROI’s were selected for opened 

BBB, non-opened BBB, and muscle. IV injection of MRI contrast agent showed that concentration 
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in the brain at the opened region was at the maximum 30 minutes after injection. The contralateral 

side of the brain showed no significant increase in signal, and was used for signal normalization. 

 

 
Figure B.8. MRI denoising strategies were used to examine diffusion at early timepoints (as MRI 

contrast agent entered the brain), which required rapid acquisition times (6.4 seconds for Original 

image). Temporal smoothing and principal component analysis dramatically improved image 

quality (shown), but had questionable sensitivity to small, rapidly changing image details, such as 

the initial enhancement at the site of BBB opening.  
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APPENDIX C—MATLAB CODE 

C.1. FFT and display of fluorescence images 

close all; clear all; 

  

b=load_nii('dif_Ja-z22_blue_4.0.tif - 

blue_zoom_background_4.0.tif.nii');b=b.img; 

g=load_nii('dif_Ja-z22_green_0.1.tif - 

green_zoom_background_0.1.tif.nii');g=g.img; 

r=load_nii('dif_Ja-z22_red_1.0.tif - 

red_zoom_background_1.0.tif.nii');r=r.img; 

% rotate, crop, pad 

crop =1; 

b=imrotate(b,-10.5,'bicubic'); 

g=imrotate(g,-11.14,'bicubic'); 

r=imrotate(r,-11.14,'bicubic'); 

x1=520;y1=260;x2=630;y2=506; 

b=b(y1:y2,x1:x2); 

g=g(y1:y2,x1:x2); 

r=r(y1:y2,x1:x2); 

b = padarray(b,[127 195],2000,'both'); 

g = padarray(g,[127 195],550,'both'); 

r = padarray(r,[127 195],300,'both'); 

%% fft 

B=fft2(b); 

G=fft2(g); 

R=fft2(r); 

B=abs(fftshift(B))/max(max(B)); 

G=abs(fftshift(G))/max(max(G)); 

R=abs(fftshift(R))/max(max(R)); 

 

scale=[.00005 .02]; 

subplot(234) 

imagesc(B,scale); axis equal;axis off; 

subplot(235) 

imagesc(G,scale);axis equal;axis off; 

subplot(236) 

imagesc(R,scale);axis equal;axis off; 

if exist('crop') 

center=[ 224 156] 

else 

    center=[round(size(b)/2)]; 

end 

         

radius=100 

  

subplot(231) 

imagesc(b,[2000, max(max(b))]);axis equal;axis off; 

  

subplot(232) 

imagesc(r,[300,  max(max(r))]);axis equal;axis off; 

  

subplot(233) 

imagesc(g,[550,  max(max(g))]);axis equal;axis off; 
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Bcrop=B(center(1)-radius:center(1)+radius, center(2)-

radius:center(2)+radius); 

Gcrop=G(center(1)-radius:center(1)+radius, center(2)-

radius:center(2)+radius); 

Rcrop=R(center(1)-radius:center(1)+radius, center(2)-

radius:center(2)+radius); 

  

axis equal; 

  

imagesc(ifft2(B))  

C.2. Diffusion Model 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% BBB leakeage model for z21,z22,z23,z24 % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%About the update to this model: some changes in version 3 

%(BBB_leakage_model_v3.m) were lost in the great dissertation hard disk 

%crash of 2017. It is unknown which changes were lost, so this new version 

%will attempt to restore those changes, whatever they were, and add 

%improvements as well. These are listed below: 

%%%%% restored changes from hard drive crash to do list %%%% 

% 1. update pixel width. done? yes 

% 2. Use integrated 2D kernal from 3D space 

%%%%% Improvements %%%% 

% % 1. apply updated error function according to disseration ch 4 and 

% Nicholson 2000 reference 

% 2. summation of scanned/stepped kernal through 100 micron slice to get 

% average, keeping only resolvable kernels/puctations. simulate different 

% for 3kda 

% 3. validate kernals use the right pixel size 

%4. Check time for brain being analyzed 

  

%settings 

clear all;  

clc, close all; 

 n=3 

%  C:\Users\mike\Desktop\Data for dextran leakage model\z24 

directories=['C:\Users\mike\Desktop\Data for dextran leakage model\z21';... 

       'C:\Users\mike\Desktop\Data for dextran leakage model\z22';... 

       'C:\Users\mike\Desktop\Data for dextran leakage model\z23';... 

       'C:\Users\mike\Desktop\Data for dextran leakage model\z24']; 

red=  ['dif_Ia-z21_red_1.0.tif - red_1.0_zoom_background.tif';... 

       'dif_Ja-z22_red_1.0.tif - red_zoom_background_1.0.tif';... 

       'dif_Eb-z23-red_2.0.tif - red_background_zoom_2.0.tif';... 

       'dif_Fa-z24-red_2.0.tif - red_zoom_background_2.0.tif']; 

green=['dif_Ia-z21_green_0.1.tif - green_0.1_zoom_background.tif';... 

       'dif_Ja-z22_green_0.1.tif - green_zoom_background_0.1.tif';... 

       'dif_Eb-z23-green_0.3.tif - green_background_zoom_0.3.tif';... 

       'dif_Fa-z24-green_0.3.tif - green_zoom_background_0.3.tif']; 

blue= ['dif_Ia-z21_blue_4.0.tif - blue_4.0_zoom_background.tif';... 

       'dif_Ja-z22_blue_4.0.tif - blue_zoom_background_4.0.tif';... 

       'dif_Eb-z23-blue_4.0.tif - blue_background_zoom_4.0.tif';... 

       'dif_Fa-z24-blue_3.0.tif - blue_zoom_background_3.0.tif']; 

cd(directories(n,:)); red=(red(n,:)); blue=squeeze(blue(n,:)); 

green=squeeze(green(n,:)); 
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%press ctl+enter then change below for alignment 

%          VERT        HORZ  

%      RED/GRN/BLU RED/GRN/BLU  mask 

p=      [0  0  2     0  1 -1    200; ... z21  greenthresh850 

        -1  0  0     0  1 -2    200; ... z22 Ja  

        -1  0  0     0  0 -1    1000; ... z23 

        -1  0  0     0  0 -1    200];%   z24 

%     s_r/s_g/s_b  s_r2/s_g2/s_b 

s_r=p(n,1); s_g=p(n,2); s_b=p(n,3);   % VERT circshift pixels 

s_r2=p(n,4); s_g2=p(n,5); s_b2=p(n,6);% HORZ circshift pixels 

mask_tissue=p(n,7); 

% s_r=-1; %RED VERT circshift pixels  

% s_g=-1;  %GRN VERT circshift pixels 

% s_b=-1;  %BLU VERT circshift pixels 

% s_r2=0;%RED HORZ circshift pixels 

% s_g2=0; %GRN HORZ circshift pixels 

% s_b2=-1; %BLU HORZ circshift pixels 

% mask_tissue=200; %threshold to make tissue mask 

maximize_origins=1; %use non-green spots for origin model 

show_kernel_fig=0; 

save_nifti=1; 

constants   = cat(2,[.01:.01:.99],[1:.1:9.9],[10:99],[100:10:500]); 

%experimentally determined, MW dependent, sigma squared per time 

constants   =constants/10; 

intervals   =2000; %(not needed with erf method) time intervals to change 

sigma 

time_total  =30; %used in make_gaussians_erf_mav.m 

crop        =0; 

conv_shift_fix=1; %automatic shift after convolution, circshift convolved 

image 

pixel_width =1000/186; %resolution, microns divided by pixels(ruler 

calibration) 

 

%analysis settings 

% cg=83; cr=130; cb=191; 

clims=[400 600 0 1]; %cross section display 

base1       =200;  %range start for baseline calculation 

base2       =250;  %range end for baseline calculation 

linecrop1   =150; 

linecrop2   =650; 

  

R2_deviation=.05; %percent R2 to determine constant range 

 

%rho = 10; %density, openings per square mm for 100 micron-thick slice 

  

%%%%%%%%%%%% load and process images 

disp('loading images...') 

% cd('C:\Users\Ashley\Desktop\Data for dextran leakage model\z24') 

% red=  'dif_Fa-z24-red_2.0.tif - red_zoom_background_2.0.tif  '; 

% green='dif_Fa-z24-green_0.3.tif - green_zoom_background_0.3.tif'; 

% blue= 'dif_Fa-z24-blue_3.0.tif - blue_zoom_background_3.0.tif '; 

open([green,'.mat']);  

greenthresh =ans.MEAN+3*ans.SD; SD.g=ans.SD; %thresh for dextrans, not mask 

open([red,'.mat']);   redthresh =  ans.MEAN+3*ans.SD; SD.r=ans.SD; %thresh 

for dextrans, not mask 
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open([blue,'.mat']);  bluethresh = ans.MEAN+3*ans.SD; SD.b=ans.SD; %thresh 

for dextrans, not mask 

clear ans; 

red  = load_nii([red,'.nii']);   red=red.img; 

green= load_nii([green,'.nii']); green=green.img;  

% figure(1); imagesc(green); pause(.1); axis image off; title('500kD Green 

Fluorescence Image'); 

blue = load_nii([blue,'.nii']);  blue=blue.img; 

  

red  = oddarray_MAV(red);   %make array size odd 

green= oddarray_MAV(green); %make array size odd 

blue = oddarray_MAV(blue);  %make array size odd 

  

%BW is a ROI around where the max opening is 

BW=load_or_make_FUS_mask_mav(blue,bluethresh); 

% BW=ones(size(blue));                                %test 

disp('Applying masks and thresholding...') 

%remove background 

red_norm=(red-redthresh).*BW;       red_norm(red_norm<0)=0; 

blue_norm=(blue-bluethresh).*BW;    blue_norm(blue_norm<0)=0; 

green_norm=(green-greenthresh).*BW; green_norm(green_norm<0)=0; 

%scale data but ignore tall peaks (by blurring) 

g=imgaussfilt(green_norm,12);norm.g=max(max(g)); 

green_norm=green_norm/max(max(g)); 

r=imgaussfilt(red_norm,12);  norm.r=max(max(r)); 

red_norm=red_norm/max(max(r)); 

b=imgaussfilt(blue_norm,12); norm.b=max(max(b)); 

blue_norm=blue_norm/max(max(b)); 

clear b g r;    

% tempg=green_norm-g;tempg(tempg<0)=0; %removes local background enhancement 

% tempr=red_norm-r;  tempr(tempr<0)=0; 

% tempb=blue_norm-b; tempb(tempb<0)=0; 

  

  

%Create mask to remove background dust and convolved stuff 

disp('making masks...') 

mask=make_section_mask_mav(green,mask_tissue); 

  

%apply shift corrections 

before_align = cat(3,red_norm,green_norm,blue_norm); 

%BW, based on green NORM: 

BW=circshift(BW,s_g2,2); BW=circshift(BW,s_g,1); 

%horizontal NORM: 

red_norm=circshift(red_norm,s_r2,2); green_norm=circshift(green_norm,s_g2,2); 

blue_norm=circshift(blue_norm,s_b2,2);  

% vertical NORM: 

red_norm=circshift(red_norm,s_r,1); green_norm=circshift(green_norm,s_g,1); 

blue_norm=circshift(blue_norm,s_b,1); 

%horizontal RAW: 

red=circshift(red,s_r2,2); green=circshift(green,s_g2,2); 

blue=circshift(blue,s_b2,2); 

%vertical RAW: 

red=circshift(red,s_r,1); green=circshift(green,s_g,1); 

blue=circshift(blue,s_b,1); 

%check alignment 

after_align = cat(3,red_norm,green_norm,blue_norm); 

figure(1) 
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subplot 211 

imagesc(cat(2,before_align,after_align)); axis off image; title 'before and 

after alignment' 

     

% filter image 

disp('Creating filtered image and eroding...') 

  

%     this section optional 

    g=imgaussfilt(green_norm,3); %g is a smoothed out image 

    tempg=green_norm-g; tempg(tempg<0)=0; %subtract smoothed out image to 

find spots 

%     temp=green_norm-.00*max(max(green_norm)); 

%     temp=tempg-.00*max(max(tempg)); 

%     temp(temp<=0)=0; 

    con=green_norm.*imregionalmax(tempg.*BW); 

  

    subplot(223) 

    imagesc(mask+(con>0)); axis image off; title('Mask + Orgins');pause(.1);  

  

 

%check alignment with con:     

after_align2=after_align; 

orgins=cat(3,con,con,con); 

after_align2(orgins>0)=0; 

subplot 224 

imagesc(after_align2); axis off image; title 'After alignment + Orgins' 

clear  after_align2 before_align 

%% make or load gaussians    

disp('Attempting to make or load gaussians...'); 

% Make a text string to attempt to load gaussians 

for i=1:numel(constants) %make a string of constants 

    try constants_string=cat(2,constants_string,' ',num2str(constants(i))); 

    catch; constants_string=num2str(constants(i)); end 

end; clear i; 

  

% make or load gaussians 

try %load 

    gaussians = load_gaussians_mav(intervals,constants,constants_string); 

catch %make 

%     gaussians = 

make_gaussians_mav(intervals,con,constants,constants_string); 

    gaussians = make_gaussians_erf_mav(time_total, 

pixel_width,con,constants,constants_string); 

end 

  

%% CONVOLVE: use gaussians to convolved eroded green image image 

disp('Convolving origins with kernel set') 

mask_temp=blue-bluethresh; mask_temp(mask_temp>0)=1;mask_temp(mask_temp<0)=0 

 mat= conv_gaus_mav(gaussians, mask_temp.*BW.*con, mask,BW); 

 mat(mat<0)=0; 

 % fix shift error 

if conv_shift_fix==1 

    mat=circshift(mat,[1,1,0]); 

end 

figure(3) 

temp=mat(:,:,5); temp(con>0)=0;temp=imfuse(temp,con); 

imagesc(temp); axis image off; title('Check if convolution is centered') 
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for i=1:size(mat,3) %mask out mat for edge restoration 

% mat(:,:,i)=mat(:,:,i).*mask; 

end 

%% caluclate Rsquared using cftool 

%http://www.mathworks.com/help/matlab/data_analysis/interactive-

fitting.html#bswij4t 

disp('Calculating R-squared values'); 

figure(4);  axis([0,8,0,1]) 

clear Rtemp; 

  

[Rsquared_max, Rsquared_max_index, 

R2_all]=calc_R2_2D_mav(green_norm,red_norm,blue_norm,mat,constants,BW); 

    %configure plot from calc_R2_max 

    xlabel('Diffusion Coefficient (\mum^2/s)') % x-axis label 

    ylabel('R^2') % y-axis label 

   

legend(['Green, R^2_m_a_x=',num2str(Rsquared_max(1)),' @ 

D=',num2str(constants(Rsquared_max_index(1))),'\mum^2/s'],... 

       ['Red, R^2_m_a_x=',  num2str(Rsquared_max(2)),' @ 

D=',num2str(constants(Rsquared_max_index(2))),'\mum^2/s'],... 

       ['Blue, R^2_m_a_x=', num2str(Rsquared_max(3)),' @ 

D=',num2str(constants(Rsquared_max_index(3))),'\mum^2/s'],'Location','southea

st') 

%% Show best R2 plots for figure 

figure (6)%  Auto-generated by MATLAB on 03-Nov-2016 21:26:1 (and modified by 

mike) 

[xData, yData] = prepareCurveData( blue_norm, 

mat(:,:,Rsquared_max_index(3)));  

ft = fittype( {'x', '1'}, 'independent', 'x', 'dependent', 'y', 

'coefficients', {'m', 'b'} ); % Set up fittype and options. 

[fitresult, ~] = fit( xData, yData, ft );% Fit model to data. 

subplot 131; h = plot( fitresult, xData, yData ); 

legend( h, 'pixel value', 'trendline (y=mx+b)', 'Location', 'NorthEast' ); 

xlabel '3kD Blue pixel values'; ylabel 'Best-Fit Convolved Image pixel 

values' 

grid on; title '3kD Blue vs Best-Fit Convolved Image'; 

  

[xData, yData] = prepareCurveData( red_norm, mat(:,:,Rsquared_max_index(2)));  

ft = fittype( {'x', '1'}, 'independent', 'x', 'dependent', 'y', 

'coefficients', {'m', 'b'} ); % Set up fittype and options. 

[fitresult, ~] = fit( xData, yData, ft );% Fit model to data. 

subplot 132; h = plot( fitresult, xData, yData ); 

legend( h, 'pixel value', 'trendline (y=mx+b)', 'Location', 'NorthEast' ); 

xlabel '70kD Red pixel values'; ylabel 'Best-Fit Convolved Image pixel 

values' 

grid on; title '70kD Red vs Best-Fit Convolved Image'; 

  

[xData, yData] = prepareCurveData( green_norm, 

mat(:,:,Rsquared_max_index(1)));  

ft = fittype( {'x', '1'}, 'independent', 'x', 'dependent', 'y', 

'coefficients', {'m', 'b'} ); % Set up fittype and options. 

[fitresult, ~] = fit( xData, yData, ft );% Fit model to data. 

subplot 133; h = plot( fitresult, xData, yData ); 

legend( h, 'pixel value', 'trendline (y=mx+b)', 'Location', 'NorthEast' ); 

xlabel '500kD Green pixel values'; ylabel 'Best-Fit Convolved Image pixel 

values' 

grid on; title '500kD Green vs Best-Fit Convolved Image' 



159 
 

  

   %% 

if crop==1 

%crop to size for better display 

mat(~any(mask,2),:,:)=[]; mat(:,~any(mask,1),:)=[];  %remove zero's rows then 

columns 

green(~any(mask,2),:)=[]; green(:,~any(mask,1))=[];  %remove zero's rows then 

columns 

con(~any(mask,2),:)=[];   con(:,~any(mask,1))=[];  %remove zero's rows then 

columns 

red(~any(mask,2),:)=[];   red(:,~any(mask,1))=[];  %remove zero's rows then 

columns 

blue(~any(mask,2),:)=[];  blue(:,~any(mask,1))=[];  %remove zero's rows then 

columns 

BW(~any(mask,2),:)=[]; BW(:,~any(mask,1))=[];  %remove zero's rows then 

columns 

green_norm(~any(mask,2),:)=[]; green_norm(:,~any(mask,1))=[];  %remove zero's 

rows then columns 

red_norm(~any(mask,2),:)=[];   red_norm(:,~any(mask,1))=[];  %remove zero's 

rows then columns 

blue_norm(~any(mask,2),:)=[];  blue_norm(:,~any(mask,1))=[];  %remove zero's 

rows then columns 

mask(~any(mask,2),:)=[];  mask(:,~any(mask,1))=[];  %remove zero's rows then 

columns 

end 

  

%% (FIG 2) plot cross section of kernels and FWHM 

for i=1 %hide this text 

if show_kernel_fig==1 

    figure(2) 

    hold on; 

    subplot(131) %un-normalized gaussians 

    plot(squeeze(gaussians(:,round(size(gaussians,2)/2),: ))) 

    clear Rtemp 

    xlabel('y') % x-axis label 

    ylabel('Amplitude') % y-axis label 

    title('Cross Section of convolution kernels') 

    % try 

legend(num2str(constants(1)),num2str(constants(2)),num2str(constants(3)),num2

str(constants(4)),num2str(constants(5)),num2str(constants(6))); end; 

     

    subplot(132) %Normalized gaussians 

    temp=gaussians; 

    gaussians_center=squeeze(gaussians(:,round(size(gaussians,2)/2),: )); 

    FWHMs=zeros(size(gaussians,3),1); 

    for j=1:size(gaussians,3) 

        temp(:,:,j)=temp(:,:,j)/max(max(temp(:,:,j))); %normalize gaussians 

one at a time 

        ytemp=gaussians_center(:,j); xtemp=1:numel(gaussians_center(:,j)); 

%get x and y for FWHM calculation 

        FWHMs(j)=fwhm(xtemp,rot90(ytemp)); %calculate FWHM one at a time 

    end; clear j; 

    plot(squeeze(temp(:,round(size(temp,2)/2),: ))) 

    clear Rtemp xtemp ytemp 

    xlabel('y') % x-axis label 

    ylabel('Amplitude Normalized') % y-axis label 

    title('Cross Section of convolution kernels') 
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    % axis([0,80,0,1]) 

     

    subplot(236) 

    plot(constants,FWHMs,'o'); 

    title('FWHM of Convolution Kernels') 

    xlabel('Diffusion/Sigma Coefficient (s^-^1)') % x-axis label 

    ylabel('FWHM') % y-axis label 

     

    subplot(233) 

    temp=squeeze(gaussians(:,:,round(size(gaussians,3)))); 

    center=round(size(temp,2)/2); temp(:,center-1:center+1)=max(max(temp)); 

    imagesc(temp); title('Cross Section Location');axis off image; clear 

center FWHMs; 

    xlabel('y') % x-axis label 

    ylabel('x') % y-axis label 

end 

end 

  

 

%% find 95% of the max range for the peak R2 to determine confidence interval 

%%Determine ra R2 Values 

[M, I]=max(R2_all,[],2); %M=R2 value, I=index of constants 

R2_G_max=R2_all(1,I(1))*.99; %95 percent of maximum value (y minimum) 

R2_R_max=R2_all(2,I(2))*.99; %95 percent of maximum value (y minimum) 

R2_B_max=R2_all(3,I(3))*.99; %95 percent of maximum value (y minimum) 

% R2_temp=R2_all(1,:) 

const_G.range = (max(constants(R2_all(1,:)>R2_G_max))-

min(constants(R2_all(1,:)>R2_G_max)))/2; 

const_R.range = (max(constants(R2_all(2,:)>R2_R_max))-

min(constants(R2_all(2,:)>R2_R_max)))/2; 

const_B.range = (max(constants(R2_all(3,:)>R2_B_max))-

min(constants(R2_all(3,:)>R2_B_max)))/2; 

const_G.max = max(constants(R2_all(1,:)>R2_G_max)); 

const_R.max = max(constants(R2_all(2,:)>R2_R_max)); 

const_B.max = max(constants(R2_all(3,:)>R2_B_max)); 

const_G.min = min(constants(R2_all(1,:)>R2_G_max)); 

const_R.min = min(constants(R2_all(2,:)>R2_R_max)); 

const_B.min = min(constants(R2_all(3,:)>R2_B_max)); 

const_G.plus = const_G.max-constants(I(1)); 

const_G.minus = constants(I(1))-const_G.min; 

const_R.plus = const_R.max-constants(I(2)); 

const_R.minus = constants(I(2))-const_R.min; 

const_B.plus = const_B.max-constants(I(3)); 

const_B.minus = constants(I(3))-const_B.min; 

  

disp(['Blue R2 = ', num2str(constants(I(3))), ' (+',num2str(const_B.plus),'/-

',num2str(const_B.minus),' for 99%)']); 

disp(['Red R2 = ', num2str(constants(I(2))), ' (+',num2str(const_R.plus),'/-

',num2str(const_R.minus),' for 99%)']); 

disp(['Green R2 = ', num2str(constants(I(1))), ' 

(+',num2str(const_G.plus),'/-',num2str(const_G.minus),' for 99%)']); 

%  

figure(9) %Convolved images vs Fluorescent Images 

cg=squeeze(mat(:,:,(Rsquared_max_index(1))));  

cr=squeeze(mat(:,:,(Rsquared_max_index(2)))); 

cb=squeeze(mat(:,:,(Rsquared_max_index(3)))); 
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subplot(233);imagesc(green_norm);title('500kD Green Normalized');axis off 

image; 

subplot(232);imagesc(red_norm);title('70kD Red Normalized');axis off image; 

subplot(231);imagesc(blue_norm);title('3kD Blue Normalized');axis off image; 

subplot(236);imagesc(squeeze(mat(:,:,(Rsquared_max_index(1))))); axis off 

image; title(['Convolution (D = 

',num2str(constants(Rsquared_max_index(1))),'\mum^2/s)']); 

subplot(235);imagesc(squeeze(mat(:,:,(Rsquared_max_index(2)))),[0,4]); axis 

off image; title(['Convolution (D = 

',num2str(constants(Rsquared_max_index(2))),'\mum^2/s)']); 

subplot(234);imagesc(squeeze(mat(:,:,(Rsquared_max_index(3)))),[0,1.5]); axis 

off image; title(['Convolution (D = 

',num2str(constants(Rsquared_max_index(3))),'\mum^2/s)']); 

  

%% Plot convolved cross sections and overlays 

for i=1 

%Constant values for maximum R2 

ig=Rsquared_max_index(1); 

ir=Rsquared_max_index(2); 

ib=Rsquared_max_index(3); 

% ib=193 

x=round(size(mat,1)/2); %center line 

% [h,p,ci,stats] = ttest2(green_norm,squeeze(mat(x,:,cg))/max(mat(x,:,cg))) 

figure(10) %Plots of Convolved images vs Fluorescent Images 

subplot(236);  

    plot(green_norm(x,:)/mean(green_norm(x,:)),'g','LineWidth',1); hold 

on;%axis(clims); 

    plot(squeeze(mat(x,:,ig))/mean(squeeze(mat(x,:,ig))),'--','Color',[.3 .3 

.3],'LineWidth',1); title('500kD Green Comparison'); hold on;%axis(clims); 

    format short g; lgnd=legend('Green',['Conv. (D = 

',num2str(constants(Rsquared_max_index(1))),')'],'Location','northwest');set(

lgnd,'color','none');%lgnd=legend('Green',['R^2_m_a_x=',num2str(Rsquared_max(

1)),' @ 

coeff.=',num2str(constants(Rsquared_max_index(1)))],'Location','northwest');s

et(lgnd,'color','none'); 

    disp(['Green r2=',num2str(Rsquared_max(1)),' 

D=',num2str(constants(Rsquared_max_index(1)))]); 

    xlabel('pixel') % x-axis label 

    ylabel('Intensity (A.U.)') % y-axis label 

subplot(235);  

    plot(red_norm(x,:)/mean(red_norm(x,:)),  'r','LineWidth',2); hold 

on;%axis(clims); 

    plot(squeeze(mat(x,:,ir))/mean(squeeze(mat(x,:,ir))),'--','Color',[.3 .3 

.3],'LineWidth',1); title('70kD Red Comparison');hold on;%axis(clims); 

    format short g; lgnd=legend('Red',['Conv. 

(D=',num2str(constants(Rsquared_max_index(2))),'\mum^2/s)'],'Location','north

west');set(lgnd,'color','none'); 

    disp(['Red   r2=',num2str(Rsquared_max(2)),' 

D=',num2str(constants(Rsquared_max_index(2)))]); 

    xlabel('pixel') % x-axis label 

    ylabel('Intensity (A.U.)') % y-axis label 

subplot(234);  

    plot(blue_norm(x,:)/mean(blue_norm(x,:)), 'b','LineWidth',2); hold 

on;%axis(clims); 

    plot(squeeze(mat(x,:,ib))/mean(squeeze(mat(x,:,ib))),'--','Color',[.3 .3 

.3],'LineWidth',1); title('3kD Blue Comparison');hold on;%axis(clims); 
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    format short g; lgnd=legend('Blue cross section',['Conv. (D = 

',num2str(constants(Rsquared_max_index(3))),'\mum^2/s)'],'Location','northwes

t');set(lgnd,'color','none'); 

    disp(['Blue  r2=',num2str(Rsquared_max(3)),' 

D=',num2str(constants(Rsquared_max_index(3)))]); 

    xlabel('pixel') % x-axis label 

    ylabel('Intensity (A.U.)') % y-axis label 

end 

subplot 233 

imagesc(cat(3,red_norm,green_norm,blue_norm)); axis image off; 

title('Overlay') 

  

% overlay comparison 

original = cat(3,red_norm,green_norm,blue_norm); 

%define and adjust scale of convolved images: 

red_conv  = mat(:,:,Rsquared_max_index(2)); 

green_conv= mat(:,:,Rsquared_max_index(1)); 

blue_conv = mat(:,:,Rsquared_max_index(3)); 

g=imgaussfilt(green_conv,10);green_conv=green_conv/max(max(g)); 

r=imgaussfilt(red_conv,12);  red_conv=red_conv/max(max(r)); 

b=imgaussfilt(blue_conv,12); blue_conv=blue_conv/max(max(b)); 

recon=(cat(3,red_conv,green_conv,blue_conv)); axis image off; 

title('Overlay') 

% imagesc(cat(2,original,recon)); axis off image; 

subplot 221; 

imagesc(original); axis off image; title 'Original Image (Overlay)'; 

subplot 222; 

imagesc(recon); axis off image; title 'Reconstructed Image (Overlay)'; 

  

  

%% Entropy method 

figure(80) 

hold on; 

for i=1:size(mat,3) 

    plot(constants(i),entropy(mat(:,:,i)),'.') 

    plot(constants(i),entropy(green_norm),'o','color','green') 

    plot(constants(i),entropy(red_norm),'o','color','red') 

    plot(constants(i),entropy(blue_norm),'o','color','blue') 

end 

%% old fit attempts 

%% output r-squared 

save('R2','R2_all','Rsquared_max','Rsquared_max_index'); 

%% save a nifti 

if save_nifti==1 

%print text on mat for output nii 

mat2=imresize(mat,.5); 

for i=1:size(mat2,3) 

text_str = ['D = ',num2str(constants(i)),' um^2/s']; 

position = [3 3]; 

box_color = {'white'}; 

RGB = 

insertText(squeeze(mat2(:,:,i)),position,text_str,'FontSize',18,'BoxColor',..

. 

    box_color,'BoxOpacity',1,'TextColor','black'); 

mat2(:,:,i)=rgb2gray(RGB); 

end 

imagesc(mat2(:,:,i)); axis off image; 
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mat2=rot90(fliplr(rot90(mat2)),2); 

nii=make_nii(mat2,4); 

save_nii(nii,'mat.nii') 

end 

%% error function example 

figure(998) 

for i=[5,60,600] 

    hold on; 

    x=0:100; 

    D=5; 

y=1*(1-erf(x./(sqrt(4*D*i)))); %D in pixels per second (1800s=30m) 

plot(x,y) 

xlabel distance 

ylabel concentration 

hold on; 

end 

  

load handel; 

player = audioplayer(y, Fs); 

play(player); 

C.3. Generate Diffusion Model Kernel Set 

%try to load shortened then unshortened .mat file 

  

function gaussians = make_gaussians_erf_mav(time_total, 

pixel_width,con,constants,constants_string) 

%make distance array for error function calculation 

dist_array=zeros(size(con)); %array of distances from center 

center=round((size(con))/2); 

gaussians=zeros(size(con,1),size(con,2),numel(constants)); 

time_total=time_total*60; %convert min to seconds 

for y=1:size(con,1) 

    for x=1:size(con,2) 

        dist_array(y,x)=sqrt((y-center(1))^2+(x-center(2))^2); 

    end 

end; dist_array=dist_array*pixel_width; %convert to microns 

for n=1:numel(constants) 

    D=constants(n);  

    y=1*(1-erf(dist_array./(sqrt(4*D*time_total)))); %D in pixels per second 

(1800s=30m) 

    imagesc(y);axis off image; 

    gaussians(:,:,n)=y; 

    disp(['Gaussian ',num2str(n),' of ',num2str(numel(constants)),' saved.']) 

end 

%save gaussians 

gaussians=gaussians/1; %normalize to number of intervals(no intervals used 

%if string to long for filename then save part of string 

try save(['gaussians ',constants_string,').mat'], 'gaussians'); 

catch; save(['gaussians ',constants_string(1:210),').mat'], 'gaussians'); 

end 

disp('All gaussians saved.') 



164 
 

C.4. Diffusion Foldover 

% function foldover = diffusion_foldover_mav(mask2,diffuse) 

%diffusion boundary fold over 

  

function foldover=diffusion_foldover_v3_mav(mask,mat2,BW) 

%% 

diffuse=mat2; 

mask2=mask; 

padsize=[5 5]; 

mask2=padarray(mask2,padsize,0,'pre'); 

diffuse=padarray(diffuse,padsize,0,'pre'); 

BW=padarray(BW,padsize,0,'pre'); 

  

scale=.1; 

mask2=imresize(mask2,scale,'nearest'); 

se3 = strel('disk',10); 

mask2=imclose(mask2,se3); 

diffuse=imresize(diffuse,scale,'nearest'); 

BW=imresize(BW,scale,'nearest'); 

  

inline=mask2; 

steps=20; 

  

foldover = zeros(size(mask2));%abs(mask2-1);  %will fill in tissue area with 

folded over values 

for o=1:steps %try to capture 200 pixels past margin of tissue to fold over 

    %   mask_temp=mask_temp-foldover; %this changes over time so pixes that 

are inserted are not done twice. 

    se = strel('disk',o); 

    se2 = strel('disk',o-1); 

    inline= imerode(mask2,se2)-imerode(mask2,se); 

    inline(inline<0)=0; 

    inline(inline>0)=1; 

     

    outline = imdilate(mask2,se)-imdilate(mask2,se2); 

     

    %copy closest outline pixel for each inline 

    temp=outline.*diffuse; 

     

    %     %tell function to stop if there is only one line 

    %     if o==2 && max(max(outline.*diffuse))<.001*max(max(diffuse)) 

    %         terminate=1 

    % end 

%  teminate=0; 

%     if teminate==0 

        if max(max(outline.*diffuse))>.001*max(max(diffuse)) %ignore if 

outline is far out, will save a lot of time 

            for x=1:size(inline,2) %go through each pixel of outline and 

place it in foldover location 

                for y=1:size(inline,1) 

                    if inline(y,x)>0 

                         

                        %determine nearest zero pizel in foldover 

                        rangen=(1:size(mask2,2))-x; 

                        rangem=(1:size(mask2,1))-y; 

                        [X,Y] = meshgrid(rangen,rangem); 
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                        dist_array=(sqrt((X).^2+(Y).^2)).*outline; 

                        dist_array(y,x)=max(max(dist_array)); 

                         

                        %index of nearest pixel 

                        

ind=find(dist_array==min(min(dist_array(dist_array>0)))); 

                         

                        %only fold over pixel if significant to save time 

                        if diffuse(ind)>.001*max(max(diffuse)) 

                            foldover(y,x)=mean(outline(ind).*diffuse(ind)); 

                        end 

                    end 

                end 

               %display moving pixels 

%                imagesc(foldover); pause(.0001)     

            end 

        end 

%     end 

end 

  

foldover=imresize(foldover,1/scale,'nearest'); 

foldover(foldover<0)=0; 

diffuse =imresize(diffuse, 1/scale,'nearest'); 

  

% diffuse=diffuse((padsize+1):(end-padsize),(padsize+1):(end-padsize)); 

% foldover=foldover((padsize+1):(end-padsize),(padsize+1):(end-padsize)); 

diffuse=diffuse((padsize+1):end,(padsize+1):end); 

foldover=foldover((padsize+1):end,(padsize+1):end); 

foldover=foldover.*mask; 

C.5. Calculation of R-squared 

function [Rsquared_max Rsquared_max_index 

R2_all]=calc_R2_2D_mav(green_norm,red_norm,blue_norm,mat,constants,mask) 

%% new version --uses code from cftool 

colors=cat(3,green_norm,red_norm,blue_norm); 

Rsquared_max=zeros(1,3); 

Rsquared_max_index=zeros(1,3); 

R2_all=zeros(3,size(constants,2)); 

for color=1:size(colors,3) 

    for n=1:size(mat,3) 

        temp= mask.*squeeze(mat(:,:,n));   temp=temp(:); %linearize to 

simplify var 

        channel= mask.*colors(:,:,color); channel=channel(:); 

                  

        [~, gof] = linearfit_mav(temp, channel); 

        Rsquared=gof.rsquare; 

        R2_all(color,n)=Rsquared; 

        if Rsquared>Rsquared_max(color) 

            Rsquared_max_index(color)=n; 

            Rsquared_max(color)=Rsquared; 

        end 

%         disp(['Color/Constant/Rsquared ',num2str(color),' / ', 

num2str(constants(n)), ' / ', num2str(Rsquared)]); 

        try Rtemp=cat(2,Rtemp,Rsquared); catch; Rtemp=Rsquared; end; 

    end 
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    Rsquared_max=round(Rsquared_max,2,'significant'); 

    % xsize=numel(Rtemp)/3; 

    switch color 

        case 1; c='g'; 

        case 2; c='r'; 

        case 3; c='b'; 

    end 

    plot(constants,Rtemp,c); hold on; title('Goodness of Fit: Fluorescent 

Image vs Convolution'); 

     

    clear Rtemp 

  

end 
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APPENDIX D—FUS SYSTEM CONSTRUCTION INFORMATION 

 

Materials: 

1. FUS system (Driver and Transducer) 

 

Synergy Electronics Inc   

Website: http://synergyelectronics.com/ 

Address: 16559 N 92nd St # 101, Scottsdale, AZ 85260 

Phone: (480) 991-4184 

   

2. Optomechanical parts from Thorlabs, Inc. (does not include screws): 

 

PART NUMBER DESCRIPTION QTY. 

MB8-Solidworks Breadboard 1 

PT1-Solidworks translation stage 2 

TR6-Solidworks optical post 6 

RA90-Solidworks right angle clamp 6 

BA1-Solidworks mounting base 1 

TR50E_M-Solidworks graduated optical post 1 

PH2-Solidworks post holder 1 

TRK05-Solidworks anti-rotation adapter 2 

PT101-Solidworks translation stage base plate 1 

TR2-P5-Solidworks optical post 4 

BA1S-Solidworks mounting base 2 

PH1-Solidworks post holder 2 

TR3-Solidworks optical post 3 

 

3. 3D-printed part files: (https://grabcad.com/library/bbb-opening-3d-printed-parts-1) 

Note: Assembly file is provided but Thorlabs objects were not included. These are 

available free to download from each product page at https://www.thorlabs.com/ 

 

4. Plastic Water Container, should fit the entire system up to acoustic window 

 

Assembly Instructions: 

 

1. 3D-print parts with a rigid material, clean, and tap thread holes for screws as necessary 

2. Assemble device as shown and according to SolidWorks assembly file.  

3. Align transducer with optical posts to the acoustic window as shown 

4. Secure thumb screws with Allen wrench  

 

Note: Laser Alignment Tool (Figure D.1A,B) is optional and allows for a 1:1 visual 

translation aid of the laser onto a mouse brain image. The laser moved the same distance and 

direction as the ultrasound focus in the mouse brain. See Figure D.1 and D.2 for details. 
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Figure D.1. SolidWorks assembly of ultrasound system 

 
Figure D.2. Laser Alignment Tool has a laser holder (A) which is mounted to the top translation 

stage with a slotted screw hole. It holds a common laser pointer that is held in place with a set 

screw and turned on or off with another. It has a reflector that requires a piece of glass or mirror, 

held in place with another set screw, which directs the laser to the image holder (B). An aperture 

is used to reduce the size of the beam, and is held with a set screw. The image holder (B) uses an 



169 
 

acoustic window and is meant to hold an MRI image (printed on photocopy paper) of (and to scale 

with) the mouse brain. 
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APPENDIX E—PUBLISHED WORKS AND PRESENTIONS 

E.1. Refereed Journal Articles and Book Chapters 

Abhishek Umashankar, Mandi J Corenblum, Sneha Ray, Michel Valdez, Eriko S 

Yoshimaru, Theodore P Trouard, and Lalitha Madhavan, Effects of the Iron Oxide Nanoparticle 

Molday Ion Rhodamine B on the Viability and Regenerative Function of Neural Stem Cells: 

Relevance to Clinical Translation, International Journal of Nanomedicine. 11, 1731-48 (2016). 

Oscar A Mendez, Colin J Potter, Michael Valdez, Thomas Bello, Theodore P Trouard, 

Anita Koshy, Semi-automated quantification and neuroanatomical mapping of heterogeneous cell 

populations, Journal of Neuroscience Methods, submitted. 

Michael Valdez, Elizabeth Fernandez, Robert Erickson, and Theodore Trouard, 

Multispectral Diffusion Quantification Following Focused Ultrasound-Mediated Blood-Brain 

Barrier Opening, article in preparation. 

Michael Valdez, Eriko Yoshimaru, Pier Ingram, John Totenhagen, Aaron Forbes, Stephen 

Moore, Paul Helquist, Terry Matsunaga, Russell Witte, and Theodore Trouard, Enhanced Delivery 

to the Brain with Focused Ultrasound and Microbubbles, book chapter, “Small-Animal SPECT 

Imaging”, Kupinski and Barrett, New York, NY: Springer (2005) (submitted to editors in 2013 for 

new edition). 

E.2. Conference Presentations 

“Development, Characterization, and Implementation of a System for Focused 

Ultrasound-Mediated Blood-Brain Barrier Opening in Mice”, Seminar, Dissertation Defense, 

Tucson, AZ, November 2017. 
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“Ultrasound-Mediated Drug Delivery”, Seminar, Intel Interview, Hillsboro, OR, 

October 2017. 

“Ultrasound-Mediated Drug Delivery to the Brain”, Seminar, American Indian Science 

and Engineering Society (AISES) National Conference, Minneapolis, MN, November 2016. 

“FUS-Mediated Delivery of Neurotherapeutics”, Seminar, MR Seminar Series, Tucson, 

AZ, March 2016. 

“Development of MR-Guided Focused Ultrasound for Drug Delivery in Animal 

Models”, Poster, Graduate and Professional Student Congress (GPSC) Student Showcase, Tucson, 

AZ, February 2016. 

“Development of MR-guided Focused Ultrasound for Drug Delivery in Animal 

Models”, Poster, Biomedical Engineering (BME) Builder's Day, Tucson, AZ, February 2016. 

“MR-guided Focused Ultrasound for Delivery of Neurotherapy in Mice”, Seminar, 

Small Animal Imaging Workshop, Tucson, AZ, January 2016. 

“Comparison of MRI Contrast Enhancement with Molecular Distribution Following 

FUS-Mediated BBB Opening”, Seminar, International Society for Magnetic Resonance in 

Medicine (ISMRM) Conference, Toronto, CA, June 2015. 

“History of FUS-Mediated BBB disruption and Analysis of BBB Integrity”, Seminar, 

MR Seminar Series, Tucson, AZ, December 2014. 

“Enhanced Delivery and Imaging of Neurotherapeutics via Ultrasound, MRI, SPECT 

and Acoustically Activated Nanoparticles”, Poster, GIDP Student Showcase, Tucson, AZ, 

December 2014. 



172 
 

“Enhanced Delivery and Imaging of Neurotherapeutics via Ultrasound, MRI, SPECT 

and Acoustically Activated Nanoparticles”, Seminar, BME Seminar Series, Tucson, AZ, 

November 2014. 

“Enhanced Delivery and Imaging of Neurotherapeutics via Ultrasound, MRI, SPECT 

and Acoustically Activated Nanoparticles”, Poster, GPSC Student Showcase, Tucson, AZ, 

November 2014. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Poster, Biomedical Engineering Society (BMES) Annual Meeting, San Antonio, TX, October 

2014. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Poster, Arizona Alzheimer's Consortium (AAC) 16th Annual Conference, Mesa, AZ, June 2014. 

“Three-Dimensional Diffusion Tensor Microimaging for Anatomical 

Characterization for the Mouse Brain”, Seminar, MR Research Seminar Series, Tucson, AZ, 

May 2014. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Seminar, ARIBI Spring Workshop, Tucson, AZ, April 2014. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Poster, BME Design Day, Tucson, AZ, October 2013. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Poster, Society for Advancement of Chicanos and Native Americans in Science (SACNAS), San 

Antonio, TX, October 2013. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Seminar, Technology and Research Initiative Fund (TRIF) Meeting, Tucson, AZ, September 2013. 
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“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Poster, Arizona Bioindustry Association (AZBio) Meeting, Phoenix, AZ, May 2013. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Poster, AAC 15th Annual Conference, Phoenix, AZ, May 2013. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Poster, ISMRM Conference, Salt Lake City, UT, April 2013. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Poster, Minority Graduate Education at Mountain States Alliance (MGE@MSA) Conference, 

Phoenix, AZ, March 2013. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Poster, BME Builder’s Day, Tucson, AZ, February 2013. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Seminar, Biomedical Imaging and Spectroscopy (BMIS) Meeting, Tucson, AZ, January 2013. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Seminar, MR Research Seminar Series, Tucson, AZ, December 2012. 

“Enhanced Delivery and Imaging of Neurotherapeutics via US, MRI and SPECT”, 

Seminar, Small Animal SPECT Workshop, Tucson, AZ, June 2012. 

“Trans-Blood-Brain Barrier Drug Delivery via Ultrasound and Microbubbles for 

Neurodegenerative Diseases”, Poster, MGE@MSA Conference, Phoenix, AZ, February 2012. 

“Trans-Blood-Brain Barrier Cyclodextrin Delivery via Ultrasound and 

Microbubbles for Treatment of Niemann-Pick Type C Disease”, Poster, BME Builder’s Day, 

Tucson, AZ, April 2012. 
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“Trans Blood-Brain Barrier Drug Delivery via Ultrasound and Microbubbles for 

Treatment of Niemann-Pick Type C Disease”, Seminar, MR Research Seminar Series, Tucson, 

AZ, January 2012. 

“Trans-Blood-Brain Barrier Cyclodextrin Delivery via Ultrasound and Microbubbles for 

Treatment of Niemann-Pick Type C Disease”, Poster, BME Builder’s Day, Tucson AZ, April 

2011.  
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