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ABSTRACT 

 

Hanjoo R. Lee: The Potential for Blood-Brain-Barrier (BBB) Disruption During 3D Transcranial 

Ultrasound Super-Resolution Imaging 

(Under the direction of Paul A. Dayton and Gianmarco F. Pinton) 

 

Super-Resolution (SR) ultrasound dramatically improves the resolution of microvascular 

images beyond the diffraction limit. It is well-established that ultrasound with contrast agents, 

like those used in SR, can open the blood brain barrier (BBB) under certain conditions. This 

study aims to quantify potential BBB disruption during 3D transcranial ultrasound SR as a 

function of mechanical index (MI) and pressure distribution. Mice were imaged using 

conventional 3D SR sequences. BBB disruption was quantified through fluorescence imaging of 

dye extravasation for 0-0.78 transmit MI (measured in water). Results suggest 3D SR at 0.78 MI 

induced BBB opening; however, imaging was achievable without significant dye extravasation 

below 0.78. Hydrophone measurements and 3D modeling were performed to estimate local 

pressure distributions in the brain. Estimates of local MI within the brain indicate 0.44-0.53 MI 

generates BBB bioeffects. Results may help inform parameter choices for effectively conducting 

transcranial 3D SR imaging to avoid BBB opening. 
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CHAPTER 1: INTRODUCTION & BACKGROUND 

1.1 Medical Ultrasound 

Ultrasound (US) is a physical acoustic wave that propagates at a frequency outside the 

range of human hearing (above 20 kHz). (1) This is done from a device known as a transducer, 

which contains piezoelectric material that produces the physical wave when a driving voltage is 

applied. US carries many benefits with it in the medical field. It is cheap, non-ionizing, well 

studied in its applications, and has numerous applications to treat and image the body for 

medical purposes. US has a wide range of applications such as fetal imaging, (2) doppler blood 

flow imaging, (3) and lithotripsy, (4) for example. There are limitations to US as well, the 

acoustic waves can be greatly impacted by the medium it is transmitted towards such as bone 

and tissue and the resolution of standard b-mode images is limited by the frequency of the 

transmitted wave. However, research has been done to overcome these limitations. 

1.2 Super Resolution 

Super Resolution (SR) imaging, also referred to as ultrasound localization microscopy 

(ULM), is an emerging US imaging technique which resolves the microvasculature beyond the 

diffraction limits of conventional US. One enabling requirement for SR imaging is the detection 

of spatiotemporally separable scatterers in the blood to delineate the microvasculature flow. (5) 

This is typically performed with microbubble (MB) contrast agents, though other scatterers can 

be used as well (phase-change contrast agents or red blood cells for example). (5–7) These 

acoustic scatterers are then infused, imaged, and then filtered to remove noise such as slow-
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moving tissue. (8) MBs are localized in each frame, accumulated, and then tracked to delineate 

the microvasculature with sub-wavelength resolution. Further information, such as blood 

velocity and vessel diameter, can be extracted from this dataset by tracking the localized MBs 

over time. (5,8) One application where SR US has found broad application is in the brain, where 

the ability to visualize vascular structures and measure function has shown promise in 

assessment of diseases such as stroke, glioblastoma, and Alzheimer’s disease. (9–15) 

1.3 Blood-Brain-Barrier 

MB contrast agents have been used clinically for decades and have demonstrated a safe 

application profile with standard diagnostic imaging conditions. (16) However, it is also known 

that within the brain, contrast–enhanced ultrasound (CEUS) is capable of causing bioeffects, 

such as modulation of the blood brain barrier (BBB). For example, studies have shown BBB 

opening with focused ultrasound can improve symptoms of Alzheimer disease in mice and allow 

for reversible BBB opening, (9,17) and BBB opening is currently studied in clinical trials to 

evaluate the potential of increasing chemotherapeutic delivery to the brain. (18) 

The BBB is part of the vasculature in the central nervous system that protects the brain 

by reducing the permeability of both endogenous and exogeneous molecules. (18) This barrier 

includes the tight endothelial junctions, astrocytes, pericytes, and glycocalyx. (19,20) BBB 

opening is the phenomena where the permeability of the microvascular tissue barrier is 

increased, which can allow substances larger than 400 Da to pass through the tight endothelial 

junctions in the brain. (21) The BBB can be opened by traumatic brain injuries, diseases such as 

Alzheimer’s, stroke, etc. (22,23)  
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1.4 Blood-Brain-Barrier Disruption 

Research on BBB disruption, also known as BBB opening, by ultrasound has existed for 

decades, with one of the oldest studies being from the 1950s. (24) However, it’s only until the 

past 2 decades, that strong interest in US assisted BBB disruption has gain traction for 

therapeutic applications. The introduction of microbubble contrast agents helped to achieve BBB 

disruption to treat brain diseases via drug delivery, (25,26) neuromodulate the brain, (27,28) and 

has been investigated for a wide variety of models, such as ovine, (29) non-human primates, 

(30–32) and murine, (33–35)and humans. (31,36–38) 

There are numerous studies that have opened the BBB with focused ultrasound and MBs. 

Many studies use a focused transmit sequence due to numerous benefits such as the ability to 

reach higher pressures at lower driving voltages and a tighter region of sonication. For example, 

Choi et al had built a custom transducer that was intended to deliver drugs at a targeted region. 

(39) Another study had also used focused CEUS at sub megahertz frequencies to stimulate 

nerves of rat brains transcranially. (35)  

It has also been demonstrated that the BBB can be reversibly opened with ultrasound in 

conjunction with MBs. There are numerous acoustic-mechanical effects involved in contrast-

enhanced BBB disruption, including cavitation/MI, radiation force, and mechanical stresses. (40) 

Cavitation contributes to BBB disruption due to the oscillations of contrast agents, causing 

changes to the diameter of the MBs and pushing on the tight endothelial junctions. (40) The 

higher the pressure used can also impact the size of BBB opening. (41) This effect is further 

enhanced as the MBs are pushed towards the vascular endothelium by radiation force. (40) 

Typically, BBB modulation with focused ultrasound occurs when contrast agents are excited in 

the brain at low frequencies (0.2 to 1.05 MHz), at a peak negative pressure around 0.5 to 1.15 
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MPa, (40) and long duty cycles. Low frequencies have been preferred due to their reduced 

attenuation through the skull. For example, Kim et al. use a sub-MHz transmit for transcranial 

transmit. (35) The longer wavelength also helps to reduce effects of phase aberrations through 

the skull. Examples of this can be seen in O’Reilly et al. (42) and Hynynen et al. (43) More 

recent studies have also demonstrated BBB disruption with lower duty cycles. For example, 

studies have demonstrated BBB disruption in mice with a low duty cycle (0.5-1.25%) at 1-1.1 

MHz. (44,45)  

1.5 Thesis Outline 

 Most studies characterizing the threshold for BBB disruption as a function of certain 

ultrasound parameters, such as the mechanical index (MI) or bubble cavitation behavior through 

passive acoustic measurements, (46,47) have been performed in the context of focused 

ultrasound transmission for intentional BBB disruption. Multiple studies have demonstrated that 

BBB disruption is possible with clinical scanners using imaging sequences, including higher 

frequencies, shorter pulses and/or larger sonicated areas. Many studies have used commercial 

linear transducers, usually intended for imaging, to induce BBB opening with a focused 

sequences and contrast. For example, Bing et al. demonstrated BBB disruption with color 

Doppler at a 0.07% duty cycle with a 5.7 MHz transmit. (48) Zhao et al. showed that a phased 

array transducer with MBs caused BBB disruption at MIs from 0.2 to 0.8 at 1.5 MHz transmit. 

(49) Other studies have also shown BBB disruption using transmits identical to the 1.5 MHz 

transmit but with varying parameters such as MIs and transducers such as 1.3 MI and a Philips 

P4-1 (Philips Ultrasound, Bothell WA, USA) or 1.3 MI and a S5-1 transducer (Philips 

Ultrasound, Bothell WA, USA). (32,50) Yang et al. had also studied the effects of long-term 
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clinical imaging on the BBB of prenatal rats with a C5-2 (Philips Ultrasound, Bothell WA, USA) 

and found BBB disruption days after postnatal. (51)  

This study aims to examine the potential for BBB disruption after 3D transcranial US SR 

imaging with MB contrast agents. Recent studies have demonstrated transcranial 3D SR imaging 

at 7.8 MHz. For example, Chavignon et al. tested SR images of the rat brain with a multiplexed 

matrix probe. (52) This study used a 67% duty cycle for 3D transcranial SR rat brain imaging. 

(52) Another example, by Demeulenaere et al. conducted transcranial SR imaging on a mouse 

with the same probe as Chavignon et al., with plane wave compounding, and a PRF between 

182-750 kHz. (52,53) Transcranial SR US was also recently demonstrated in humans, including 

a healthy subject and patients from the stroke unit/neurovascular ward. (54)  

US transmission through the skull can be affected by inhomogeneity and geometry. (55) 

For example, results from O’Reilly et al. showed that US wavelengths approaching the thickness 

of the skull generate distortions which had an effect on pressure distributions through the skull. 

(42) Thus, US transmission paths and pressure, at higher frequencies, can be impacted by the 

skull. It is recommended on the FDA label of Definity, (56) that the MI should not exceed 0.8 MI 

during contrast imaging. The American Institute of Ultrasound in Medicine recommends that 

contrast imaging with an MI above 0.4 should be minimized. (57) However, plane wave imaging 

at MIs below 0.4, calculated using a single derating value may result in areas of greater than 

expected pressure values due to not accounting for skull heterogeneity. To quantify the effects of 

3D SR imaging on BBB opening, in this study, we use volumetric imaging with an 8 MHz 

Vermon (Vermon S.A., Tours, France) matrix array, transmitting a planewave compounding 

imaging sequence. We evaluate BBB opening, as observed from Evans Blue (EB) Dye 

extravasation on fluorescence imaging ex vivo, at non-derated transmitted MIs of 0.28, 0.64, and 
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0.78. However, the acoustical field inside the skull is highly heterogeneous and a scalar MI value 

does not capture this complex acoustical environment. We therefore also a) conduct pressure 

measurements through ex vivo skull caps and b) conduct ultrasound simulations in intact skulls 

with CT-derived models, to quantify the effects of ultrasound attenuation and lensing to relate 

heterogeneous intracranial acoustical distributions to our experimental results. 
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CHAPTER 2: METHODOLOGY 

2.1  Animal Experiments 

Studies were performed to quantify BBB disruption during contrast-enhanced, 3D super 

resolution brain imaging.  All in-vivo experiments were performed with approval by the UNC 

Institutional Animal Care and Use Committee.  31 CD-1 mice (Female, 12wks old, 20-40 g) were 

used for 3 experimental groups (n= 8 per group) and one control group (n=7; one mouse from the 

control group reached a humane euthanasia endpoint early and could not serve as a control, 

preventing it from being used for analysis). 

The main experimental steps are summarized in Fig. 1. 

 
Figure 1: (a) Schematic of ultrasound (US) imaging and infusion setup. CD-1 mice were injected 

with 2 % Evans blue dye then followed by a bolus injection of decafluorobutane microbubbles (MB). 

The MBs were then placed onto the infusion pump (15uL/min) for the rest of the time the animal was 

placed for acquisition. Volumetric ultrasound images were acquired using plane wave compounding 

using single cycle pulses (5 angles, 2500 Hz pulse repetition frequency, 500 volumes per second). 

(b) Schematic of the in-vivo workflow where the mouse brains were fixed in PBF and then 

fluorescence images were taken, sectioned, then imaged again. (c) Hydrophone characterization 

timeline starting from in-vivo experiment to skull extraction and cleaning to CT scans taken and 

then hydrophone characterization. Specimen were stored in 100% phosphate buffered saline until 

time of scanning and time for characterization. 
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MB contrast agents used for this study were comprised of a phospholipid monolayer and 

decafluorobutane (DFB) gas core and were fabricated in-house. (58) This includes a 1.5 mL lipid 

solution and a gas headspace of DFB (1 µm mean diameter and 2x1010 mL-1 concentration), 

which were agitated in a 3mL vial in a VialMix (Lantheus Medical Imaging, North Billerica, 

MA, USA).  

Animals were anesthetized with vaporized 2% isoflurane carried by medical air. Cranial 

fur was removed with veterinary clippers and depilatory cream. The head was fixed onto a 

stereotaxic frame (Stoelting Co., Wood Dale, Illinois, USA) and ultrasound gel was placed to 

couple the transducer to the head. A 2% solution of EB Dye (SIGMA-Aldrich, St. Louis, MO. 4 

mL/kg) in phosphate buffered saline (1X PBS) was injected, as previously reported in Song et 

al., (59) through a 27-gauge tail vein catheter, immediately followed by a 50 µL saline (0.9% 

NaCl) flush before imaging. EB is a commonly used reporter for BBB opening and because of 

its large molecular weight and affinity to bind to albumin, prevents it from crossing the BBB 

unless said barrier is disrupted. (60) Therefore, significant detection of EB between a control 

group and experimental group under fluorescence imaging indicates BBB disruption. For all 

experimental groups receiving ultrasound, a 30 µL bolus of MBs, diluted with 0.9% NaCl saline 

to a concentration of 1.8E8 mL-1g-1, was injected following the saline flush. The MB solution 

was then set to infuse at 15 µL/min throughout the rest of the acquisition (15 μL/min with a 1 

mL syringe). One min of infusion was allowed to pass before the start of the acquisition to 

ensure the MBs infusion reached a steady state. Then after this wait time, the imaging acquisition 

sequence was activated (total duration = 200 s; total volume of MB solution for each animal = 65 

µL). The control group received EB dye without contrast or ultrasound imaging. After ultrasound 

imaging, EB was allowed to circulate in the vasculature for 3hrs to avoid possible perfusion 
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defects, since BBB disruption induced by ultrasound has been shown to modulate cerebral blood 

flow after disruption. (61) During this time, the animals were allowed to wake up, return to their 

cage, and remained there until initiating transcardial perfusions. 

Animals were then euthanized via anesthesia overdose. Transcardial perfusions were 

performed via infusion through the left ventricle outflowing through an incision on the right 

atrium. First, 10 mL of PBS were perfused to clear out blood from the vasculature, followed by a 

perfusion of 10% formalin in a phosphate buffer solution (PBF) at a flow rate of 2mL/min to 

allow for brain tissue fixation.  

Craniotomies were then performed to extract the brains. The brains were put into 10% 

PBF for further fixing over 24 hrs, and then washed with and placed into 100% phosphate 

buffered saline for 72hrs.  

2.2 Ultrasound Imaging 

For animals receiving ultrasound, transcranial SR imaging was performed using 

previously described sequences in McCall et al. (9,10) Briefly, planewave imaging at 7.81 MHz 

with 5 angles (3 degree) coherent compounding was transmitted via a Vermon 32x32 matrix 

array probe connected to a 4 system Vantage 256 (Verasonics, Kirkland, USA). The transducer 

was placed 10mm away from the mouse skull to avoid noise from the other angle transmits and 

reverberations. Planewave imaging was conducted immediately after injection of EB and MBs 

with a single cycle transmit and a PRF of 2500 Hz (500 volumes per second) for 200 s. The duty 

cycle was 0.03%. 

Three different voltage settings were used, corresponding to an MI of 0.28, 0.64, and 

0.78, as characterized using a hydrophone in water, in addition to the control, no ultrasound, case 

(MI = 0). The max MI, 0.78, was chosen as the highest pressure the Vermon probe could safely 
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transmit without risk of damage to the transducer. The middle MI of 0.64 was chosen as a 

pressure successfully used in our laboratory for 3D transcranial SR. Finally, the minimum MI, 

0.28, was selected as half of the pressure corresponding to the middle MI, in order to have an 

intermediary pressure to test for potential bioeffects between no ultrasound and the pressure used 

for 3D SR in our laboratory.  

2.3 Evaluation of BBB disruption 

The brains were imaged under the IVIS spectrum (PerkinElmer Waltham, MA, USA) 

(excitation filter of 640 nm and an emission filter of 680 nm). Fluorescence images of the whole 

brain view were taken for every mouse brain in the study. In addition to whole brain 

fluorescence, we also quantified fluorescence intensity in individual coronal slices. This was to 

account for the possibility of blood-choroid barrier opening in the ventricles. In particular, 

section 2 corresponding to the region 2mm ahead of bregma was analyzed. 8 Coronal sections (1 

mm thick) of the mouse brains were made after whole brain imaging with each section being 

1mm thick, cutting the brain into 8 sections starting from the region of the brain 3 mm ahead of 

bregma, ending at 5 mm behind of bregma. 

Whole brain fluorescence intensity was quantified as radiant efficiency in AURA 4.0.7 by 

drawing a rectangular region of interest (ROI) encompassing the whole brain while minimizing 

the area outside of the brain. Similarly, fluorescence intensity for each section was calculated by 

drawing ROIs encompassing each brain section. To evaluate which MI resulted in BBB 

disruption as indicated by significant dye extravasation, an ordinary 1-way analysis of variance 

(ANOVA) was performed on whole brain fluorescence intensity, as well as each section of the 

sectioned brain corresponding to different depths in the transverse direction. The mean 
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fluorescence intensity of the whole brain, or section, from each MI group was compared with the 

respective mean of the control group via Dunnet’s multiple comparisons testing.  

All statistical analyses were done in GraphPad PRISM (version 10.0.0 for Windows, 

GraphPad Software, Boston, Massachusetts USA, www.graphpad.com). Statistically significant 

differences were considered at p < 0.05. Data are presented as mean ± standard deviation, and 

statistical significance graphically depicted as *.  

2.4 Super Resolution Processing 

To validate that the parameters used for imaging were relevant for SR imaging, for each 

mouse, the acquired data was beamformed and processed off-line to create 3D SR images as 

described in McCall, et al. (9,10) Briefly, processing consisted of delay-and-sum beamforming 

on an isotropic grid with a step size of lambda/2 on a GPU workstation. Then, singular value 

decomposition (SVD) filtering was used to separate the fast-moving MB signal from the slower 

moving portions, including the skull and tissue. (5) This MB signal was localized using weighted 

centroids and was then tracked using the Hungarian algorithm (simpletacker). (62)  

2.5 Ex-Vivo Characterization 

To measure the skull’s effect on ultrasound attenuation, aberration, and transmission 

patterns, acoustic characterization measurements were performed in a water tank using calvaria, 

as well as simulations of beam propagation through the skull and calvaria, were performed as 

follows.  

For 3 animals from the control group, after euthanasia, the skull cap was removed 

through craniotomy and washed and placed in 100% PBS solution, then stored at 4C. The skulls 

were later scanned with a SCANCO µCT 80 with a 50-micron resolution capture (70 kVpp, 113 

µA, 4 W) to allow for anatomical models to be imported and used for ultrasound simulations in 

http://www.graphpad.com/
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Fullwave 2 (described hereafter in 3D Simulations). After scanning, the skulls were then epoxy-

bonded to the side of the skull that would not be scanned under the transducer, degassed, and 

held in place while the hydrophone needle was moved with a 3-Axis motion stage for a 2D 

beammap.  

Acoustic characterizations were performed in a water tank with an ONDA HNC-0200 

hydrophone needle (ONDA Corporation, Sunnyvale, CA, USA). A single cycle, 0.64 MI transmit 

was delivered with the same probe used for the BBB experiments. Beam map of the ultrasound 

field measured through one of the 3 mouse skull caps in the plane directly in front of (and 

parallel to) the 3D transducer’s surface. The hydrophone needle was centered under the skull cap 

and positioned 5mm under its point of highest curvature for measurements. Measurements 

occurred in a 110x110 (10mm x 10mm) size grid with 8 microseconds of data sampled 3 times 

and then averaged for each point. Maximum and minimum pressures through the mouse skull 

cap were averaged from multiple hotspots, for max and min separately, where a region of interest 

(ROI) mask is taken of the hotspot and then averaged within the ROI and then repeated for every 

hotspot.  

In order to describe the local MI in the brain, descriptive statistics such as max, min, 

mean, and standard deviation of MI were calculated by taking an ROI over the map that was 

underneath the skull cap. The estimated descriptive statistics for the max transducer surface MI 

were also calculated. Statistics for the max transducer surface MI were calculated by generating 

an attenuation coefficient. These coefficients were made by taking the output hydrophone 

measurements (max, min, etc.) and dividing that by the transducer surface MI used for said 

measurements. The total area considered to have opened the BBB was calculated by rescaling 

the hydrophone measurements to the estimated descriptive statistics of the max transducer MI 
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and counting the total number of pixels that had an MI higher than the max MI the hydrophone 

had measured and then multiplying the count by the area of the hydrophone needle tip used for 

measurement (200 µm) 

2.6 3D Simulations 

Simulations were performed to characterize the full 3D acoustical field inside the murine 

skull from plane-wave transmits from the 8 MHz Vermon 32x32 matrix array. This allows a 

more accurate characterization of acoustical effects, including attenuation in the brain which 

cannot be ascertained from a hydrophone characterization. Simulations were performed using 3D 

Fullwave 2, an ultrasound simulation tool that uses a grid finite difference in the time domain 

(FDTD) approach to solve the wave equation with fourth order accuracy in time and up to 32nd 

order accuracy in space. (63–65) The acoustic maps of the skull caps were created using the CT 

scans as described in Ex-Vivo Characterization. The acoustic maps of the murine skull were 

created using the CT scan of a deceased mouse from Dogdas et al. (66) All 3 skull caps and the 

whole skull were used for simulations. All skull caps and the whole skull were segmented and 

converted from Hounsfield to acoustic parameters including sound speed, density, and 

attenuation. The speed of sound in the skull was generated assuming a maximum speed of sound 

of 2900 m/s and the density assuming a maximum of 2200 kg/m3. (67) The attenuation map was 

generated using the following formula from Aubry et al. (68): 

a = amin + (amax − amin) ∗ ϕ3 

where α is the attenuation and ϕ is the porosity estimated from the Hounsfield units, calculated 

from: 
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where H represents the Hounsfield values. (68)  

Parameters include a points per wavelength of 12, CFL = 0.2, 72hrs run time, and a 

16.4319-micron grid size. The output includes an intensity plot in decibels with a color bar 

ranging from 0 to -45 dB. The total volume of the ultrasound beam through the skull that was 

considered to open the BBB was assumed where the MI was greater than the highest MI through 

the skull, seen in hydrophone measurements. The total volume was calculated by counting each 

voxel that had an MI higher than the hydrophone measurements max inside a volumetric cube, 

starting from the lowest point of the skull to 5mm below, 10 mm wide, and 10 mm in length. The 

total count was then multiplied by the voxel volume size. Percentage of the volume of BBB 

opening was calculated by taking the volume of the BBB opening capable region divided by the 

volumetric cube used.  
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CHAPTER 3: RESULTS & DISCUSSION 

3.1 BBB Disruption Analysis  

Fluorescence whole brain images and sectioned fluorescence images of the coronal view 

were generated by imaging EB that remained in the brain after fixation with the IVIS Spectrum 

(Fig 2 & Fig 3). As MI increases, the mean fluorescence intensity increases approximately 1x109 

p1s-1cm-4sr-1µW-1.  

 
Figure 2: Whole brain fluorescence images showing the fluorescence intensity distribution per 

group. As mechanical index (MI) increases, so does the fluorescence intensity of the whole brain 

view of the mouse brain indicating increasing dye extravasation. 

 

Coronal sections (Organized by column where the top left section is 1 and the bottom 

right section is 8) quantified the trend of increasing dye extravasation (Fig 3a). Generally, as MI 

increased, the fluorescence intensity did too. However, the increase of dye extravasation between 

MI varied between sections. This is expressed in Fig 3(b) as a heatmap where each square 

indicates the mean fluorescence intensity of the section in the MI group. 
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Figure 3: (a) Fluorescence images of all 8 coronal brain sections of one representative brain from 

each experimental group. (b) Heatmap of the fluorescence intensity from every section averaged 

from all 8 mouse brains per group. MI: mechanical index. 

Example of what the sectioned slices looked like in AURA 4.0.7 from the first rounds of 

BBB study which also included an Evans blue with microbubble and no US group to test if there 

was a significant difference in dye extravasation between the control group used in the rest of the 

experiments. Significant dye extravasation was not seen between the groups thus the Evans blue 

and no microbubbles group was used as a control for the rest of the studies. 

 
Figure 4: SECTIONED FLUORESCENCE IMAGES from the first rounds of the in-vivo study where 

each column represents 1 group (Evans blue dye and no microbubbles, Evans blue dye with 

microbubbles, 0.28 MI, 0.64 MI, and 0.78 MI). Dye extravasation increases with MI like in Fig 5a. 

The Evans blue dye with microbubbles group was found to have identical dye extravasation with the 

Evans blue dye with no microbubbles so the study was continued with the Evans blue dye with no 

microbubbles as the control group. The region of interest (ROI) rectangles can also be seen 

demonstrating how the ROI was drawn. 
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Dye extravasation was found to be significantly higher for 0.64 and 0.78 MI in whole 

brain fluorescence images compared to the no-ultrasound control (Fig.5a). However, only the 

fluorescence intensity of the 0.78 MI group was significantly increased when considering only 

coronal section 2 (Fig.5b).  

 

 
Figure 5: (a) Whole brain fluorescence intensity per experimental group. A significant increase in 

fluorescence intensity was observed for both 0.64 and 0.78 MI (MI = Mechanical Index) compared 

to the control group. (b) fluorescence intensity for a single brain section 2 mm in front of bregma, 

showing a significant increase in fluorescence intensity for 0.78 MI vs the control group. 

Statistical tests were done on all other sections as well. Statistical significance was found 

for 0.64MI at section 6 and 7. 
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Figure 6: Graphs of each section and results of Dunnet multiple comparisons test, shown as * for 

significant dye extravasation (p<0.05) from control. Every section except for section 1 showed 

significant dye extravasation for 0.78 MI and 2 sections show significant dye extravasation for 0.64 

MI compared to control with Evans blue and no microbubbles. Regions of significant dye 

extravasation outside of section 2 can also indicate blood-ventricular opening since those sections 

contain the choroid plexus.  
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3.2 Super Resolution 

Data of the BBB experiments were processed in the ULM pipeline and rendered as 

maximum intensity projection from each MI group. (Fig 7) This demonstrated that super-

resolution images are possible at the parameters used in this lab. 

 
Figure 7: (a) Schematic of the maximum intensity projection (MIP) generation process through 

taking the maximum of the 3D ultrasound localization microscopy along the sagittal direction. 

Representative example results are shown for 0.28 MI (b), 0.64 MI (c) and 0.78 MI (d), confirming 

that super-resolution images can be generated at ultrasound transmission settings used in this lab. 

MI: mechanical index 

3.3 Hydrophone Characterization 

Hydrophone characterization showed a heterogeneous transmission of 3D planewave 

ultrasound through the murine skull (Fig 8). Peak negative pressure was seen to peak above 1 

MPa with regions of hotspots.  
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Figure 8: (a) Beam map of the ultrasound field measured through one of the 3 mouse skull caps in 

the plane directly in front of (and parallel to) the 3D transducer’s surface. The hydrophone needle 

was centered under the skull cap and positioned 5mm under its point of highest curvature for 

measurements. The colormap represents acoustic peak negative pressure (in MPa), and the X and 

Y-axes represent the coordinates used to measure acoustic pressure delivered by the ultrasound 

transducer, sampled every 90 µm over a 110x110 grid. (b) Average max and minimum pressures 

varied greatly through the skull with a 70% variability between average max and min. 

Average estimates of the local MI within the brain for a transducer surface MI of 0.64 

were a max of 0.44 MI, min of 0.03 MI, average of 0.18 MI, and a standard deviation of 0.09 MI. 

For these values no significant BBB opening was observed. Estimates of the local MI for a 

transducer surface MI of 0.78 were a max of 0.53 MI, min of 0.04 MI, average of 0.22 MI, and a 

standard deviation of 0.11 MI. The total area of the brain that has a pressure above 0.44 was 4.828 

mm2 or 4.828% of the area scanned in our hydrophone measurements. 

3.4 3D Simulations 

3D simulation results showed effects of US transmission through the skull that the 200-

micron resolution, hydrophone characterization could not show such as the high-resolution view 

of the US beam path through the skull. The ultrasound beam can be seen being redirected due to 

the curvature of the skull and generate focal hotspots (Fig 9). This effect was consistently seen in 

each of the simulations from the 3 skull caps.  



 21   

 
Figure 9: Fullwave 2 simulation results showing ultrasound transmission in a coronal slide through 

the 3 CT-scanned mouse skull caps in (a), (b) and (c). 

  The total volume of the brain that has a pressure above 0.44 was an average total volume 

55.5 mm3 or 11.10% of the volume underneath the skull. 

3.5 BBB Disruption Discussion 

The 3D SR US parameter tested in this study achieved BBB disruption with planewave 

imaging. This is the first time the Vermon 32x32 8 MHz matrix array has been seen to cause 

BBB disruption with CEUS at MIs below a recommended imaging limit in a commercial 

contrast agent. Prior studies using a diagnostic US system used sequences intending to open the 

BBB, usually with a focused sequence for targeting select regions and generating the high 

pressure needed. Studies such as Bing et al. and Zhao et al., reached BBB opening with a 0.2 MI 

(in-situ; through the skull using a single derated value) and 0.4 MI (transmitted) respectively, in 

mice. (48,49) In the case of this study, BBB disruption was not observed at 0.64 MI but was 

observed at 0.78 MI (transmitted MIs). The difference in MI needed for BBB disruption may be 

explained by the number of MBs delivered or the total number of cycles delivered. Song et al has 

previously shown using MB gas volume as a unifying dose parameter for BBB opening. (59) 

Thus, allowing for comparisons between studies that report different dosage variables such as 

mL/kg or total volume injected. So, using the number of microbubbles delivered, it can be 

estimated how much dosage of gas volume is involved with BBB opening. Bing et al. used 

concentrations from 400-2400 µL/kg (10-60 µL; concentration = 1010 mL-1; (70) 1-6x109 MBs) 
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of Definity, (48) higher than the recommended 10 µL/kg dosage. Zhao et al. tested an amount of 

0.5-3.0 x107 MBs delivered. This study used a delivery of 0.288-5.76x109 MBs (1.44x107 g-1). 

(71) Various diagnostic ultrasound studies involving BBB disruption have used a ratio of mL/kg 

or a bolus volume injection that varied depending on the size of the animal or dosage. For 

example, ratios of volume injected include 0.05 µL/g, 0.02 mL/kg, and 1.5 mL/kg for OFP gas 

core MBs like Definity. (72–74) Other studies use a single volume for injection, usually 30 µL, 

which was 3X the recommended dosage at 3x108 MB injected. However, something to note is 

there is a limitation between comparing contrast dosage. Anesthetic carrier gas has a direct 

impact on bubble circulation and BBB disruption, (75) but the total dosage delivered still help to 

begin as a starting point in conversation about BBB opening via imaging transducers. 

A comparison between bolus and infusion rate on BBB disruption has been compared 

before. For example, O’Reilly et al., compared infusion rates to bolus injections of Definity 

MBs, there they found that BBB disruption was found to be consistent for infusion but less 

effective than a bolus injection. (76) Thus, this study’s results could explain the required 

increased MI needed to get significant amounts of dye extravasation compared to a control than 

other studies.  

Some mice brains in the max pressure group however showed an interesting result where 

the fluorescence intensity was identical to the control group for both whole brain and sectioned 

views. This could be due to the angle of incidence varying slightly and reducing the focusing 

effect the skull had.  

A confounding effect that needs to be accounted in evaluating BBB opening with Evans 

blue is the possibility of opening of the blood-choroid barrier in the ventricles. The ventricles are 

a part of the brain that also have their own barrier similar to the BBB but is known to be more 
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readily opened which can be seen in our own data and in Bing et al. (48) Specifically, we 

observe an increase in whole brain fluorescence intensity starting at 0.64MI (Fig.7a) but this is 

not the case when looking at section 2 only (Fig.7b) which shows only 0.78MI as resulting in 

significant fluorescent intensity increase. This is also visually apparent in Fig. 6a. Similarly to 

Bing at al., our interpretation of BBB opening therefore focuses on regions excluding the 

ventricles to remove the confounding effects of potential blood-ventricular opening. (48) 

Section 7, which contains part of the choroid plexus, showed significant dye 

extravasation at 0.64 and 0.78 MI, similarly to the whole brain results. However, this result does 

not necessarily indicate BBB disruption for 0.64 MI as the blood-ventricular barrier is in said 

region and is known to be more readily opened than the BBB. (48) 

Of note, fluorescence in section 2, being 2mm ahead of bregma, was of particular interest 

to observe the depth of possible BBB disruption in a region not including the choroid plexus, 

similarly to the analysis in Bing et al. (48) The choroid plexus contains a similar but different 

barrier called the blood-ventricular barrier, which is known to open more easily than the BBB. 

(48) So, testing on section 2 avoids noise from possible effects of blood-ventricular barrier 

opening.  

3.6 Super Resolution Discussion 

3D US SR images had an interesting effect based on MI. The amount of vasculature seen 

in the cortical region looked to have been maximized with the 0.64 MI case. This can be 

explained by the in-situ MI barely reaching above the point of inertial cavitation (0.4MI) and 

being high enough pressure for the transducer to capture the MB response through the skull. The 

0.78 MI US parameter is capable of achieving and MI higher than 0.4 and over a larger region 
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than the 0.64 MI case which could cause MB destruction and eliminate the needed scatterer for 

localization and tracking. 

An interesting phenomenon is that the middle experimental MI showed more vasculature 

than either group possibly due to higher echogenic response to MBs compared to 0.28 MI and 

low enough to avoid inertial cavitation with 0.78 MI. 

3.7 Ultrasound Transmission Through the Murine Skull 

Diagnostic US BBB disruption studies have also used regions of the brain that were not 

targeted and use those regions to compare dye extravasation of the treated areas. This method of 

comparison is not possible with 3D US transmit as the whole brain is treated. Thus, this study 

required a control group that received no US. 3D planewave US transmit of the matrix probe 

used for this study allows for testing whole brain BBB disruption since the aperture size of the 

transducer covers the whole mouse head. Another thing to consider is the 3D geometry of the 

skull in BBB disruption as the skull shape now plays a role in US transmission to the brain since 

the planewave transmit covers the whole head rather than a section of it. The hydrophone 

characterization reveals that the planewave transmit and high frequency are impacted by the 

geometry of the skull, which are effects noted by O’Reilly et al., for US wavelengths reaching 

the width of the skull. (42) 

Attenuation and aberration result in a heterogeneous transmit through the mouse skull 

with a planewave transmit. Previous estimates for the loss of acoustic pressure through the skull 

were reviewed in Culjat et al., which found an attenuation and acoustic impedance of 6.9 dB1cm-

1MHz-1 respectively for cortical bone, 9.94 dB1cm-1MHz-1 for trabecular bone, and 0.6 dB1cm-

1MHz-1 for the brain tissue itself. (77) Previously these values have been used to derate acoustic 
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pressure through rodent skulls to estimate focal pressure in the brain during noninvasive focused 

ultrasound (Gerstenmayer et al.). (78) They investigated acoustic transmission through multiple 

rat skulls and determined that reflection was a major contributor to insertion loss, compared to 

losses due to attenuation and aberration. 

The differences in absolute acoustic pressure at any point in the skull may additionally be 

affected by the formation of reverberations, due to the frequency of ultrasound used for these 

applications and its relation to the size of the animal’s skull cavity. Therefore, absolute pressure 

fields will vary from animal to animal and will change with the angle of incidence and position 

of the transducer, making a precise estimate difficult to translate for other studies. 

In situ estimates of pressure allow us to relate the local acoustical environment within the 

brain and BBB to the transducer pressure values. Within the brain, at a transducer MI of 0.64, 

average estimates of the local MI within the brain were a max of 0.44 MI, min of 0.03 MI, 

average of 0.18 MI, and a standard deviation of 0.09 MI. For these values no significant BBB 

opening was observed. However, for a transducer MI of 0.78, local MI of max of 0.53 MI, min 

of 0.04 MI, average of 0.22 MI, and a standard deviation of 0.11 MI, BBB disruption was 

observed. This indicates that the local MI that generates BBB bioeffects is within a range of 

0.44-0.53 MI. The total area of the brain that has a pressure above 0.44 was 4.828 mm2 or 

4.828% of the area scanned in our hydrophone measurements. However, one limitation regarding 

the measurements was that the needle hydrophone has a limited angular sensitivity due to the 

design of its needle. Simulations address the limited angular sensitivity due to its high spatial 

resolution capabilities to measure pressure precisely. The total volume that was considered to be 

above the lower pressure threshold of the MI range expected to open the BBB was 55.5 mm3 or 

11.10% under the skull in our simulations. One major limitation with simulation results however 
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is that the skull cap does not take into account the effects of reverberations and reflections from 

the bottom surface of an enclosed skull. Which if done would, more accurately represent 

estimates of acoustical pressure volume of BBB opening. Thus, whole skull simulations will be 

important to account for the whole skull changing the total volume of high MI regions.  

Simulations also corroborate with the heterogeneous US transmission through the skull 

with a focusing effect noted with the skull cap and effects of standing waves from whole skull 

simulations, indicating lingering effects of US after the initial transmission through the murine 

skull and can cause mechanical effects of infused MBs. One limitation however is that the 

simulations were all done with a zero angle transmit. Thus, a future work would include 

simulations with differing angles of incidence. 
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CHAPTER 4: CONCLUSION 

 

Prior studies have shown that linear clinical ultrasound systems are capable of inducing 

BBB disruption. However, those systems were used with sequences intended to cause BBB 

disruption. In this study, a SR imaging sequence on CD-1 mice using Evans blue to measure dye 

extravasation in the brain was tested. The in-vivo studies revealed significant dye extravasation 

with a transmitted MI of 0.78. 3D planewave, US transmit, from the transducer used in the in-

vivo study, through the mouse skull was also tested. Here, the measurements showed a 

heterogeneous pressure map through the skull. This was also seen in simulations as well, where 

the US transmit was also found to be heterogeneous to the point where a singular derating value 

could not reveal every pressure the brain would experience. 

This study has shown that BBB disruption can be observed with 3D planewave 

transmissions at pressures under regulatory limits. Demonstrating the possibility of BBB 

disruption with 3D transcranial CEUS. Our study examined the effect between increasing MI 

and dye extravasation past the BBB. Demonstrating that the mouse skull can transform 

volumetric plane wave transmit into a focused beam and create high MI areas and disrupt the 

BBB. In-situ estimates of pressure allow us to relate the local acoustical environment within the 

brain and BBB to the transducer pressure values. Estimates of the local MI, for a transducer 

surface MI of 0.64, within the brain were a max of 0.44 MI, min of 0.03 MI, average of 0.18 MI, 

and a standard deviation of 0.09 MI. For these values, no significant BBB opening was observed. 

However, for a transducer surface MI of 0.78 significant BBB opening was observed with a local 
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max MI of 0.53 MI, min MI of 0.04 MI, average of 0.22 MI, and a standard deviation of 0.11 

MI. This indicates that the local MI that generates BBB bioeffects is within a range of 0.44-0.53 

MI. The total volume of the brain that has a pressure above the lower end of this range is 4.83% 

in our hydrophone measurements (4.83 mm2 of the 100 mm2 2D plane scanned) and 11.10% in 

our simulations (55.5 mm3 of 500 mm3). Future work would include a broader set of US 

sequences such as varying PRF and frequency. Whole skull simulations would also be conducted 

to measure the effects of the whole skull on regions of high MI capable of inducing BBB 

opening. It could also include a custom delay transmit to correct for aberrations introduced by 

the skull. We conclude that 3D CEUS can be used safely without any evidence of BBB 

disruption or can open the BBB, depending on the MI. 
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