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CHAPTER 1: PREFACE 

1.1 ABSTRACT 

Cerebral cavernous malformations (CCMs) are hemorrhagic vascular lesions that arise in 

the central nervous system and affect approximately 0.5% of the general population. CCMs form 

as a result of endothelial cell bi-allelic mutation in one of 3 genes—KRIT1, CCM2, or PDCD10—

that encode components of the “CCM complex”1. Disruption of this protein complex alters 

signaling in several pathways leading to endothelial junctional permeability and increased 

proliferation which contribute to the dilated, multi-cavern morphology of these lesions. Patients 

with CCMs often experience neurological symptoms (i.e. severe headaches, vision impairments, 

and seizures) that progressively worsen over time due to recurrent hemorrhage. As the most 

common treatment option for CCM is surgical removal—which presents high risk to the patient—

new approaches are urgently needed.  

This lack of treatment options for CCM motivates the goal of this dissertation: to develop 

non-invasive therapeutic platforms for the treatment of CCM using magnetic resonance (MR)-

guided focused ultrasound (FUS). MR-guided FUS is a non-invasive treatment method that 

leverages pressure waves to oscillate simultaneously-administered, gas-filled microbubbles 

within brain capillaries2. This FUS technique temporarily opens the BBB, allowing ordinarily 

impenetrable agents across the vessel walls and can stimulate secondary neuroprotective 

effects3. Under MR image guidance, FUS BBB opening (BBBO) enables targeting—localizing 

these effects to precise diseased brain regions. 

 In the first aim of this dissertation, we use the information that is known about the clinical 

CCM pathology and how CCM is monitored in patients to inform the development and assessment 

of pre-clinical models of the disease. Specifically, we optimize several clinically-adapted MR 

sequences and employ these sequences longitudinally to understand the lesion progression in a 



chronic mouse model of CCM. Further, using immunofluorescent imaging, we correlate cellular 

level responses to the MR signatures of CCM instability. Leveraging our optimized MR 

sequences, we found that CCMs increase in cumulative volume and permeability with age, while 

individual lesion trajectory varied in our chronic CCM model. Additionally, we demonstrated that 

CCM permeability was not correlated with CCM volume. However, cell density around CCMs was 

inversely correlated with CCM permeability. Further, examination of lesion burden in our mouse 

model revealed that optimal treatment intervention would occur between 2 and 3 months of age 

to ensure sufficient but not overly encumbered lesion load. Finally, we demonstrated that our MR 

sequences could detect lesion growth and bleeding associated with CCM exacerbation in our 

mouse model. 

 In the second aim of this dissertation, we use this MRI platform to enable the design and 

evaluation of FUS BBBO for CCM. MR sequences from aim 1 were leveraged to screen, target, 

and monitor CCMs before, during, and after FUS BBBO of CCMs in our chronic CCM mouse 

model. In this aim, we evaluate the efficacy, safety, and therapeutic effect of FUS BBBO for 

CCMs. Further, we explore the effect of single and repeat treatments of FUS BBBO as well as 

the effect of fixed peak-negative pressures and passive cavitation feedback-controlled peak-

negative pressures. We found that FUS can open the BBB and enhance MR contrast agent 

accumulation within the CCM microenvironment. Importantly, we established that FUS BBBO did 

not induce growth or bleeding of sonicated CCMs. Astonishingly, our study revealed that FUS 

BBBO of all tested regimens arrested the growth of sonicated CCMs. Further, we found that 

repeat BBBO with fixed peak-negative pressures even reduced the formation of new CCMs. This 

study highlights FUS BBBO as a safe, non-invasive, and independently beneficial treatment for 

CCM, which may yet be further enhanced by its seamless integration with therapeutic delivery. 

 In the third aim of this dissertation, we leverage our MRI platform to evaluate the ability of 

FUS BBBO to augment delivery of MR contrast agents of differing sizes to the CCM 



microenvironment. We find that FUS BBBO elevates the delivery rate and the total delivery of a 

small molecule model drug. FUS BBBO doubled the delivery of this 1 kDa contrast agent in the 

lesion core and tripled it in the perilesional space. The benefit of FUS BBBO was even more 

apparent for a small biologic model drug. For this 17 kDa contrast agent, FUS BBBO boosted 

delivery 22-fold in the lesion core and 3.8 fold in the perilesional space. Finally, we note that FUS 

BBBO differential enhances the delivery of the contrast agents, increasing small molecule delivery 

in the perilesional space and a greater enhancement of small biologic delivery in the intralesional 

space. Combined with our prior demonstration of its independent efficacy in halting CCM growth 

and formation, these findings highlight the unprecedented potential of FUS BBBO to generate 

transformative treatment paradigms for CCM. 

 

1.2 PREVIEW OF DISSERTATION  

 In Chapter 2 of this dissertation, we will introduce relevant background material for CCM 

and FUS BBBO as well as the potential for clinical translation of FUS therapies for CCM at UVA. 

In Chapter 3, we present the development of an MR imaging platform for longitudinal monitoring 

of CCM progression in a chronic mouse model of the disease. In Chapter 4, we conduct the first 

investigation of FUS BBBO for CCM and evaluate its ability to open the BBB in the CCM 

microenvironment, the acute and long-term safety of this approach, and the therapeutic effects of 

several treatment regimens of FUS BBBO for CCM. In Chapter 5, we inspect the ability of FUS 

BBBO to enhance delivery of various-sized molecules within the CCM microenvironment. Finally, 

Chapter 6 considers future research questions generated by the research conducted in this 

dissertation.  

  



CHAPTER 2: INTRODUCTION 

  



2.1 CEREBRAL CAVERNOUS MALFORMATION (CCM) 

2.1.1 CCM LESION FORMATION AND GROWTH  

CCMs are hemorrhage-prone lesions of the cerebrovasculature arising from the bi-allelic 

loss of one of three CCM-related genes: CCM1/KRIT1, CCM2, or CCM3/PDCD10. These 

mutations can occur sporadically (~80% of cases) or be genetically inherited (i.e. familial case; 

~20% of cases). Familial cases, marked by a germ-line CCM mutation, exhibit earlier disease 

onset and a greater lesion burden than sporadic cases2. Still it has been noted that only a small 

number of mutated endothelial cells are necessary to develop CCMs3. This observation led to the 

discovery that cavernomas appear to develop in a similar manner as some tumors. A mutated 

cell can undergo endothelial-to-mesenchymal transition allowing it to initially rapidly proliferate. 

Then the mutated cell is able to recruit wild-type endothelial cells to further expand the lesion3,4. 

On a molecular level, these mutations disrupt a protein complex known as the CCM complex. 

This disruption alters signaling of many pathways resulting in increased proliferation and instability 

of endothelial cellular junctions which can contribute to lesion formation and growth as well as 

increased lesion permeability and iron deposition, respectively1. While pre-clinical trials have 

explored modifying downstream targets in the impaired CCM complex signaling pathway, their 

limited success underscores the need for improved therapeutic delivery into cavernomas or 

identification of more effective therapeutic targets for CCM. 

 

2.1.2 CLINICAL NEED FOR NON-INVASIVE CCM THERAPIES  

Individuals with cerebral cavernous malformations (CCM) contend with debilitating 

symptoms, including weakness, numbness, severe headaches, vision changes, and 

communication difficulties. More severe manifestations can include stroke, seizures, and even 

paralysis. Symptoms typically arise due to cavernomas that have hemorrhaged. Once a 



cavernoma has hemorrhaged, it has an up to 10-fold increase in annual risk for bleeding—leading 

to worsening symptoms for the patient5. The prevailing recourse for treating symptomatic CCMs 

is open brain surgical removal. However, resection is not feasible for all patients or CCMs, and 

neurosurgery inherently carries risk due to its invasive nature in vital brain tissue. Indeed, even 

for very experienced surgical teams, there is still a 5%-18% postoperative morbidity rate 

associated with resection2. Similar to tumor resection, if a cavernoma is not removed with clean 

margins, CCMs have been seen to regrow in the same location4,6.  

Given the associated risks of traditional surgery, minimally-invasive procedures have been 

highly coveted for CCM. Presently, only two minimally-invasive therapies have been employed 

for patients: stereotactic laser ablation and stereotactic radiosurgery7. Stereotactic laser ablation 

uses a laser to heat and coagulate the cavernous tissue, but this procedure is still invasive, 

requiring craniotomy for laser insertion8. Stereotactic radiosurgery delivers focused radiation to 

damage the DNA of cells within cavernous tissue and does not require opening of the skull. 

However, this procedure has been greatly controversial in the field. Controversies of radiosurgery 

include the risk of increased symptoms due to edema following treatment, unclear evidence 

towards reduction of hemorrhage following treatment, and risk of new lesion formation in patients 

with familial CCM7. Altogether, the severity of CCM symptoms and the limited treatment options 

underscore the pressing need for intervention strategies with minimal patient risk, emphasizing 

the imperative development of non-invasive therapies. 

 

2.1.3 MAGNETIC RESONANCE (MR) ASSESSMENTS OF CCM 
 

 MRI is commonly used to diagnosis and monitor CCM in patients9,10. Despite its uniformity 

in the clinic, MR imaging has been neglected in pre-clinical studies, resulting in a dearth of data 

on MRI-based CCM lesion progression in mouse models of the disease. MR imaging in clinically-



relevant models of CCM is pivotal for understanding the natural course of the disease in the 

absence of therapeutic interventions. Further, this data facilitates the estimation of optimal timing 

for therapeutic interventions. Beyond standard MR scans that detect the presence of cavernomas, 

specialized MR sequences capable of evaluating lesion permeability and detecting iron deposition 

from hemosiderin have been developed in patients11–14. These sequences aim to predict 

cavernoma stability in terms of growth and hemorrhage. Adapting these MR sequences for mouse 

models of CCM would enable the assessment of therapeutic intervention risk (i.e. acute 

hemorrhage due to therapy). Further, these sequences would permit longitudinal monitoring of 

therapeutic efficacy in stabilizing the volume and bleeding of treated cavernomas. Given that MRI 

is integral to CCM diagnosis and patient monitoring, its inclusion in pre-clinical studies is equally 

imperative for interpreting mechanistic investigations of CCMs within the context of human 

disease and for designing improved therapeutic interventions. 

 

2.2 FOCUSED ULTRASOUND (FUS)  

2.2.1 FUS-MEDIATED BLOOD-BRAIN BARRIER (BBB) OPENING 
 

The brain is protected by the BBB which precludes most systemically-administered agents 

from entering its parenchymal space. This exclusion of therapeutic agents restricts treatment 

options and has greatly hindered successful therapeutic developments for central nervous system 

(CNS) diseases. In addition to challenges associated with surpassing the BBB, the treatment of 

many CNS diseases also requires spatially targeted delivery of therapeutics to avoid deleterious 

off-target effects. FUS has emerged as a promising treatment method that leverages acoustic 

energy to oscillate simultaneously-administered microbubbles. This FUS-mediated technique 

transiently disrupts the BBB, allowing ordinarily impenetrable agents to diffuse and/or convect into 



the CNS. Under magnetic resonance image guidance, FUS and microbubbles enable regional 

targeting—minimizing the large, and potentially toxic, dosage that is often characteristic of 

systemically-administered therapies. Ongoing clinical trials have shown promising preliminary 

results, validating the efficacy of this technique in safely opening the BBB15–18. FUS also has the 

benefit of being minimally invasive in comparison to alternative technologies used to treat CNS 

disorders. Indeed, both convection-enhanced delivery and deep brain stimulation require invasive 

interventions. While intranasal administration can noninvasively bypass the BBB, it does not have 

the capacity to selectively target brain regions, is limited by the dosage volume that can be 

administered, and is difficult to obtain proper alignment in the nasal cavity for effective delivery 

19,20.  Chemical agents (e.g. Cereport and Regadenoson) that modulate tight junctions between 

endothelial cells have also been proposed. However, these drugs do not provide selective BBB 

opening and have not yet proven to be highly effective in clinical trials 21–23. 

 

2.2.2 FUS BBB OPENING SECONDARY BIOEFFECTS 
 

 In addition to facilitating therapeutic delivery to the brain, FUS BBB opening is now known 

to also provide secondary bioeffects to the sonicated brain tissue. Within 24 hours after FUS BBB 

opening, glia and inflammatory pathways are activated in the sonicated tissue24,25. On the order 

of weeks following FUS BBB opening, stimulation of angiogenesis and neurogenesis in the 

sonicated tissue have been reported24,25.  These secondary bioeffects have been predominantly 

investigated in preclinical applications of FUS BBBO for Alzheimer’s disease. In animal models 

of Alzheimer’s disease, researchers have demonstrated that FUS BBB opening can promote 

hippocampal neurogenesis26,27, reduce amyloid-β plaques and phosphorylated tau28,29, and 

improve memory and cognitive function27,30. These secondary effects should be considered when 

evaluating therapeutic effects of FUS BBB opening. Further, these effects have the potential to 



combine additively or synergistically with therapeutics delivered concurrently with this FUS BBB 

opening approach. 

 

2.3 CLINICAL TRANSLATION OF FUS THERAPIES FOR CCM AT UVA 

 Recently, numerous clinical trials employing MR-guided FUS for the treatment of brain 

pathologies have been initiated, with patients undergoing over 12,000 FUS-mediated brain 

treatments as of 202231. The University of Virginia (UVA) is at the forefront of this clinical 

translation, hosting multiple clinical MR-guided FUS systems, including Insightec Exablate Neuro 

and NaviFUS, which are equipped with transducers for BBB opening, sonodynamic therapy, and 

thermal applications. In collaboration with Insightec, UVA is a participating site for clinical trial 

NCT03551249, investigating the delivery of multiple cycles of Temodar to glioblastoma using the 

FUS system.  Concurrently, in collaboration with NaviFUS, UVA is leading the clinical trial 

NCT06039709, evaluating sonodynamic therapy in patients with recurrent glioblastoma. Further, 

UVA has earned distinction as the first FUS Center of Excellence and was recently recognized 

as a CCM Center of Excellence, one of only twelve in the nation. Notably, UVA is the sole 

institution recognized as a Center of Excellence for both CCM and FUS. Thus, UVA is an 

exceptional environment for advancing the clinical translation of FUS technologies in the 

treatment of CCM.  
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3.1 ABSTRACT 

 

Background: Cerebral cavernous malformations, also known as cavernous angiomas, are blood 

vessel abnormalities comprised of clusters of grossly enlarged and hemorrhage-prone capillaries. 

The prevalence in the general population, including asymptomatic cases, is estimated to be 0.5%. 

Some patients develop severe symptoms, including seizures and focal neurological deficits, 

whereas others remain asymptomatic. The causes of this remarkable presentation heterogeneity 

within a primarily monogenic disease remain poorly understood. 

Methods: We established a chronic mouse model of cerebral cavernous malformations, induced 

by postnatal ablation of Krit1 with Pdgfb-CreERT2, and examined lesion progression in these 

mice with T2-weighted 7T magnetic resonance imaging (MRI). We also established a modified 

protocol for dynamic contrast-enhanced MRI and produced quantitative maps of gadolinium tracer 

gadobenate dimeglumine. After terminal imaging, brain slices were stained with antibodies 

against microglia, astrocytes, and endothelial cells. 

Results: These mice develop cerebral cavernous malformations lesions gradually over 4 to 5 

months of age throughout the brain. Precise volumetric analysis of individual lesions revealed 

nonmonotonous behavior, with some lesions temporarily growing smaller. However, the 

cumulative lesion volume invariably increased over time and after about 2 months followed a 

power trend. Using dynamic contrast-enhanced MRI, we produced quantitative maps of 

gadolinium in the lesions, indicating a high degree of heterogeneity in lesion permeability. MRI 

properties of the lesions were correlated with cellular markers for endothelial cells, astrocytes, 

and microglia. Multivariate comparisons of MRI properties of the lesions with cellular markers for 

endothelial and glial cells revealed that increased cell density surrounding lesions correlates with 



stability, whereas denser vasculature within and surrounding the lesions may correlate with high 

permeability. 

Conclusions: Our results lay a foundation for better understanding individual lesion properties 

and provide a comprehensive preclinical platform for testing new drug and gene therapies for 

controlling cerebral cavernous malformations. 

  



3.2 INTRODUCTION 

Cerebral cavernous malformations (CCM), also referred to as cavernomas, are 

hemorrhage-prone, slow flow venous lesions that arise in the central nervous system and affect 

approximately 0.5% of the general population32–34. CCM form as a result of bi-allelic mutations in 

one of the three main causative genes—KRIT1, CCM2, or PDCD10
1. Homozygous germline 

mutations are embryonic lethal in mice and, presumably, humans35–37. Heterozygous germline 

loss-of-function mutations show variable frequency in different human populations38,39. While 

usually asymptomatic outwardly, CCM have been associated with increased vascular 

permeability14,40.  Further, the increased incidence of a second somatic mutation can drive the 

familial form of the disease, which presents with earlier disease onset and a higher lesion burden, 

compared to sporadic cases caused solely by biallelic somatic mutations41,42. 

One outstanding mystery regarding CCM is the diversity of patient symptom presentation 

and the degree of symptom severity43–45. Some patients with CCM can experience disabling 

symptoms that commonly include weakness, numbness, severe headaches, vision changes, and 

difficulty with language. More severe symptoms can include stroke, seizures, and even paralysis. 

Meanwhile, other patients remain asymptomatic. Symptoms typically arise due to cavernomas 

that have hemorrhaged. However, the trajectory of clinical outcomes of lesions remains 

unpredictable. Many investigations have been conducted to better understand the heterogeneity 

of disease severity at the genetic level. For instance, it has recently been discovered that PIK3CA 

gain of function mutations can co-exist with CCM mutations within lesions and may be associated 

with more severe disease presentation42,46,47. Studies have been conducted to utilize MR scans 

of patients to correlate lesion stability (i.e. growth and hemorrhage risk) with MR-assessed 

features of permeability and susceptibility (iron deposition)11,13,48,49. While these studies show 

correlations of instability with lesion permeability and susceptibility, they fail to elucidate the 

molecular or cellular basis within and surrounding lesions that correspond with these MR features. 



Despite the extensive effort to develop predictive models50,51, the variability in patient presentation 

remains to be wholly explained. Recommendation of clinical treatment cannot be fully informed 

without understanding of lesion trajectory.   

Animal models of CCM that reflect the human pathology and patient heterogeneity are 

necessary for uncovering the heterogeneity seen in patients. Traditionally, acute animal models 

have been used for rapid screenings of pharmaceutical agents, but they lack many key features 

of the human pathology. Recently, strides have been made in developing chronic models of the 

disease that better encompass the human pathology. Cre-inducible models have proven useful 

for emulating loss of CCM gene heterozygosity in humans. Indeed, chronic models of Pdcd10 

and Ccm2 mutations have recently been generated and characterized52,53. Krit1 mutations are the 

most prevalent causation of the disease. However, chronic models of Krit1 have had limited 

characterization and have been largely confined to postnatal tamoxifen induction at P1, restricting 

lesions to the cerebellum and retina54,55. 

Despite progress with these new models, most have yet to be robustly characterized with 

clinically relevant procedures. As MRI is a staple of CCM diagnosis and monitoring in patients, it 

is equally needed in pre-clinical studies for interpreting mechanistic investigations of CCMs in the 

context of human disease and for designing improved therapeutic interventions56. Prior to 

therapeutic intervention, it is imperative to understand the baseline progression of the disease 

without therapeutic intervention and to determine optimal timing of therapeutic intervention. 

Furthermore, MR sequences that can evaluate lesion permeability and hemosiderin deposition 

have been developed in patients with the goal of predicting stability of cavernomas in terms of 

their growth and hemorrhage11–14. Developing these MR sequences for mouse models of CCM 

would enable improved assessment of therapeutic intervention risk (i.e., acute hemorrhage due 

to therapy) and allow for longitudinal monitoring of therapeutic efficacy towards stabilizing the 

volume and bleeding of treated cavernomas. To this end, we have generated a chronic, tamoxifen 



inducible Krit1 model with reduced tamoxifen dose and delayed induction that recapitulates the 

human CCM pathology. We then developed MRI protocols to enable longitudinal characterization 

of individual lesion progression throughout the whole brain in terms of lesion volume and 

permeability. We ensured that our MRI protocols align with immunohistochemical staining of 

lesions. Further, we identified relationships between our MRI-assessed features of lesions and 

cellular responses within and surrounding individual lesions. Together, this study lays the 

foundation for better prognostication of CCM lesion behavior. 

  



3.3 RESULTS 

 

3.3.1 DELAYED POSTNATAL DELETION OF KRIT1 IN THE PDGFB DOMAIN GENERATES 

A CHRONIC CCM MODEL WITH MULTIPLE LESIONS DISTRIBUTED THROUGHOUT THE 

BRAIN  

 To study CCM lesion properties in the adult mouse brain, we developed a genetic strategy 

that gradually generates cavernomas throughout the entire brain over the young adult life span. 

Traditionally, tamoxifen-induced deletion of conditional CCM alleles was initiated soon after birth 

(postnatal days P1-P3). However, this early timing severely affects the rapidly developing murine 

cerebellum, leading to the formation of multiple hemorrhage-prone lesions and a high mortality 

around one month of age. Delaying the timing of tamoxifen injection to later stages of angiogenic 

development (P6-P8) was previously found to reduce the lesion burden in the Pdcd10 model of 

CCM53. We have therefore delayed CCM gene ablation to postnatal day 5-7 (P5-P7). In our 

approach, we crossed the males of the Pdgfb 
iCreERT2-IRES-EGFP strain57 (hereafter Pdgfb-CreERT) 

with females harboring the floxed Krit1 allele55. The Pdgfb-CreERT studs also carried the null 

(germline-excised) Krit1 allele (Krit1 
fl/null), emulating familial inheritance pattern of the disease. 

Only heterozygous progeny of the Pdgfb-CreERT; Krit1 
fl/null genotype were used.  A single 

injection of dilute tamoxifen in the dorsal subcutaneous region reliably induced lesion formation 

beginning at 1 month of age and extending through young adult life (4-6 months; Figure 3.1A). 

Lesions form throughout the whole brain; frequently in the periventricular striatum and along the 

hippocampal folds, but are also regularly found in the cerebellum, olfactory bulb, thalamus, 

cerebral cortex and brainstem (Figure 3.1B, Figure 3.S1). Most mice of this model appear grossly 

similar to their littermate controls; however, some mutants developed anal prolapse or 

hydrocephalus. We used a T2-weighted MRI sequence, described below, to detect lesions in live 



animals. We confirmed that hypo-intensities detected with T2 MRI in vivo can be unequivocally 

matched with vascular lesions identified in brain cryosections from these animals with isolectin 

IB4 (Figure 3.1C), establishing a robust correlation between MRI and histology. Thus, delayed 

ablation of Krit1 generates CCM lesions over time throughout the brain and these lesions can be 

readily identified with MR imaging, and cross-examined with histology and immunohistochemistry.  

 

3.3.2 LONGITUDINAL MRI DEMONSTRATES DRAMATIC INCREASES IN INDIVIDUAL 

LESION SIZE AND TOTAL LESION BURDEN WITH AGE  

 We systematically measured lesion burden in the CCM mice using a three-dimensional 

T2-weighted isotropic fast spin-echo MRI sequence (T2-SPACE), which enables 3D image 

acquisition with a high resolution and relatively short scan times58,59. Traditional sequences for 

CCM detection, such as T2*-weighted gradient echo and susceptibility weighted imaging (SWI), 

have an increased sensitivity to lesions but come at the cost of an enlarged distortion of 

cavernoma size due to volume averaging and poor spatial resolution. We therefore employed the 

T2-SPACE sequence at 7T magnetic strength, as previously optimized for the ClinScan MRI 

Animal Scanner (Bruker Corporation) used in this study. In line with published literature, T2-

SPACE robustly delineated the lesion dimensions as well as internal architecture60,61. 

 We used longitudinal T2-SPACE on 9 mice from 5 distinct litters at 5 time points: At 1 

month of age (n=3 from 2 litters), 2 months (n=7 from 4 litters), 3 months (n=3 from 2 litters), 4 

months (n=5 from 4 litters), and 5 months (n=1; Figure 3.2). This imaging revealed that CCM 

formation began in low numbers at 1 month of age, and CCM formation progressed with age 

throughout the entire brain. By tracking the total lesion number and combined lesion volume for 

a given mouse at each imaging timepoint (Supplemental Video 3.1), we found that cumulative 

lesion burden increases with age and accelerates after 3 months of age (Figure 3.2A-B). The 



median total lesion volume in the brain for a mouse was 0.041mm3 at 1 month of age, 0.044mm3 

at 2 months, 0.714mm3 at 3 months, 18.486 mm3 at 4 months, and 46.721 mm3 at 5 months. T2-

SPACE images of each mouse were then analyzed to track individual lesions across imaging 

timepoints. This individual lesion analysis revealed that lesions in every mouse displayed variable 

growth rates, including negative rates (i.e. shrinkage of lesion size; Figure 3.2C). However, the 

majority of individual lesions increased in size with age (Figure 3.S2). Altogether, our chronic 

Krit1 CCM mouse model displays progressive lesion formation and increasing cumulative lesion 

burden with age, which is seen in patients with familial CCM43,62,63. These results indicate that our 

model is well-suited for studying individual and variable lesion dynamics with context relevant to 

the human pathology. Of note, susceptibility-weighted imaging (SWI) MRI sequences are also 

used due to their increased sensitivity to inhomogeneities in magnetic field strength surrounding 

iron-rich lesions. This sequence often produces what is called a “blooming” artifact2,10. We tested 

a SWI sequence optimized for the 7T ClinScan MRI scanner and imaged CCM animals 

immediately prior and after acute LPS-mediated inflammation. This approach demonstrated a 

greater sensitivity to post-infection lesion increases due to presumed bleeding (Figure 3.S3). 

However, this increased sensitivity to susceptibility effects also enlarges lesions in the produced 

image by distorting their perceived size as previously described64,65, disqualifying this approach 

from accurate volumetric assessment of CCM lesions.   

 

3.3.3 T1 CONTRAST MAPS OF MULTIHANCE DEPOSITION REVEAL INDIVIDUAL LESION 

PERMEABILITY 

 We next sought to characterize the lesion “leakiness”, or internal permeability, with 

MultiHance (gadobenate dimeglumine), a ~1 kDa MRI gadolinium-based contrast agent. We used 

a modified version of dynamic contrast enhanced (DCE) MRI66 that we have termed T1 contrast 



mapping, as described in the Methods and Figure 3.S4. Briefly, T1 maps were constructed from 

MR images acquired from CCM mice prior to and following a MultiHance bolus injection. The T1 

changes due to contrast accumulation were used to determine local concentrations of the contrast 

agent. In practice, the total deposition of gadolinium serves as a measurement of lesion leakiness, 

which lends insight into the potential hemorrhage risk of a lesion and its clinical instability. 

Compared to traditional DCE methods, which provide temporal information about gadolinium 

accumulation but are typically confined to a few MR slices of the brain67, our T1 contrast mapping 

approach enables whole brain analysis of lesion permeability. 

 We employed longitudinal T1 contrast mapping on 6 of the 9 mice that received volumetric 

image analysis. A dataset was acquired for ages of 1 month (n=1), 2 months (n=4 from 3 litters), 

3 months (n=2 from 1 litter), 4 months (n=3 from 3 litters), and 5 months (n=1; Figure 3.3). T1 

mapping generated gadolinium concentration maps that were registered with T2-SPACE 

sequences, enabling us to quantify gadolinium deposition in T2-SPACE-defined lesions (Figure 

3.3A; Supplemental Video 3.2 and 3.3). By tracking the combined lesion gadolinium deposition 

for a given mouse at each imaging timepoint, we found that cumulative lesion leakiness increases 

with age and appears to accelerate after 4 months of age (Figure 3.3B). Median total gadolinium 

deposition was 0.476 mg at 1 month of age, 0.504 mg at 2 months, 3.08 mg at 3 months, 5.48 

mg at 4 months, and 12.5 mg at 5 months. The gadolinium concentration maps of each mouse 

were then analyzed to track individual lesions across imaging timepoints. This individual lesion 

analysis revealed that all T1-mapped lesions displayed variations in gadolinium deposition over 

time, with some lesions even displaying decreased gadolinium deposition at later time points 

(Figure 3.3C). However, the majority of individually tracked lesions increased in gadolinium 

deposition with age. Taken together, our data shows that the chronic Krit1 CCM mouse model is 

characterized by progressive lesion burden with cumulative increases in lesion number, volume, 



and leakiness with age. Individual lesions can demonstrate variable changes in size and 

leakiness, which has also been in seen in human patients12,14,68–70. 

 

3.3.4 CCM LESION PERMEABILITY IS HIGHLY VARIABLE AND CORRELATES POORLY 

WITH LESION VOLUME 

 We asked if any correlation existed between lesion volume and lesion leakiness. The total 

gadolinium deposition in individual lesions was scaled by lesion volume to produce specific 

gadolinium concentration. Gadolinium concentrations in individual lesions were then plotted 

against the lesion volume for each imaging point. Concentration versus volume plots were 

generated for 1 month of age (n=1), 2 months (n=4 from 3 litters), 3 months (n=2 from 1 litter), 4 

months (n=3 from 3 litters), and 5 months (n=1; Figure 3.4). A linear regression fitted to these 

plots revealed no correlation between lesion volume and gadolinium concentration in our 

measurements. The coefficient of determination (R2) values were considerably low (show range 

of values) for all imaging points, suggesting a poor linear relationship. In other words, our analysis 

reveals a high degree of heterogeneity of lesion permeability between individual animals, and 

over their lifespan. This heterogeneity was also observed in lesions within individual mice 

harboring a sufficient number of datapoints (Figure 3.S5 and 3.S6). It is noteworthy that 

heterogeneity of individual lesion permeability was also observed in human patients using similar 

MR techniques12,14. Thus, our mouse model of CCM appears to recapitulate the heterogenous 

lesion permeability properties seen in human CCM patients. 

 

3.3.5 INCREASED GADOLINIUM DEPOSITION IN THE LESIONS CORRELATES WITH 

DECREASED CELL DENSITY IN THE SURROUNDING PARENCHYMA 



 Lastly, we asked if the MRI features identified in CCM lesions, namely the lesion volume 

and lesion permeability, correlated with histological features in close proximity of the lesions. For 

this analysis, we entirely sectioned the L9-M3 brain and stained with antibodies directed against 

Iba1 (for microglia), GFAP (for astrocytes) and CD31 (aka PECAM-1, for endothelial cells). The 

nuclear stain DAPI was included in the mounting media. In total, we identified 17 lesions in 

confocal montages of the coronal sections that were unequivocally matched with the T2-SPACE 

MRI sequence recorded immediately prior to brain extraction. High resolution images of the 

lesions were then used to measure fluorescence signal mean intensity of these three cell 

populations within the lesion, within the 50-µm perimeter of the lesion, as well as within the 100-

µm perimeter of the lesion (Figure 3.5, Figure 3.S7, Table 3.S1). The specific cell type intensities 

were then correlated to lesion volume and gadolinium concentration using the non-parametric 

Spearman's rank correlation test. Correlation analysis revealed that both the 50 µm and 100 µm 

perimeters for each cell population showed the same correlation direction, and thus, the two 

perimeters are sometimes jointly referred to as ‘outside of the lesion’. Specifically, this analysis 

revealed that cell density outside the lesions, determined as DNA content by DAPI fluorescence 

within the immediate 50-µm perimeter of the lesion, was inversely correlated with gadolinium 

concentration inside the lesion (r = - 0.61; p < 0.01). The 100-µm ring was also inversely 

correlated, although at a lower significance level (r = - 0.51; p < 0.05) (Figure 3.S8 and 3.S9). 

Principal component analysis (PCA) corroborated inverse correlation between gadolinium and 

DAPI, along with weaker trends towards inverse correlations of gadolinium with microglial and 

astrocytic densities outside the leaky lesions (Figure 3.S10). Conversely, the glial density inside 

the lesion correlated positively, albeit weakly, with gadolinium concentration. The endothelial cell 

density both inside and outside the lesion showed weak positive correlations with gadolinium 

concentration. On the other hand, lesion volume did not correlate with gadolinium deposition (r = 

- 0.14, p = 0.58), in line with previous measurements. Of other noticeable trends, microglia and 

astrocytes both inside and outside the lesions appear to be inversely correlated with lesion 



volume, whereas endothelial cells both inside and outside of lesions trended positively with lesion 

volume (Figure 3.S9 and 3.S10).  

 Our data points to a relationship between high lesion permeability and glial cell density. 

This data may suggest that dense vascularization, both inside and outside of the lesions, may 

have negative effects on lesion stability. Conversely, this data could also suggest that lesion 

instability drives the production of vasculature inside and outside the lesion. 

  



3.4 DISCUSSION 

 Despite years of investigation, it is still poorly understood why CCM patients have 

heterogenous presentation in symptoms and lesion phenotypes. Due to the difficulties associated 

with human studies and limited access to human tissue samples, generation of animal models 

that reliably capture the human pathology are necessary for studying and furthering treatment of 

this disease. In this manuscript, we describe a chronic Krit1 CCM model with delayed tamoxifen 

induction that replicates human features of lesion development throughout the whole brain and 

resembles lesion dynamics found in human patients. We also characterize, for the first time, 

individual CCM lesion progression through the combination of multiple clinical MRI sequences 

performed longitudinally and immunohistochemical staining of cell populations. This unique 

merging of a clinically relevant mouse model with advanced MR imaging tools represents a 

powerful new platform for testing mechanisms of CCM disease, as well as for identifying and pre-

clinically testing promising new therapies.  

 Following generation of our model, we employed clinically relevant MRI sequences 

longitudinally to characterize lesion progression and dynamics. MRI is commonly used to 

diagnose and monitor CCM in patients. Despite its ubiquity in the clinic, MR imaging has been 

largely neglected in many pre-clinical studies, with little data existing on MRI-based 

characterization of CCM models to robustly assess lesion progression longitudinally. Using T2-

SPACE to accurately assess lesion volume and T1 contrast mapping to assess lesion “leakiness,” 

we find that lesion volume and permeability cumulatively increase with age, while rates of growth 

and leakiness are variable across individual lesions and time points. Notably, this variability in 

lesion growth rate and permeability has also been shown in patients12,14,68–70. Our results differ 

from that in Mikati et al. where patients with familial CCM were shown to not have a correlation 

between permeability and age12. However, due to the restriction of their DCEQP protocol (which 

is confined to 4-6 MRI slices) only a limited number of lesions could be tracked in individuals, 



whereas our T1 contrast mapping protocol allows for whole brain assessment of lesion leakiness. 

Thus, we believe that lesion permeability is likely correlated with age for the familial disease if all 

lesions were examined12. The development and translation of these clinical MRI protocols for 

mouse models of CCM has enabled the establishment of the baseline progression of the disease 

without therapeutic interventions and for assessment of optimal intervention timing in our chronic 

model. This understanding of how CCMs progress in mice is needed for testing therapeutic 

approaches. Additionally, progression of CCMs is clinically relevant as unstable lesions (i.e. 

lesions that increase in size and hemorrhage) lead to disabling symptoms for patients. 

 In the clinic, lesion permeability is correlated with increased risk to the patient12, but 

relationships that influence lesion permeability remain unknown14. We sought to first identify if 

lesion volume correlated with gadolinium concentration within lesions in our model. We observed 

that lesion volume and lesion gadolinium concentration have a poor linear correlation. This finding 

indicates that there is a high degree of heterogeneity of leakiness in individual lesions throughout 

individual mice and across mice in our model that is not explained by the lesion’s volume. 

Similarly, poor correlation between lesion volume and permeability in patients has also been 

reported12,14. 

 To further understand lesion heterogeneity in our model, we sought to associate our MR 

features of lesion volume and lesion leakiness with cellular responses within and around lesions. 

A limited number of lesions have been correlated from MRI and H&E staining previously71, but 

this is the first association of MRI and specific cell population markers to our knowledge. 

Spearman non-parametric correlation of our MR features and cell population markers suggested 

that more permeable lesions contain greater endothelial cell populations within and around 

cavernomas than less permeable lesions. Meanwhile, less permeable lesions trend toward higher 

astrocyte and microglial populations surrounding cavernomas than more permeable lesions.  



 The findings of this study have to be seen in light of some limitations. First of all, the 

development of a chronic CCM model with Krit1 mutations was done in the absence of preexisting 

information on the lifespan of these mutants. Consequently, some of the observations in this work 

were affected by lack of statistical power due to diminishing size of the cohorts. Specifically, only 

one animal was imaged with MRI at 5 months after birth, and the comprehensive analysis 

correlating MRI and histological profiles was successfully completed in a single animal.  In future 

experiments, the high mortality rate can be mitigated by reducing the Krit1 gene ablation with a 

lower dose of tamoxifen, or by using a brain endothelial cell-selective Cre driver Slco1c1-CreERT. 

In fact, a significant cause of health decline in our aging Krit1 colony were gastrointestinal 

comorbidities such as rectal prolapse. 

 Next, our work takes the first step towards correlative analysis of MRI measurements of 

lesion permeability with molecular profiles in the mouse models of CCM. While performed in one 

representative animal, the extensive and evenly distributed lesion load in this specimen allowed 

appropriate statistical analysis. We found that the density of nuclear stain DAPI immediately 

outside the lesions correlated significantly and inversely with gadolinium deposition in the lesions, 

possibly combining the decreases in GFAP- and Iba1-staining that also trended similarly. Our 

findings that GFAP-positive astrocytes are less abundant around highly permeable lesions is 

different from the observations of Lopez-Ramirez at al., who recently postulated that astrocyte 

drive neurovascular dysfunction in the disease72. These differences could be ascribed to changing 

dynamics at different stages of this cellular interaction. Further, it should be noted that cell and 

vascular density varies greatly in various brain locations, which could have also affected the 

assessments of cell density surrounding lesions. More multifaceted research is warranted to 

better elucidate the molecular underpinnings of CCM formation and stability. 

 Finally, while we have advanced MRI approaches to the mouse CCM model, more work 

is needed to strengthen pre-clinical MRI applications for cavernoma dynamics. It will be important 



to characterize if high gadolinium content inside the lesion correlates positively with gadolinium 

leakage in the surrounding brain parenchyma, which is clinically more relevant. It is also highly 

desirable to develop new sensitive MRI sequences for quantitative susceptibility measurements 

(QSM) suitable for high magnetic fields, which will enable more sensitive drug testing in the 

animals, especially in combination with more high-throughput approaches using automated 

segmentation algorithms. A robust dynamic contrast enhanced MRI method also remains a 

challenge in the mouse model, which would enable measurements of permeability rates within 

cavernomas. The development of these MRI techniques will be a continual focus for our group 

moving forward, enhancing pre-clinical CCM research to better inform clinical practice. 

  



3.5 CONCLUSION 

 As chronic models of CCM are designed to test mechanistic and therapeutic avenues that 

inform clinical practice, it is imperative that these models’ representation of the clinical 

pathogenesis is validated. To enable clinically analogous validation of our model, we optimized 

and employed clinical MR protocols. We show that several characteristics of the human pathology 

is recapitulated in our chronic model of CCM, including: progressive lesion formation throughout 

the whole brain that increases with age, changes in size and leakiness of individual lesions over 

time, and heterogenous permeability of individual lesions. We next used the lesion features 

assessed from MRI (i.e. lesion volume and leakiness) to lend insight to the cellular populations 

within and surrounding lesions as determined from IHC. We find that increased cell density 

surrounding the lesion is correlated with lesion stability, while increases in endothelial cells within 

and surrounding lesions may correlate with lesion instability. This study is the first to establish the 

baseline conditions of individual lesions in a chronic Krit1 CCM murine model, providing insight 

that is essential to advancing treatment strategies for this debilitating disease.  

  



3.6 MATERIALS AND METHODS 

 

3.6.1 ANIMALS AND TREATMENTS 
 

All animal experiments were approved by the Animal Care and Use Committee at the 

University of Virginia. The animals were housed under standard laboratory conditions (22°C and 

12h/12h light/dark cycle). The Pdgfb 
iCreERT2-IRES-EGFP (Pdgfb-CreERT ) line was described 

previously57. To generate experimental animals, male Pdgfb-CreERT mice were crossed to the 

floxed and null Krit1 alleles (Krit1
fl/null)55 to produce the desired genotype Pdgfb-CreERT; Krit1 

fl/null 

males or females. Genotyping was performed by Transnetyx (Cordova, TN) using real-time PCR 

assays specific for Krit1 wt, floxed and null alleles, as well as the codon-improved Cre 

recombinase in Pdgfb-CreERT. Krit1 gene ablation was induced with a single subcutaneous 

injection of 50uL of tamoxifen dissolved in corn oil at a concentration of 2mg/mL between 

postnatal day 5 and 7. To induce inflammatory responses, 0.1 mg/mL solution of lipo-

polysaccharides in PBS (LPS, Sigma-Aldrich L4391) was injected in 50 µL i.p., corresponding to 

0.25 mg/kg dose, 12 h prior to imaging. 

 

3.6.2 MR IMAGING  
 

A 7T small animal MRI scanner (Bruker/Siemens ClinScan) was used to acquire T2-

SPACE and T1 contrast images. Mice were imaged monthly, starting as early as one month of 

age and as late as 5 months of age. To be included in this study, each animal had to have at least 

two imaging time points conducted.  Three-dimensional T2-SPACE MRIs were acquired for all 

mice in this study using a repetition time of 3000 ms, echo time of 80 ms, pixel size of 125 μm x 

125 μm x 100 μm, and 2 averages. Scan time for the T2-SPACE sequence was ~20 min. T1 



contrast mapping was executed by performing 3D spoiled gradient echo sequences at various flip 

angles before, and 5 minutes after, gadolinium contrast injection, including the following flip 

angles: 1, 2, 4, 8, 12, 20, and 30°. All sequences in this series had a repetition time of 10 ms, 

echo time of 2.6 ms, pixel size of 187.5 μm x 187.5 μm x 200 μm, and 1 average. The scan time 

for the total image series (pre and post contrast injection combined) was ~20 minutes. To initially 

determine the optimal time to acquire the post-gadolinium image series such that gadolinium 

accumulation is maximized and time is minimized, the post-series was repeated every 4 minutes 

following gadolinium injection up to 20 minutes.  Gadolinium contrast (MultiHance) was injected 

as a bolus intravenously with a dose of 0.01 mmol diluted in saline at a molarity of 0.2mmol/mL.  

 

3.6.3 GENERATION OF GADOLINIUM CONCENTRATION MAPS 
 

Separate pre-contrast and post-contrast T1 maps were calculated from each series of 

multiple-flip-angle 3D images using standard methods73. Briefly, the MR signal magnitude as a 

function of flip angle !! was fit to the function  

"! =
$" sin !! (1 − +#$%/$',
1 − +#$%/$' cos !!

 

at each pixel containing nonzero signal, using the known value of the repetition time (TR = 10 ms) 

and sequence of flip angles !! = 1, 2, 4, 8, 12, 20, 30°. Deposited gadolinium concentration was 

then calculated at each brain pixel from the measured pre/post T1 change, using the known 

relaxivity of MultiHance (R=6.3 L/mmol/s) in the expression:  
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7 8 1
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Physically impossible concentration values (those that were larger than the initial gadolinium 

concentration in the blood or significantly less than zero, usually occurring in image regions with 

low SNR) were excluded from further analysis. 

 

3.6.4 SEGMENTATION OF LESIONS FROM MR IMAGES 
 

T2-SPACE images and gadolinium concentration maps were processed and analyzed in 

Horos DICOM viewer. T2-SPACE and gadolinium concentration maps were co-registered with 

the built-in feature within Horos or manually with custom MATLAB script. Manual segmentation 

of lesions was made with the freehand tool by outlining lesions in every coronal slice for each 

mouse and imaging timepoint within the study. Lesion volumes were calculated with the Horos 

“Compute Volume” feature and recorded. ROIs from T2-SPACE images were transposed onto 

co-registered gadolinium concentration maps. Total grayscale value within ROIs were recorded 

and summed across all slices for a given lesion (equivalent to gadolinium mass). Gadolinium 

concentration was calculated by dividing total gadolinium mass by computed lesion volume. 

Individual lesions were manually tracked across imaging time points using T2-SPACE images. 

The same anatomical location of a tracked lesion was validated in each imaging plane (coronal, 

axial, sagittal) across imaging timepoints. In some instances, distinct lesions from earlier time 

points had merged into one lesion at later time points. In other cases, lesions from earlier time 

points were no longer visible on images from later time points. De novo lesion formation was 

found in all animals in our study. If a lesion was obscured due to an imaging-related artifact, the 

lesion was excluded from analysis at the corresponding timepoint.  

 

3.6.5 HISTOLOGY 
 



After completion of the final imaging timepoint, mice were transcardially perfused with 

phosphate-buffered saline (PBS) and 4% PBS-buffered formaldehyde (EMS 15714). Brains were 

dissected, post-fixed, sequentially equilibrated in 10% and 30% sucrose and embedded in OCT 

(Andwin Scientific). Frozen brains were cryosectioned at 50- to 80-µm thickness for histology 

staining, or 25-µm thickness for immunohistochemistry (IHC). To perform histological staining of 

neurons and blood vessels in 50-µm thick sections, free floating sections were permeabilized 

overnight in PBS-buffered 0.5% Triton X-100 (Sigma-Aldrich 93443) at 4ºC. Next, the sections 

were washed 3 times for 5 min with PBS, 1 mM CaCl2, and incubated in the red fluorescent Nissl 

stain (Neurotrace, Invitrogen N21482, diluted 1:100 in PBS, 1mM CaCl2) for 2 h at room 

temperature (RT). Following three washes with PBS, 1mM CaCl2, the sections were stained with 

Alexa Fluor 488-conjugated Isolectin GS-IB4 (Invitrogen 121411, diluted 1:100 in PBS, 1mM 

CaCl2) overnight at 4ºC. After one final wash with PBS, 1mM CaCl2, the sections were mounted 

on microscopy slides with DAPI Fluoromount-G (SouthernBiotech, 0100-20) using Secure Seal 

Spacers (EMS 70327-20S). 

 

3.6.6 IMMUNOHISTOCHEMISTRY 
 

Thawed 25-μm sections were rehydrated with PBS, permeabilized in 0.5% Triton X-100 

(Sigma-Aldrich 93443) in PBS for 1h at RT, and blocked with 1% bovine serum albumin (BSA, 

Jackson ImmunoResearch Labs, 001-000-161), 5% normal donkey serum (NDS, Jackson 

ImmunoResearch Labs, 017-000-121), and 0.5% Triton X-100 in PBS for 2 h at RT. The primary 

antibodies, including chicken anti-GFAP (1:200, Aves, GFAP5727980), rabbit anti-Iba1 (1:500, 

Wako Chemicals USA, 011-27991), goat anti-CD31 (1:20, R&D Systems, AF3628), were diluted 

in the blocking solution and incubated with mounted brain sections overnight at 4°C. After three 

5-min washes with PBS, 0.5% Triton X-100, the sections were incubated with secondary 



antibodies, including donkey anti-chicken Alexa 488 (1:500, Jackson ImmunoResearch Labs, 

703-546-155), donkey anti-rabbit Alexa 568 (1:500, Invitrogen A10042), donkey anti-goat Alexa 

647 (1:500, Invitrogen A21447), diluted in the blocking solution at 1:500 for 2 h at RT. Following 

final washes, slides were mounted with ProLong Gold antifade reagent with DAPI (Invitrogen, 

P36935) and cover slipped with Fisherbrand Microscope Cover Glass (12-544-E) for confocal 

imaging.  

 

3.6.7 CONFOCAL MICROSCOPY 
 

Stained sections were imaged with a Zeiss LSM 880 confocal microscope (Zeiss, 

Germany) using sequential scanning mode for DAPI, Alexa 488, 568 and 647 dyes. Montages of 

image stacks (1024 x 1024 pixels, 2 um z-step), tiled in the x-y plane, were processed with Imaris 

9.9 (Oxford Instruments) and analyzed with Fiji/ImageJ. Final images were adjusted with Adobe 

Photoshop and assembled in PowerPoint (Microsoft), or Adobe Illustrator (Adobe Creative Cloud). 

 

3.6.8 SEGMENTATION OF LESIONS FROM IHC IMAGES 
 

Fluorescent images were analyzed in ImageJ for grayscale intensities in each channel: 

Iba1, GFAP, CD31, and DAPI. ROIs of lesion boundaries were manually drawn around the central 

hypointense void space of each identified lesion (enlarged vessels near the lesion were not 

included for this ROI). To measure cell populations surrounding the lesions, this lesion boundary 

was expanded by either 50um or 100um, and the inside ROI was subtracted. Mean grayscale 

intensity of each of the three ROIs (inside lesion, 50um border, and 100um border) was averaged 

for all slices within the image stack in a given channel. Mean grayscale intensity for three 

reference ROIs drawn in nearby non-lesioned locations of the brain tissue in each image were 



also averaged across the image stack in a given channel. Lesion associated mean grayscale 

intensities were normalized to the average reference mean grayscale intensity in the same image 

to account for variations of cell population expression in differing brain regions. These normalized 

mean grayscale intensities for Iba1, GFAP, CD31, and DAPI for each lesion were correlated with 

the same lesion’s volume and gadolinium concentration from the last imaging timepoint. 

Spearman’s correlation analysis was then performed with OriginPro’s Correlation Plot on the data 

matrix for 17 lesions and 14 measurements (3 lesion boundaries x 4 channels + lesion volume + 

lesion gadolinium concentration).  

 

3.6.9 STATISTICAL ANALYSIS 
 

The results were expressed as mean ± standard error of the mean (SEM). In all 

experiments, the statistical significance was set at P < 0.05. Calculations were performed using 

GraphPad Prism 8 statistical package software (San Diego, USA).  

  



3.6 CHAPTER  3 FIGURES 
 

Figure 3.1. Induction of Krit1 ablation at postnatal day 5 or 7 generates chronic CCM murine 
model with gradual lesion development brain-wide. (A) Timeline of chronic CCM model generation 
and disease phenotype. (B) Macroscopic and brightfield images of lesion burden demonstrate 
lesions form throughout the entire brain. (C) Comparison of MRI (left) and IF image (right) of the 
same CCM mouse brain section demonstrates alignment of lesions between the two imaging 
modalities. In IF image, lesions are stained with isolectin GS-IB4 (green) and neurons with 
NeuroTrace (red). Scale bar, 500 μm. White arrows denote lesions. 

  



 

Figure 3.2. Volumetric analysis of lesions from longitudinal T2-SPACE MR images reveals 
dramatic increases in lesion burden with age and dynamic changes in size of individual lesions. 
(A) Representative T2-SPACE MR images from 3 mice in our cohort, illustrating formation of new 
lesions and dynamic changes in lesion size across time points. (B) Graph of combined lesion 
volume within individual mouse brains as a function of age for all mice in our cohort. Individual 
mice represented as a single-colored dot, which corresponds with graph title color in panel C. (C) 
Graphs of lesion volume as a function of age for each mouse in our cohort. Lines indicate lesions 
identified as the same lesion across imaging time points. Dots without lines indicate de novo 
lesion formation or lesions that were only identified at a single time point. Graph titles indicate 



unique mouse ID where L# denotes litter number and M# denotes arbitrary mouse number within 
litter. Animated MRI sequences of L1-M7 are shown in the Supplemental Videos 1-3. 

  



 

Figure 3.3. Permeability analysis of lesions from longitudinal T1 contrast mapping reveals 
cumulative increase in lesion permeability with age while individual lesion permeability varies over 
time.  (A) Representative MR images of T2-SPACE, gadolinium concentration map (generated 
from T1 contrast mapping), and merged image of the same brain section, illustrating leakiness of 
individual lesions in terms of gadolinium deposition. In the gadolinium concentration map, 
hyperintense areas indicate regions with higher gadolinium deposition. (B) Graph of combined 
lesion gadolinium deposition in mass within individual mouse brains as a function of age for all 
mice in our cohort. Individual mice represented as a single-colored dot, which corresponds with 
color of graph title in panel C. (C) Graphs of gadolinium deposition in individual lesions as a 
function of age for individual mice in our cohort. Lines indicate lesions identified as the same 
lesion across imaging time points. Dots without lines indicate de novo lesion formation or lesions 
that were only identified at a single time point. Graph titles indicate unique mouse ID where L# 
denotes litter number and M# denotes arbitrary mouse number within litter. Animated MRI 
sequences of L1-M7 are shown in the Supplemental Videos 1-3. 

 

  



 

Figure 3.4. Lesion permeability displays a high degree of heterogeneity. Graphs of gadolinium 
concentration as a function of lesion volume for individual lesions at each imaging timepoint. 
Individual mice represented as a single-colored dot, which corresponds with color-coding in 
Figures 2 and 3. Coefficient of determination values indicates poor correlation between 
gadolinium concentration and volume for each time point, suggesting highly heterogenous 
permeability of lesions across age in our chronic CCM model.  

  



 

Figure 3.5. The MRI and histochemical signatures of CCM lesions with low and high permeability. 
Two lesions with the lowest permeability (#32 in the subcortical corpus callosum, MultiHance 
concentration 41 ng/mm3; and #34 in the thalamus, MultiHance concentration 58.9 ng/mm3; see 
Table S1) are shown on top. Two lesions with the highest permeability (#43 in the brainstem, 
MultiHance concentration 185.8 ng/mm3; and #47 in the cerebellum, MultiHance concentration 
250.5 ng/mm3; see Table S1 for an overview of measurements) are shown at the bottom. MRI 
insets show T2-SPACE images and gadolinium concentration maps of each lesion in detail. 
Matching IHC images of each DAPI, GFAP, Iba1 and CD31 channels are shown on the right, next 
to the 4-channel overlay. Large, highly permeable lesions typically contain numerous CD31-
positive endothelial cells. All scale bars are 200 µm. White lines drawn on merged IHC image for 



lesion #32 exemplify the inside, 50 µm, and 100 µm perimeters used for correlation analysis. See 
Figure S7 for additional information.  

  



3.7 CHAPTER 3 SUPPLEMENTAL FIGURES 
 

 

 

Figure 3.S1. The anatomical distribution of vascular lesions in the Krit1 CCM model. (A, B) 
Alignment of a T2-SPACE MRI image plane with the corresponding brain section labeled with 
fluorescent isolectin GS-IB4 (green) and Neuro-Trace Nissl stain (red). (C) In this mouse model, 
cavernous lesions frequently occur in dorsal striatum near lateral ventricles (white arrow). (D) 
CCM lesions are also commonly found in the subcortical white matter of the corpus callosum, 
often adjacent to the dorsal hippocampus. (White arrow, arrow head).   



 

Figure 3.S2. Size distribution of lesions over time in our Krit1 chronic model. (A) Total number of 
lesions divided across four size categorizations for all mice in our cohort and each imaging time 
point. (B) Data from panel A normalized by the number of mice at each imaging time point.  (C) 
Total number of lesions divided across four size categorizations for individual mice in our cohort 
and each imaging time point. Graph titles indicate unique mouse ID where L# denotes litter 
number and M# denotes arbitrary mouse number within litter. 

  



 

Figure 3.S3. Comparison of T2-SPACE and SWI sequence sensitivity before and after a sudden 
hemorrhagic episode. The Pdgfb-CreERT; Krit1 

fl/null mouse was imaged at Baseline and 12 h 
after acute mild neuroinflammation induced with LPS (0.25 mg/kg i.p.). Matching coronal planes 
of T2-SPACE and SWI are shown, demonstrating increased SWI sensitivity to CCM lesions. 
However, the exaggerated distortion of the lesion size is also apparent. Note the substantial 
increase in lesion volumes following neuroinflammation, accelerated due to fatal bleeding. Arrows 
identify the corresponding lesions between MRI sequences and inflammatory states.  

  



 

Figure 3.S4. Time course of T1 gadolinium-contrast enhancement within cavernomas in the L1-
M7 animal. (A-B) Line graphs displaying fold change in grayscale intensity of 74 cavernomas at 
various times following gadolinium intravenous injection over pre-gadolinium T1-weighted image. 
(A) Average fold change in grayscale intensity value for the 74 cavernomas. (B) Individual fold 
change in grayscale intensity values for the 74 cavernomas. T1 contrast enhancement 
significantly increases from the pre-gadolinium image to 4 minutes post injection and significantly 
decreases at 20 minutes post injection. The measurements obtained at 8 min and 16 min were 
not statistically different from 4 min post injection. One-way ANOVA with Dunnett's multiple 
comparisons test.  

  



 

Figure 3.S5. Permeability distribution of lesions over time in our Krit1 chronic model. (A) Total 
number of lesions divided across four gadolinium concentration categorizations for all mice in our 
cohort and each imaging time point. (B) Data from panel A normalized by the number of mice at 
each imaging time point.  (C)  Total number of lesions divided across four gadolinium 
concentration categorizations for individual mice in our cohort and each imaging time point. Graph 
titles indicate unique mouse ID where L# denotes litter number and M# denotes arbitrary mouse 
number within litter. 

  



Figure 3.S6. Lesion permeability is poorly correlated with lesion volume. Graphs of gadolinium 
concentration as a function of lesion volume for individual lesions at each imaging timepoint. Data 
for all mice at 2 months, 3 months, and 4 months is shown on the left. Data for individual mice 
and corresponding coefficient of determination values are disaggregated on the right. Coefficient 
of determination values indicates poor correlation between gadolinium concentration and volume 
for each time point, suggesting highly heterogenous permeability of lesions across age in our 
chronic CCM model. 

  



 

 



Figure 3.S7. Anatomical and cellular context of CCM lesions with low and high permeability. On 
the left: Tiled confocal images of brain coronal sections harboring the lesions with the lowest 
permeability (#32 in the subcortical corpus callosum and #34 in the thalamus, see Table S1 for 
an overview of measurements) are shown on top. Two lesions with the highest permeability (#43 
in the brainstem and #47 in the cerebellum, see Table S1 for detail) are shown at the bottom. The 
tiled coronal sections, scanned at a low resolution, show the overlay of nuclear stain DAPI (blue) 
and CD31 endothelial cell marker (white). The area marked with the yellow dashed box in each 
coronal section was imaged at a higher resolution, and the corresponding images of GFAP-
positive astrocytes (green) and Iba1-positive microglia/macrophages (red), as well as the merged 
overlay, are shown on the right. The lesions with a high gadolinium content appear to have fewer 
glial cells in the immediate vicinity of the borders. Scale bars: tiled coronal section images, 1 mm; 
high-resolution IHC panels, 100 µm.  

  



  



Figure 3.S8. Correlations between MR signatures and IHC signatures. Correlation plots for 
individual cell populations (astrocytes-GFAP, endothelial cells-CD31, cell nuclei-DAPI, and 
microglia-Iba1) and MR features (lesion volume and lesion permeability) at different locations 
around the lesion (inside lesion, 50μm border outside lesion, and 100μm border outside lesion). 
Dots indicate individual lesions (n=17). Linear regression fitted to each dataset. 

  



 

Figure 3.S9. Correlation Matrix Heatplot of 14 variables in 17 different CCM lesions in the L9-M3 
animal. Two variables, Volume and Gad Concentration, were measured with MRI, the values of 
the remaining 12 variables were obtained with confocal image analysis of brain sections stained 
with IHC inside the lesions, as well as in 50- and 100-µm perimeters outside the lesions. 
Significant inverse correlations between MRI and IHC were found for gadolinium concentration 
and DAPI intensity for both 50-µm and 100-µm border perimeters (r = - 0.61, p = 0.009; and r = - 
0.51, p = 0.036; respectively). The plot was generated with OriginPro 2020. 

  



 

Figure 3.S10. Principal component analysis (PCA) of 10 variables in 17 different CCM lesions in 
the L9-M3 animal. (Including volume and gad. concentration, as well as the IHC values inside the 
lesions. Only the 50-µm perimeters were included in this analysis for the sake of clarity). PCA 
analysis corroborates the inverse correlation of gadolinium concentration and DAPI intensity 
outside the lesions, and reveals trends towards inverse correlation between gadolinium 
concentration and Iba1 and GFAP fluorescence intensity outside the lesions. The plot was 
generated with OriginPro 2020. 

 

 

 

 

  



3.8 CHAPTER 3 SUPPLEMENTAL TABLES 
 

Table 3.S1. MRI and IHC data on 17 lesions obtained from animal L9-M3. 
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4.1 ABSTRACT 

 

BACKGROUND: Cerebral cavernous malformations (CCM) are vascular lesions within the central 

nervous system, consisting of dilated and hemorrhage-prone capillaries. CCMs can cause 

debilitating neurological symptoms, yet invasive surgical excision is the only current treatment 

option. Meanwhile, transient blood-brain barrier opening (BBBO) with focused ultrasound (FUS) 

and microbubbles (MBs) is now understood to exert potentially beneficial bioeffects, such as 

stimulation of neurogenesis and clearance of amyloid-β. Here, we tested whether FUS BBBO could 

be deployed therapeutically to control CCM formation and progression in a clinically-relevant murine 

model. 

METHODS: CCMs were induced in mice by postnatal, endothelial-specific Krit1 ablation. FUS 

was applied for BBBO with fixed peak-negative pressures (PNPs; 0.2-0.6 MPa) or passive 

cavitation detection-modulated PNPs. Magnetic resonance imaging (MRI) was used to target FUS 

treatments, evaluate safety, and measure longitudinal changes in CCM growth after BBBO. 

RESULTS: FUS BBBO elicited gadolinium accumulation primarily at the perilesional boundaries 

of CCMs, rather than lesion cores. Passive cavitation detection and gadolinium contrast 

enhancement were comparable in CCM and wild-type mice, indicating that Krit1 ablation does 

not confer differential sensitivity to FUS BBBO. Acutely, CCMs exposed to FUS BBBO remained 

structurally stable, with no signs of hemorrhage induction. Longitudinal MRI revealed that FUS 

BBBO halted the growth of 94% of CCMs treated in the study. At 1 month, FUS BBBO-treated 

lesions were, on average, 91% of their pre-sonication volume. In contrast, non-sonicated control 

lesions grew to 670% of their initial volume. Strikingly, in mice receiving multiple BBBO treatments 

with fixed PNPs, de novo CCM formation was significantly reduced by 81%.  



CONCLUSIONS: Our results establish FUS BBBO as a novel, non-invasive modality that can 

safely arrest CCM growth and prevent their de novo formation. As an incisionless, MR image-

guided therapy with the ability to target eloquent brain locations, FUS BBBO offers an unparalleled 

potential to revolutionize the therapeutic experience and enhance the accessibility of treatments 

for CCM patients. 

  



4.2 INTRODUCTION 

 

Cerebral cavernous malformations (CCM) are vascular lesions originating in the capillary-venous 

vessels of the central nervous system1. These slow flow vascular malformations are hemorrhage 

prone, grossly enlarged, and lack many of the supporting cells of the neurovascular unit4,74. CCMs 

generally arise due to the biallelic mutation in one of the three CCM-related genes: Krit1/CCM1, 

MGC4607/CCM2, and PDCD10/CCM3
1,75. CCM patients can experience debilitating and life-

altering symptoms such as motor and visual deficits, seizures, and stroke76. These symptoms 

generally arise from the rapid growth and hemorrhage of a CCM2. The current standard of care 

for CCM is invasive surgical resection. However, surgery is associated with a high risk of post-

operative morbidities and limited to surgically accessible CCMs2. Due to their eloquent location, 

CCMs located in the brainstem are associated with even greater risks of early morbidity and 

recurrent growth following incomplete resection2,6. The pathological trajectory of CCMs remains 

largely uncertain to clinicians10,12,77. CCM patients, and parents of children with CCM, are thus put 

in the position of choosing between risky and invasive neurosurgery or inaction. 

 As an incisionless therapy with the ability to target eloquent brain locations, focused 

ultrasound (FUS) may represent an ideal alternative for CCM treatment. With targeting provided 

by magnetic resonance imaging (MRI), FUS delivers acoustic energy deep within the body to non-

invasively produce mechanical or thermal therapeutic effects78. When FUS is combined with an 

intravenous (i.v) injection of gas-filled microbubbles, the oscillating pressure waves induce an 

alternating expansion and contraction of the gas within microbubbles, which in turn causes the 

microbubbles to push and pull on the walls of blood vessels. If performed in the brain, this 

procedure can induce a temporary opening of the blood-brain barrier (BBB). FUS-mediated BBB 

opening (BBBO) has been developed primarily to enable enhanced delivery of drugs and other 

therapeutic agents into the brain for various neurological conditions25,79,80. However, FUS BBBO 



has also been shown to be beneficial in the absence of drug delivery for the treatment of 

Alzheimer’s disease24,28,30,81–84. While the exact mechanism(s) behind the beneficial effect of FUS 

BBBO in Alzheimer’s disease are not completely understood, ample preclinical evidence of this 

effect has led to several clinical trials that are testing this approach in patients with Alzheimer’s 

disease (NCT04118764, NCT04526262, NCT02986932, NCT03739905, NCT04250376).

 In this study, we examined the effectiveness and safety profile of FUS BBBO applied to 

CCMs and its potential to, in the absence of drug delivery, therapeutically control the growth and 

de novo formation of CCMs. 

  



4.3 RESULTS 

4.3.1 FUS EFFECTIVELY OPENS THE BBB WITHIN THE CCM MICROENVIRONMENT 

Given the altered biomechanical properties55,85,86 and increased caliber of the vasculature 

of CCMs and the surrounding, perilesional vasculature (Figure 4.1A), we first questioned whether 

FUS in combination with i.v. microbubble injection could effectively elicit BBBO in CCM mice. We 

acquired baseline, high resolution T2-weighted spin echo MR images of CCM mice to select 

CCMs for sonication. On the day of FUS treatment, gadolinium contrast agent (gadobenate 

dimeglumine; 1.058 kDa) was injected intravenously, and a pre-sonication T1-weighted spin echo 

MR image was obtained. We next performed FUS BBBO on selected CCMs at peak-negative 

pressures (PNP) of 0.2 MPa - 0.6 MPa at 0.1 MPa intervals using standard BBBO parameters. 

Analysis of the T1 contrast enhancement of the post-sonication images compared to the pre-

sonication images revealed that FUS BBBO enhanced gadolinium accumulation to the CCM 

(Figure 4.1B-C). Gadolinium accumulation around CCMs was significantly increased by FUS 

BBBO over the baseline leakiness of gadolinium for PNPs of 0.3 MPa to 0.6 MPa (Figure 4.1C). 

Examining the pattern of T1 contrast enhancement, we found that gadolinium accumulation was 

primarily localized to the perilesional boundaries of the sonicated CCM rather than the lesion core 

(Figure 4.1B). These results indicate that FUS can effectively open the BBB within the CCM 

microenvironment, despite the enlarged and irregular microvasculature associated with the 

lesion. 

4.3.2 FUS BBBO DOES NOT INCREASE VOLUME OR BLEEDING OF HEMORRHAGE-

PRONE CCMS ACUTELY 

Due to the propensity of CCMs to hemorrhage and, more broadly, the dysregulated state 

of the microvasculature in CCM1, we next sought to evaluate the safety of FUS BBBO in this 

disease model. To determine if growth or bleeding was acutely induced by FUS BBBO at PNPs 



of 0.2 MPa – 0.6 MPa, MR images of the brains of CCM mice were taken 48 h before and 24 h 

after FUS BBBO. A 3-dimensional, T2-weighted spin echo sequence was employed to accurately 

capture changes in CCM volume (Figure 4.2A), while 3-dimensional, susceptibility-weighted 

images (SWI) were acquired to capture changes in iron content and fluid flow (i.e. bleeding or 

hemorrhage; Figure 4.2C) with high sensitivity. Measurement of the hypointense lesion margins 

between pre- and post-sonication images revealed no evidence of acute growth or hemorrhage 

induced by FUS BBBO (Figure 4.2B, D), indicating that FUS BBBO causes neither growth nor 

bleeding of CCMs at acute time points. 

4.3.3 COMPARISON OF FUS BBBO CONTRAST ENHANCEMENT AND ACOUSTIC 

EMISSION SIGNATURES BETWEEN WILD-TYPE AND CCM MICE 

To test whether CCM mice differentially respond to BBBO with microbubbles and FUS at 

PNPs of 0.4 MPa – 0.6 MPa, we compared T1 contrast enhancement and passive cavitation 

detection (PCD) measurements from wild-type mice to CCM mice. Our analysis revealed no 

significant differences in T1 contrast enhancement between wild-type and CCM mice at any of 

the tested PNPs (Figure 4.3A-B). Spectrograms were generated of the frequency response for 

each burst during the FUS application for both wild-type and CCM mice at PNPs of 0.4 MPa – 0.6 

MPa (Figure 4.3C), and cavitation levels were quantified for the subharmonic, ultraharmonic, 

broadband, and harmonic spectrums (Figure 4.3D-E). Spectral domains associated with a 

transition towards inertial cavitation of microbubbles (i.e. subharmonic, ultraharmonics)87,88, or an 

increase in inertial cavitation of microbubbles (i.e. broadband)88, increased with PNP and were 

comparable between wild-type and CCM mice (Figure 4.3D). Spectral domains associated with 

stable cavitation (i.e. harmonics)88,89 were comparable for PNPs of 0.4 MPa and 0.5 MPa (Figure 

4.3E). However, at a PNP of 0.6 MPa, CCM mice displayed an increase in harmonic emissions, 

while the harmonic emissions of wild-type mice remain similar to that observed at lower PNPs 

(Figure 4.3E). Altogether, these results suggest that FUS BBBO affects wild-type and CCM mice 



similarly with regards to gadolinium contrast agent delivery and microbubble activity, particularly 

unstable microbubble activity. Meanwhile, at high PNPs, stable microbubble activity is enhanced 

in CCM mice, albeit without comparable increases in inertial cavitation. 

 

4.3.4 CCM MICE ARE NOT DIFFERENTIALLY SENSITIVE TO ADVERSE EFFECTS 

GENERATED BY FUS BBBO AT HIGH PNPS 

To assess the longitudinal safety of FUS BBBO in CCM mice, we collected T2-weighted 

spin echo sequences over a one-month period following FUS BBBO in wild-type and CCM mice 

(Figure 4.4A). FUS BBBO was either performed once (single treatment arm) or was repeated: 

three times for PNPs of 0.4 MPa or two times for PNPs of 0.5 MPa and 0.6 MPa, with a three-day 

spacing between sonications (repeat treatment arm). Edema, visible as hyperintensity on T2-

weighted MRI, was apparent in lesion-free brain tissue in a fraction of both wild-type and CCM 

mice one day post FUS BBBO for PNPs of 0.5 MPa and 0.6 MPa (Figure 4.4A-B). Hemosiderin 

deposits, visible as hypointensity on T2-weighted MRI, was also apparent in lesion-free brain 

tissue in wild-type and CCM mice at time points beyond one day post-FUS BBBO and persisted 

for at least one month following FUS BBBO for PNPs of 0.5 MPa and 0.6 MPa (Figure 4.4A, C). 

Edema, evident as an increase in the ipsilateral-to-contralateral grayscale ratio, primarily occurred 

after BBBO with PNPs of 0.5 MPa (Figure 4.4B), and hemosiderin deposition, evident as a 

decrease in the ipsilateral-to-contralateral grayscale ratio, increased as a function on PNP (Figure 

4.4C). Generally, acute edema was associated with chronic hemosiderin deposition for both 

models and both treatment arms (Figure 4.4D). When comparing the prevalence of edema and 

hemosiderin deposition between wild-type and CCM mice for each treatment regimen and PNP, 

no significant differences were seen (Figure 4.4E). However, when treatment regimens were 

aggregated, wild-type mice actually exhibited a greater propensity for edema than CCM mice 



(Figure 4.4B), yet wild-type and CCM mice shared an equivalent correlation for hemosiderin 

deposition (Figure 4.4C). These results suggest that, while BBBO with PNPs greater than 0.4 

MPa are safe for CCMs, FUS BBBO at increased PNPs can induce damage to the surrounding 

brain tissue, consistent with that seen in wild-type mice.  

 

4.3.5 REAL-TIME PCD-MODULATION OF PNP ENSURES THE SAFETY OF SONICATED 

BRAIN TISSUE WITHOUT COMPROMISING GADOLINIUM DELIVERY 

To ensure safety of our FUS BBBO application and examine the effect of more clinically-

representative FUS BBBO regimens in CCM mice, we performed FUS BBBO using a real-time 

PCD feedback control system to modulate the applied PNP during sonication90–92. Using this 

PCD-modulated PNP approach, the maximum applied PNP peaked during the first 15 seconds 

of sonication, and the PNP generally decreased gradually over the sonication period (Figure 

4.5A). This approach resulted in a time-averaged PNP ranging from 0.23 MPa – 0.30 MPa and a 

maximum PNP ranging from 0.25 MPa – 0.38 MP. PCD-modulated PNPs successfully increased 

T1 contrast in the CCM microenvironment (Figure 4.5B-C). Comparing PCD-modulation of PNP 

to the fixed PNP approach revealed that PCD-modulated PNP resulted in higher T1 contrast 

enhancement than fixed PNPs of similar amplitudes (Figure 4.5D). Acoustic emissions 

measurements revealed that PCD-modulated PNP elicits comparable subharmonic, broadband, 

and harmonic spectra when compared to fixed PNPs of 0.4 MPa and 0.5 MPa (Figure 4.5E-F). 

Longitudinal T2-weighted MRI also demonstrated that PCD-modulated PNP obviates edema and 

hemosiderin deposition following FUS BBBO (Figure 4.5G-H). For BBBO in CCM mice, edema 

was comparable across PNPs and a reduction of hemosiderin deposition was seen with PNPs 

averaging less than or equal to 0.4 MPa (Figure 4.5I). Altogether, these data indicate that PCD-

modulation of PNP ensures the safety of FUS BBBO in CCM brain tissue and elicits enhanced 

gadolinium delivery compared to fixed PNPs.  



 

4.3.6 FUS BBBO ARRESTS CCM GROWTH  

We then asked if FUS BBBO stimulates therapeutically beneficial CCM responses. CCM 

mice were placed in (i) a single FUS BBBO regimen with fixed PNP (i.e. one FUS BBBO treatment 

at either 0.4 MPa or 0.5 MPa), (ii) a repeat FUS BBBO regimen with fixed PNP (i.e. three FUS 

BBBO treatments at 0.4 MPa or two FUS BBBO treatments at 0.5 MPa or 0.6 MPa, all staged 

three days apart), or (iii) a repeat FUS BBBO regimen with PCD-modulated PNP (i.e. two FUS 

BBBO treatments staged three days apart). Mice were treated between 2 and 3 months of age 

during a period of optimal lesion burden in our mouse model as assessed previously by our 

group93. Male and female mice across 9 litters were used in this study as detailed in Table S1. 

MR images were acquired following each sonication and up to one month following sonication 

(Figure 4.6A, C, E). Sonicated CCM volumes were measured in MR images taken prior to FUS, 

as well as in MR images taken 1 day, 1 week, and 1 month following FUS. These volumes were 

compared to non-sonicated CCMs of similar baseline size and anatomical location within the 

same cohort of mice at the same imaging timepoints. The average sonicated and non-sonicated 

(contralateral control) CCM volume prior to FUS application was 0.039 mm3 for both conditions. 

Remarkably, CCMs exposed to FUS BBBO in all treatment regimens exhibited nearly a complete 

cessation of growth (Figure 4.6B, D, F). Only 3 of 47 CCMs exposed to FUS BBBO grew more 

than 0.02 mm3 in 1 month, while to 26 of 41 CCMs not exposed to FUS BBBO grew this amount 

in the same period. Significant differences in lesion volume between the sonicated and non-

sonicated CCMs were seen at the 30 day time point for all treatment arms (Figure 4.6B, D, linear 

mixed effects model: Table 4.S2). At 7 days, sonicated CCMs were significantly smaller than non-

sonicated CCMs in the repeat FUS and fixed PNP arm (Figure 4.6D). At 1 month post-FUS, 

sonicated CCMs in all treatment arms demonstrated a markedly reduced mean lesion volume, 

reaching just 28%, 10%, and 26% of the mean volume of the non-sonicated CCM volume in the 



single, fixed PNP; repeat, fixed PNP; and repeat, PCD-modulated PNP arms, respectively. 

Increases in PNP and number of FUS BBBO treatments were both inversely correlated with 

increased lesion volume (Figure 4.S1A-B, E). The effect of sex on CCM volume and FUS BBBO 

was also evaluated (Figure 4.S2A-B). At 1 month, CCMs in male mice were larger than those in 

female mice, regardless of FUS BBBO treatment (Figure 4.S2A, Table 4.S2). Sex did not 

significantly alter the ability of FUS BBBO to control CCM growth (Figure 4.S2A, Table 4.S2). 

 

4.3.7 FUS BBBO WITH FIXED PNP AND REPEAT SONICATIONS CAN PREVENT DE 

NOVO LESION FORMATION 

To then ascertain if FUS BBBO impacts the formation of new lesions, we counted the 

number of lesions contained within the focal zone (i.e. T1-contrast-enhanced brain region) in MR 

images taken prior to FUS BBBO, as well as one month following FUS BBBO. The same analysis 

was performed in the contralateral hemisphere of each mouse using the same volume and 

mirrored anatomical location (Figure 4.7A, C, E). The change in the number of lesions from the 

pre-image to the one-month post-FUS BBBO image was compared for the sonicated and 

contralateral brain areas within each mouse. This analysis revealed that the repeat FUS regimen 

with fixed PNP significantly reduced the formation of new CCMs by 81% compared to the 

contralateral brain region (Figure 4.7D). Meanwhile, the single FUS with fixed PNP regimen and 

repeat FUS with PCD-modulated PNP regimen displayed trends toward reduced de novo CCM 

formation (Figure 4.7B, F). Importantly, in all treatment arms, FUS BBBO did not induce an 

increase in lesion formation. In fact, both the single and repeat FUS with fixed PNP cohorts 

contained one mouse that displayed a fewer number of lesions in the sonicated brain region one 

month following FUS BBBO compared to the pre-image, suggesting that some CCMs may be 

cleared with FUS BBBO. Increases in PNP were found to be significantly, inversely correlated 



with de novo lesion formation, while the number of sonication treatments followed this trend, albeit 

not significantly (Figure 4.S1C-E).  The effect of sex on de novo CCMs and FUS BBBO was also 

evaluated (Figure 4.S2C-D). Sex did not significantly alter the ability of FUS BBBO to control 

CCM formation (Figure 4.S2C, Table 4.S2). 

  



4.4 DISCUSSION 

 Patients with CCM can sustain incapacitating and even life-threatening neurological 

symptoms. The only treatment option for these patients currently is resection of symptomatic 

CCMs via invasive neurosurgery, which is associated with a high risk of postoperative morbidities 

and limited to CCMs that are surgically accessible2,94,95. Concurrently, FUS BBBO is a non-

invasive approach that can exert potentially favorable bioeffects, such as enhanced clearance of 

pathology-enabling molecular species  and delivery of beneficial plasma-circulating factors24,25. 

Here, we demonstrate that FUS BBBO can exert powerful therapeutic effects in a clinically-

representative murine model of CCM. Notably, FUS BBBO arrested the growth of 94% of CCMs 

treated in the study over a 1 month period. Meanwhile, untreated CCMs increased by ~7-fold of 

their initial volume on average across the 3 treatment arms in this same timeframe. Further, mice 

that received multiple FUS BBBO treatments with fixed PNPs had a significant reduction in the 

formation of de-novo CCMs by 81%. As an incisionless therapy with the ability to target eloquent 

brain locations, FUS BBBO is a disruptive technology that could radically transform how CCMs 

are treated.  

4.4.1 CHARACTERISTICS OF FUS BBBO IN CCM MICE 

One key consideration in these studies was whether FUS BBBO signatures in Krit1 mutant 

mice differ from those in wild-type mice.  Since the vasculature associated with CCMs is known 

to be irregular and dilated74,96, the effectiveness of FUS BBBO had the potential to be reduced or 

otherwise altered. Increased vessel diameters could reduce the interaction between the oscillating 

microbubbles and vessel walls97,98. Moreover, the slow flow rate in the lesion core could reduce 

the number of microbubbles accumulating within the CCM96. Our studies indicate that the pattern 

of T1 contrast enhancement is localized to the perilesional boundaries of the CCM (Figure 4.1B), 

which may indicate that the lesion core is not substantially interacting with microbubbles, perhaps 

due to its grossly enlarged diameter or its slow flow rate. Meanwhile, the perilesional 



microvasculature displayed marked gadolinium accumulation regardless of moderate vessel 

diameter dilation compared to normal brain capillaries (Figure 4.1D). Further, our findings 

suggest that T1 contrast enhancement as well as subharmonic, ultraharmonic, and broadband 

acoustic signatures of microbubble activity are not significantly different between CCM mice and 

wild-type mice (Figure 4.3). While the harmonic signatures for PNPs of 0.4 MPa and 0.5 MPa 

were not significantly different between CCM and wild-type mice, increases in harmonic 

signatures were seen in CCM mice at 0.6 MPa (Figure 4.3E). This is the only indication that the 

altered properties of the CCM vasculature, such as vessel diameter, stiffness, and 

contractility55,85,86, can impact microbubble activity when high enough PNPs are applied. 

Additionally, since CCMs have a baseline leakiness, it was possible that FUS BBBO would not 

increase the accumulation of small molecules within the lesion microenvironment. Nevertheless, 

T1 contrast enhancement from the post-FUS image over the pre-FUS image is indeed apparent 

for PNPs ranging from 0.3 MPa – 0.6 MPa (Figure 1D), indicating that gadolinium accumulation 

is increased over baseline levels via FUS BBBO. Ultimately, while the pattern of T1 contrast 

enhancement may be altered in CCM mice, FUS still effectively opens the BBB in the perilesional 

vasculature of the lesion, and the MRI and acoustic signatures are largely comparable to wild-

type mice. 

4.4.2 ACUTE STABILITY OF CCMS EXPOSED TO FUS BBBO 

The capricious state of these hemorrhage-prone CCMs raised an important concern: 

would BBBO increase the propensity of CCMs to bleed? The addition of mechanical stress and 

disruption of already loose endothelial cell tight junctions from oscillating microbubbles had the 

potential to weaken the stability of CCMs. However, our findings clearly show that FUS BBBO is 

safe for CCMs. Even susceptibility-weighted images, which have an increased sensitivity to 

hemorrhage and blood products, demonstrated no acute changes in bleeding between the pre- 

and post-sonication images (Figure 4.2D, E). T2-weighted spin echo sequences, which can 



accurately represent lesion volume and internal architecture, displayed no acute changes in lesion 

volume between the pre- and post-sonication images (Figure 4.2B,C)93. These results also 

continued for post-sonication images at later timepoints of up to one month, indicating that FUS 

BBBO is safe for CCMs both acutely and chronically. Meanwhile, our results did indicate that 

edema and hemosiderin deposits can be seen in lesion-free brain tissue in both wild-type and 

CCM mice when using PNPs greater than 0.4 MPa (Figure 4.4). This finding further supports the 

use of PCD-modulated PNP feedback systems that have been widely adopted in the field and is 

used in clinical trials to ensure the safety of FUS BBBO treatments (Figure 4.5)87,89–92,99. 

4.4.3 FUS BBBO PROVIDES A THERAPEUTIC EFFECT FOR CCMS AND FAMILIAL 

FORMS OF THE DISEASE 

After establishing that FUS BBBO was safe, we questioned whether it could be therapeutic 

for CCMs. From analysis of longitudinal MR images, we show that FUS BBBO is capable of both 

fully arresting the growth of pre-existing CCMs (Figure 4.6) and preventing de novo CCM 

formation (Figure 4.7). The ability to slow and even reverse the growth of CCMs could have far-

reaching implications for CCM therapy. The pathological trajectory of many CCMs remains 

uncertain to clinicians10,12,77, so patients must choose between invasive, risky neurosurgery or 

inaction. FUS BBBO could provide a non-invasive alternative to enable the stabilization of the 

lesion without the risks associated with surgery or the lack of intervention.  

Further, this approach could be revolutionary for patients with the familial form of the 

disease. Familial CCM patients have multiple lesions, of which several can often arise in locations 

that are inoperable or are associated with a very high risk for post-operative morbidities2,10. FUS 

BBBO could be used to stabilize multiple CCMs within a single treatment session, including those 

in eloquent locations, while simultaneously protecting those sonicated areas from future CCMs. 



FUS BBBO could help make an impossible choice for CCM patients or parents of CCM patients 

more manageable. 

4.4.4 POSSIBLE MECHANISMS FOR THE PROTECTIVE EFFECT OF FUS BBBO IN CCM 

The ability of FUS BBBO to exert powerful therapeutic effects for CCMs was surprising; 

however, this is not the first disease indication where FUS BBBO has been shown to be protective. 

FUS BBBO—in the absence of drug delivery—has also exhibited a therapeutic effect for 

Alzheimer’s disease24,28,30,81–84. The exact mechanism of action in Alzheimer’s disease remains 

unclear, though many studies have investigated the potential mechanisms behind its benefit28,82–

84,100. Some of these potential mechanisms include enhanced clearance (of amyloid-β plaque), 

increased activation of microglia and/or macrophages, and leakage of plasma-based growth and 

signaling factors24,25. It is unknown if the mechanism(s) behind the protective role in Alzheimer’s 

disease are the same for CCM. Clearance of blood products from the hemosiderin rim and CCM 

could reduce apparent lesion volume, as well as have the potential to reduce inflammation and 

neurotoxicity near the lesion. Activation of microglia and macrophages could increase 

phagocytosis and compaction of blood products, again potentially reducing the apparent lesion 

volume and reducing neurotoxicity. Leakage of plasma-based growth and signaling factors could 

have a wide range of effects for the CCM, but it is feasible that some number of plasma-based 

factors would be protective for the CCM. Indeed,  several plasma-circulating factors are capable 

of modulating CCM pathology1. An additional mechanism that may be unique to CCM is 

downstream effects elicited by microbubble-induced mechanical stresses on the vasculature. In 

fact, shear stress and fluid flow play a role in CCM development96. The Krit1 mutation of CCM 

has been shown to diminish endothelial cell response to shear stress55,69, and blood flow has 

been shown to suppress vascular malformations in a Krit1 zebrafish model of CCM101. Ultimately, 

several potential mechanisms may underlie the protective role of FUS BBBO for CCM. 



4.4.5 THE POTENTIAL OF FUS BBBO TO SYNERGIZE WITH PHARMACOLOGICAL 

TREATMENTS 

To date, no pharmacological agent has been approved for the treatment of CCM, yet a 

few drugs have entered clinical trials (propranolol: NCT03589014, REC-994: NCT05085561, 

simvastatin: NCT01764451, and atorvastatin: NCT02603328). Additionally, many drugs for CCM 

are being examined in the preclinical stage1. These drug candidates have the potential to 

seamlessly integrate with the FUS BBBO approach used in this study. Therapeutic agents can be 

injected alongside FUS BBBO and benefit from the enhanced permeability as a way to shift the 

systemic dose to be more localized to the CCM. This would be reflected as an increase in the 

therapeutic index, which could be leveraged to reduce the amount of drug needed and help 

mitigate potential drug side effects. Moreover, FUS BBBO could also have the potential to unlock 

whole new classes of drug candidates. Larger molecular weight biologics, like antibodies and 

gene therapies, would have a greater potential to accumulate in the CCM microenvironment with 

the aid of increased permeability via FUS BBBO25,79. Indeed, the vast majority of the drug 

candidates being studied for CCM currently are small molecules1. Ultimately, the innate protective 

effect of FUS BBBO for CCM and the countless drug candidates that could integrate with the 

enhanced delivery of this approach provides an immeasurable potential to vastly expand the 

therapeutic options and to transform the treatment paradigm for CCM. 

  



4.5 MATERIALS AND METHODS 

4.5.1 ANIMALS 

All animal experiments were approved by the University of Virginia Animal Care and Use 

Committee. The animals were housed under standard laboratory conditions (22°C and 12h/12h 

light/dark cycle). The generation of the CCM murine models (Pdgfb-CreERT2;Krit1
fl/null or Cdh5-

CreERT2;Krit1
fl/null) that were used in these studies has been described previously93. Briefly, 

Pdgfb-CreERT2 or Cdh5-CreERT2 mice were crossed with Krit1
fl/null male or females. On 

postnatal day 5, Krit1 gene ablation was induced with an injection of tamoxifen (subcutaneous; 

50uL at 2mg/mL in corn oil). Genotypes were confirmed using Transnetyx (Cordova, TN). Wild-

type mice in this study were on the same background strain as the CCM model (C57BL/6; Charles 

River). All mice were treated between 9 weeks and 13 weeks of age. Mouse sex, litter, age, and 

treatment assignment are listed in detail in Table 4.S1.  

4.5.2 MR IMAGING 

MR imaging was performed using either a 7T Bruker/Siemens ClinScan or a 9.4T Bruker 

BioSpec small animal MRI scanner. T2-weighted spin echo images were acquired at 7T with the 

Siemens 3D T2-SPACE sequence (repetition time of 3000 ms, echo time of 80 ms, pixel size of 

125 μm x 125 μm x 100 μm, 2 averages, and 20 min acquisition time) or at 9.4T with the Bruker 

3D T2-TurboRARE sequence (repetition time of 2000 ms, echo time of 55 ms, pixel size of 125 

μm x 125 μm x 125 μm, 1 average, and 30 min acquisition time). Susceptibility-weighted images 

were acquired at 7T with the swi3d1r sequence (repetition time of 18 ms, echo time of 10 ms, 

pixel size of 130 μm x 130 μm x 130 μm, 2 averages, and 15 min acquisition time). T1-weighted 

spin echo images were acquired at 9.4T with the Bruker 2D T1-RARE sequence (repetition time 

of 1500 ms, echo time of 6 ms, pixel size of 156 μm x 156 μm x 350 μm, 1 average, and 3 min 



acquisition time). All imaging was performed under isoflurane anesthesia, and body temperature 

was maintained with a heated, circulating water bed.  

4.5.3 SELECTION OF CCMS FOR SONICATION 

Following baseline MR image acquisition, images were reviewed to assess appropriate 

CCMs for sonication. CCMs located within the left or right caudoputamen, corpus callosum, or 

cerebral cortex were eligible for targeting. The average sonicated and non-sonicated 

(contralateral control) CCM volume prior to FUS application was 0.039 mm3 for both conditions in 

the longitudinal studies. Prior to safety evaluation measurements and analysis, sonications were 

confined to single CCMs without neighboring CCMs located dorsally or ventrally that would be 

within the focal zone. Following the initial safety evaluation, multiple CCMs were eligible for 

sonication if they were within the same focal volume.  

4.5.4 FUS BBBO 

FUS BBBO was performed with the RK-300 small bore FUS device (FUS Instruments, 

Toronto, CA). Heads of mice were shaved and depilated prior to supine placement and coupling 

to the transducer with degassed ultrasound gel. BBBO was performed with a 1.13 MHz single-

element transducer using a 10 ms burst length over a 2000 ms period for 60 total sonications 

during a 2-min sonication duration. Fixed PNP application was performed using the “Burst” mode 

on the FUS Instruments software. PCD-modulated PNP was performed using the “Blood-brain 

Barrier” mode of the FUS Instruments software. Parameters used for this feedback control system 

included a starting pressure of 0.2 MPa, pressure increment of 0.05 MPa, maximum pressure of 

0.4 MPa, 20 sonication baselines without microbubbles, AUC bandwidth of 500 Hz, AUC 

threshold of 10 standard deviations, pressure drop of 0.95, and frequency selection of the 

subharmonic, first ultraharmonic, and second ultraharmonic. Gadolinium contrast agent 

(Multihance) was injected as a bolus intravenously with a dose of 0.01 mmol diluted in saline at a 



molarity of 0.2 mmol/mL prior to T1-RARE image acquisition. Albumin-shelled microbubbles were 

made in-house as previously described102 and intravenously injected as a bolus dose of 105 

microbubbles per gram body weight. Distribution of microbubble diameter and concentration was 

acquired with a Coulter counter (Multisizer 3; Beckman Coulter, Fullerton, California) prior to 

sonication. High resolution T2-weighted images and T1-RARE images were used to guide FUS 

targeting to the pre-selected CCM. A single sonication target was used in all experiments, except 

in the case of PCD-modulated PNPs, in which two sonication targets were used. Mice receiving 

the repeat FUS BBBO regimens had all sonications staged 3 days apart with the same anatomical 

location targeted each time.  

4.5.5 ACOUSTIC SIGNATURES FROM PASSIVE CAVITATION DETECTION 

Acoustic emissions were detected with a fiber-optic hydrophone (Precision Acoustics, 

Dorset, UK) of 10 mm diameter and 15 mm aperture center-mounted within the ultrasound 

transducer. Emissions data was processed and spectrograms were generated with a custom 

MATLAB script. The area under the curve of the acoustic emissions at the subharmonic (0.5f) 

and ultra-harmonics (1.5f, 2.5f) were calculated after applying a 300 Hz bandwidth filter. 

Broadband emissions were evaluated by summing acoustic emissions following the removal of 

all emissions at the fundamental frequency (f), harmonics (2f, 3f, 4f), subharmonic (0.5f), and 

ultra-harmonics (1.5f, 2.5f, 3.5f). 

4.5.6 T1 CONTRAST ENHANCEMENT ANALYSIS 

Gadolinium accumulation following FUS BBBO was evaluated using the enhancement of 

T1 contrast in T1-RARE images. In a DICOM viewer (Horos Project, Geneva, Switzerland), an 

ROI was drawn around the T1 enhanced contrast boundaries on the image slice containing the 

targeted lesion. The ROI was then copied onto the pre-sonication T1-RARE image on the same 

slice. For wild-type mice, ROIs were drawn around the T1 contrast boundaries in similar 



ventral/dorsal slice depths as CCM mice. Mean grayscale intensity for each ROI was recorded, 

and fold change in grayscale intensity from the post-image to the pre-image was calculated. This 

process was repeated for all sonicated mice across each PNP.  

4.5.7 BRAIN TISSUE EDEMA AND HEMOSIDERIN DEPOSITION ANALYSIS 

Damage to lesion-free brain tissue following FUS BBBO was evaluated in 3D Slicer using 

the high resolution T2-weighted spin echo MR images. MR images were initially segmented by 

the brain tissue boundaries to generate a mask of the brain. Bias field correction was then applied 

with the N4ITK MRI Bias Field Correction tool in 3D Slicer to correct for inhomogeneities in signal 

intensity across the brain due to mouse rotation relative to the MR surface coil. Mean grayscale 

intensity was then recorded within ROIs of equal volume in lesion-free brain tissue for both non-

sonicated (contralateral) and sonicated (ipsilateral) hemispheres on the same dorsal slice. 

Healthy brain tissue would have an ipsilateral-to-contralateral grayscale ratio near 1. Edema 

would produce a ratio greater than 1, while hemosiderin would produce a ratio less than 1.  

4.5.8 CCM GROWTH ANALYSIS  

CCM volume prior to, and longitudinally following, FUS BBBO was evaluated in Horos 

using the high resolution T2-weighted spin echo MR images. For each timepoint, an ROI was 

manually drawn around the sonicated CCM in each slice it was present. The Horos “Compute 

Volume” tool was then used to calculate the three-dimensional volume of the CCM across imaging 

timepoints. In the same mice, ROIs were also drawn around non-sonicated CCMs (i.e. control 

CCMs) that had similar volumes and anatomical locations as sonicated lesions. CCM mice with 

enlarged ventricles at the one-month timepoint were removed from this analysis. 

4.5.9 NEW LESION FORMATION ANALYSIS 

Formation of new CCMs was assessed by calculating the change in lesion number from 

the baseline pre-FUS to the one-month post-FUS high resolution T2-weighted spin echo MR 



images. For both timepoints, an ROI was first drawn around the T1 contrast enhanced boundaries 

within the T1-RARE images taken following FUS BBBO, extending from the most dorsal to most 

ventral slices of the brain and focal column. These ROIs were then copied onto the T2-weighted 

spin echo images and adjusted to match the same anatomical positioning. These ROIs were then 

copied to the contralateral brain region and adjusted to mirror the same anatomical positioning. 

CCMs within the ROIs were then manually counted and recorded for both timepoints and for both 

the ipsilateral ROI and the contralateral ROI. The baseline CCM number was subtracted from the 

one-month CCM number for both the ipsilateral ROI volume and the contralateral ROI volume in 

each mouse to produce the number of new CCMs formed in each ROI volume during the one-

month time period. CCM mice with enlarged ventricles at the one-month timepoint were removed 

from this analysis. 

4.5.10 IMMUNOHISTOCHEMISTRY 

Mice were perfused with phosphate-buffered saline (PBS) and 4% paraformaldehyde, and 

after harvesting, brains were fixed overnight in 4% paraformaldehyde and dehydrated in 30% 

sucrose solution for 24 h. Brains were then embedded in Optimal Cutting Temperature Compound 

(TissueTek) for cryosectioning at 30-µm thickness. Sections were incubated in blocking solution 

(1% bovine serum albumin, 2% normal donkey serum, and 0.1% Triton X-100, and 0.05% Tween-

20 in PBS) for 2 h at RT. Brain sections were then incubated with goat anti-CD31 (1:20, R&D 

Systems, AF3628) diluted in the blocking solution overnight at 4°C. After three 5-min washes in 

PBS with 0.5% Tween-20, the sections were incubated with donkey anti-goat Alexa 647 (1:500, 

Invitrogen A21447) and diluted in the blocking solution for 2 h at RT. Sections were imaged with 

a Leica Stellaris 5 confocal microscope (Leica Microsystems). Images were processed with 

Fiji/ImageJ.  

 



4.5.11 STATISTICAL ANALYSIS 

 All results are reported as mean ± standard error of the mean (SEM). The “n” values per 

group are made evident either by individual data points shown or statement of “n” value in figure, 

figure legend, and/or manuscript text. Statistical significance was assessed at p < 0.05 for all 

experiments. Linear mixed effect models were conducted and analyzed with the lme4 package 

(version 1.1.34) and the emmeans package (version 1.8.9) in R Studio. All other statistical tests 

were performed using GraphPad Prism 9 (San Diego, USA). Statistical tests, models, and p-

values are listed in detail for all manuscript figures in Table 4.S2. 

  



4.6 CHAPTER 4 FIGURES 
 

 

Figure 4.1. FUS effectively opens the BBB within the CCM microenvironment. (A) Confocal image 
of a CCM (in the absence of FUS) stained with CD31 for endothelial cells. Image depicts the 
grossly enlarged CCM core (yellow arrow), and moderately dilated perilesional vasculature (white 
arrows). Scale bar = 100 µm. (B) Top row: Baseline, high-resolution T2-weighted spin echo 
images used for selecting CCMs for FUS targeting. Arrowheads indicate selected CCMs. Middle 
row: T1-weighted spin echo images acquired following gadolinium contrast agent injection but 
immediately prior to FUS application. Circles indicate targeted CCMs, and insets display 
magnified views of the targeted CCMs. Bottom row: T1-weighted spin echo images acquired 
following gadolinium contrast agent injection and FUS application. Columns indicate PNPs used 
for sonication. T1 contrast enhancement is visible following FUS BBBO and localized to 
perilesional boundaries of the sonicated CCM. (C) Bar graph of T1 contrast enhancement 
quantified as the fold change in grayscale intensity of sonicated CCMs in the post-image over the 
pre-image (as seen in A). Gadolinium accumulation following FUS BBBO over the baseline CCM 
leakiness for PNPs of 0.3 MPa to 0.6 MPa. One-way ANOVA followed by Dunnett’s multiple 
comparisons test, p=0.054 for 0.3 MPa and p<0.0001 for 0.4 MPa – 0.6 MPa. 

  



 

Figure 4.2. Acute stability of CCMs exposed to FUS BBBO. (A) High-resolution T2-weighted spin 
echo images displaying either CCMs prior to sonication (top row) or 24 h following sonication 
(bottom row). Circles denote targeted CCMs, and insets display magnified views of the targeted 
CCMs. (B) Targeted CCM volumes prior to sonication and 24 h following sonication on T2-
weighted spin echo images with color indicating applied PNP. CCM volume does not significantly 
demonstrate changes in volume following sonication. Wilcoxon matched-pairs signed rank test, 
p=0.4143. (C) High-resolution susceptibility-weighted images of the same mice in A, displaying 
either CCMs prior to sonication (top row) or 24 h following sonication (bottom row). (D) Targeted 
CCM volumes prior to sonication and 24 h following sonication on susceptibility-weighted images 
with color indicating applied PNP. CCM volume does not significantly demonstrate changes in 
bleeding following sonication. Wilcoxon matched-pairs signed rank test, p=0.3396. 

  



 

 

 

 



Figure 4.3. Comparison of FUS BBBO contrast enhancement and acoustic emission signatures 
between wild-type and CCM mice. (A) Representative T1-weighted spin echo images acquired 
following gadolinium contrast agent injection and FUS application in wild-type mice or CCM mice 
from PNPs of 0.4 MPa – 0.6 MPa. (B) Bar graph of T1 contrast enhancement quantified as the 
fold change in grayscale intensity of sonicated area in the post-image over the pre-image. 
Enhancement is comparable in wild-type and CCM mice for PNPs of 0.4 MPa- 0.6 MPa. Two-way 
ANOVA with Šidák’s multiple comparison test, p=0.9238 for 0.4 MPa, p=0.9998 for 0.5 MPa, and 
p=0.9590 for 0.6 MPa. (C) Spectrograms of the frequency response for each burst during the FUS 
application averaged over cohorts of wild-type and CCM mice at PNPs of 0.4 MPa – 0.6 MPa 
(n=3 mice per group and 2-3 sonication replicates per mouse). (D) Subharmonic, first 
ultraharmonic, and broadband emissions for wild-type and CCM mice at PNPs of 0.4 MPa – 0.6 
MPa, indicating comparable inertial cavitation-associated signatures between wild-type and CCM 
mice. Two-way ANOVA with Šidák’s multiple comparisons test, p>0.4 for all PNPs. (E) Second, 
third, and fourth harmonic emissions for wild-type and CCM mice at PNPs of 0.4 MPa – 0.6 MPa, 
indicating that stable cavitation-associated signatures between wild-type and CCM mice are 
comparable at 0.4 MPa and 0.5 MPa but not are significantly increased in CCM mice at 0.6 MPa. 
Two-way ANOVA with Šidák’s multiple comparisons test; p>0.7 for 0.4 – 0.5 MPa and 2nd – 4th 
harmonics; p<0.0001, p=0.0006, p<0.0001 for 0.6 MPa and 2nd, 3rd, and 4th harmonics, 
respectively. 

  



 

Figure 4.4. CCM mice are not differentially sensitive to adverse effects generated by FUS BBBO 
at high PNPs. (A) Representative high resolution, T2-weighted spin echo images of wild-type and 
CCM mice at 1 d, 7 d, and 30 d post sonication at PNPs of 0.4 MPa – 0.6 MPa in either a single 
sonication or repeat sonication treatment regimen. Ovals denote focal column. White arrows 
denote hyperintensities associated with edema. Yellow arrows denote hypointensities associated 
with hemosiderin deposition. (B) Scatterplot of ipsilateral-to-contralateral grayscale intensity on 
1d post FUS (when edema is visible) of wild-type and CCM mice for PNPs of 0.4 MPa – 0.6 MPa. 
Comparison of fits with F-test for a 2nd order polynomial regression indicates that edema 
signatures in wild-type and CCM differ, p=0.0473. (C) Scatterplot of ipsilateral-to-contralateral 
grayscale intensity on 30d post FUS (when hemosiderin is visible) of wild-type and CCM mice for 
PNPs of 0.4 MPa – 0.6 MPa. Comparison of fits with F-test for a 2nd order polynomial regression 
indicates that hemosiderin signatures in wild-type and CCM are comparable, p=0.7734. (D) Line 
graphs of ipsilateral-to-contralateral grayscale intensities over the one-month imaging period for 
all PNPs within a mouse model and treatment arm, revealing that edema on day 1 is generally 
followed by hemosiderin on days 7 and 30. (E) Ipsilateral-to-contralateral grayscale intensities 
over the one-month imaging period for all PNPs within a mouse model and treatment arm, 
indicating no significant differences when comparing models at individual PNPs within a treatment 
arm. Two-way ANOVA with Holm-Šidák’s multiple comparisons test; p=0.1368 and p=0.5386 for 



both PNPs in the single treatment arm for edema and hemosiderin, respectively; p>0.7 for PNPs 
of 0.4 MPa and 0.5 MPa and p=0.0923 for PNP of 0.6 MPa in the repeat treatment arm for edema; 
p>0.5 for all PNPs in the repeat treatment arm for hemosiderin. 

  



 

Figure 4.5. Real-time PCD-modulation of PNP ensures the safety of sonicated brain tissue 
without compromising gadolinium delivery. (A) Applied PNP versus time during PCD feedback-
controlled approach. Each line indicates the average applied PNP across two sonication targets 
for the same mouse during a single FUS sonication period. (B) Representative T1-weighted 
contrast images before and after FUS BBBO with PCD-modulated PNPs. (C) Bar graph of T1 
contrast enhancement quantified as the fold change in grayscale intensity of sonicated CCMs in 
the post-image over the pre-image (as seen in B), indicating successful BBBO. Wilcoxon 
matched-pairs signed rank test, p=0.0156. (D) Bar graph of T1 contrast enhancement quantified 
as the fold change in grayscale intensity of sonicated CCMs in the post-image over the pre-image 
for CCM mice with fixed PNP and PCD-modulated PNP cohorts. Graphs reveals that T1 contrast 
enhancement is greater with PCD-modulated PNP compared to fixed PNP in the same range of 
applied PNP of 0.2 – 0.4 MPa. One-way ANOVA with Dunnett’s multiple comparison’s test, 
p<0.0001 for PCD vs. 0.2 MPa, p=0.0018 for PCD vs. 0.3 MPa, p=0.0368 for PCD vs. 0.4 MPa, 
p=0.2864 for PCD vs. 0.5 MPa, and p=0.9918 for PCD vs. 0.6 MPa. (E) Spectrogram of the 
frequency response for each burst during the FUS application averaged over CCM mice with 
PCD-modulated PNP (n=4 mice and 2 sonication replicates per mouse). Dotted line denotes 
separation of baseline sonications without microbubbles and sonications with microbubbles. (F) 
Subharmonic, broadband, and second harmonic emissions for CCM mice at PCD-modulated PNP 
and fixed PNPs of 0.4 MPa – 0.6 MPa, indicating comparable acoustic signatures for PNPs less 
than 0.6 MPa. Two-way ANOVA with Šidák’s multiple comparisons test, p>0.8 for the 
subharmonic, ultraharmonic, and 2nd-3rd harmonic emissions for PCD vs. 0.4 or 0.5 MPa; p>0.3 
for the broadband emissions; p=0.003 for 2nd harmonic emissions and 0.6 MPa vs. PCD,0.4 MPa, 
and 0.5 MPa. (G) Representative high resolution, T2-weighted spin echo images of wild-type and 
CCM mice at 1 d, 7 d, and 30 d post sonication at PNPs of 0.4 MPa – 0.6 MPa in either a single 
sonication or repeat sonication treatment regimen. Ovals denote focal column. (H) Line graphs of 



ipsilateral-to-contralateral grayscale intensities over the one-month imaging period for CCM mice 
and all PNP regimens. (I) Scatterplot of ipsilateral-to-contralateral grayscale intensity versus time-
averaged PNP for CCM with single treatments and fixed PNP, repeat treatments and fixed PNP, 
or repeat treatments and PCD-modulated PNP mice on day 1 (left) or day 30 post-FUS (right). 
For edema, ipsilateral-to-contralateral grayscale intensity is not significantly correlated with PNP; 
however, for hemosiderin, ipsilateral-to-contralateral grayscale intensity is significantly correlated 
with PNP. Linear regression with F test, p=0.8382 for edema and p=0.0163 for hemosiderin. 

  



 

  



Figure 4.6. FUS BBBO arrests the growth of sonicated CCMs. (A, C, E) Longitudinal T2-weighted 
spin echo images for representative mice in the (A) single sonication with fixed PNP arm, (C) 
repeat sonication with fixed PNP arm, or (E) repeat sonication with PCD-modulated PNP arm. 
Black circles indicate non-sonicated, control lesions, and colored circles indicate sonicated 
lesions corresponding to PNP applied. White arrows denote new lesions formed in non-sonicated 
hemisphere. (B, D, F) Left: Summary plots comparing the natural log transform of CCM volume 
between sonicated CCMs and non-sonicated CCMs for mice in the (B) single sonication with fixed 
PNP arm, (D) repeat sonication with fixed PNP arm, or (F) repeat sonication with PCD-modulated 
PNP arm.  Right: Line graphs of CCM volume for individual CCMs for each treatment group. At 
30 days, sonicated CCMs are significantly smaller than non-sonicated control CCMs for all 
treatment arms. Linear mixed effects model: [log (Volume) ~ Treatment*Time + Starting Volume 
+ (Mouse ID) + (Lesion ID)]; p=0.000254, p=1.64E-7, and p=0.00604 for the single, fixed PNP; 
repeat, fixed PNP; and repeat, PCD-mod. PNP arms, respectively. At 7 days, sonicated CCMs 
are significantly smaller than non-sonicated CCMs in the repeat FUS and fixed PNP arm. Linear 
mixed effects model: [log (Volume) ~ Treatment*Time + Starting Volume + (Mouse ID) + (Lesion 
ID)], p=0.0186. 

  



  



Figure 4.7. FUS BBBO with fixed PNP and repeat sonications can prevent de novo lesion 
formation. (A, C, E) Top row: T1-weighted spin echo images taken immediately following FUS 
BBBO with hyperintense signal denoting the focal column. Middle and bottom rows: minimum 
intensity projection images of longitudinal T2-weighted spin echo images to visualize through 1 
mm of the focal column for representative mice in the (A) single sonication with fixed PNP arm, 
(C) repeat sonication with fixed PNP arm, or (E) repeat sonication with PCD-modulated PNP arm. 
Black ovals denote contralateral, non-sonicated ROIs for de novo quantification, while colored 
ovals represent sonicated ROIs. (B, D, F) Paired line graph comparing the change in CCM number 
one month following FUS BBBO between the sonicated brain region and the contralateral non-
sonicated brain region for mice in the (B) single sonication with fixed PNP arm, (D) repeat 
sonication with fixed PNP arm, or (F) repeat sonication with PCD-modulated PNP arm. Concentric 
circles indicate multiple mice with the same number of de novo CCMs. Colors indicate applied 
PNP. For mice receiving the repeat FUS regimen with fixed PNP, the number of new lesions 
formed in the sonicated brain region is significantly reduced compared to the contralateral brain 
region. Wilcoxon matched-pairs signed rank test, p=0.0312. 

  



4.7 CHAPTER 4 SUPPLEMENTAL FIGURES 
  



Figure 4.S1. Correlations of FUS BBBO PNP and treatment number on CCM volume change and 
formation. (A) Plot of lesion volume change and PNP for all treatment conditions. Linear 
regression indicates that volume change and PNP are inversely correlated, p=0.0017. (B) Plot of 
de novo CCM formation and PNP for all treatment conditions. Linear regression indicates that de 

novo CCM formation and PNP are inversely correlated, p=0.0064. (C) Plot of lesion volume 
change and number of FUS applications (i.e. Tx#) for all treatment conditions. Linear regression 
indicates that volume change and Tx# are inversely correlated, p=0.0021. (D) Plot of de novo 
CCM formation and number of FUS applications (i.e. Tx#) for all treatment conditions. Linear 
regression indicates that de novo CCM formation and Tx# are not inversely correlated, p=0.0914. 
(E) Spearman correlation matrix for FUS BBBO and CCM parameters, indicating significant 
inverse correlations between lesion volume change and PNP (p<0.0001), lesion volume change 
and Tx# (p=0.0006), de novo CCM formation and PNP (p<0.0001), and de novo CCM formation 
and Tx# (p=0.0164). 

  



Figure 4.S2. Effect of sex on the therapeutic outcomes of FUS BBBO for CCM. (A) Summary 
plots comparing the natural log transform of CCM volume between sonicated CCMs and non-
sonicated CCMs over time disaggregated by sex. At 1 month, CCMs in male mice were larger 
than those in female mice, regardless of FUS BBBO treatment (Linear mixed effect model: Table 
S2). Sex did not significantly alter the ability of FUS BBBO to control CCM growth (Linear mixed 
effect model: Table S2). (B) Plots of CCM volume for individual CCMs for each treatment group 
over time disaggregated by sex. (C) Summary plots comparing the number of de novo CCMs 
between sonicated CCMs and non-sonicated CCMs disaggregated by sex. Sex did not 
significantly alter the ability of FUS BBBO to control CCM formation (Linear mixed effect model: 
Table S2). (D) Boxplots of de novo comparing the number of de novo CCMs for each treatment 
group disaggregated by sex.  

  



4.8 CHAPTER 4 SUPPLEMENTAL TABLES 
 

Table S4.1: Mouse and treatment assignment characteristics 

Mouse ID Tx Cohort PNP (or AVG PNP) Litter # Sex Age at Tx (wk) 
32 Repeat 0.5 1 F 10 
33 Repeat 0.6 1 F 10 
37 Repeat 0.4 2 M 10 
38 Repeat 0.6 2 M 10 
103 Repeat 0.5 3 F 9 
104 Repeat 0.4 3 F 9 
106 Repeat 0.4 3 F 9 
81 Repeat 0.5 4 F 10 
83 Repeat 0.6 4 M 10 
903 Single 0.5 5 F 9 
904 Single 0.4 5 F 9 
74 Single 0.5 6 F 9 
75 Single 0.5 6 F 9 
76 Single 0.4 6 F 9 
79 Single 0.4 6 M 9 
841 PCD 0.26 7 M 13 
831 PCD 0.23 8 M 13 
306 PCD 0.22 9 M 11 
311 PCD 0.23 9 F 11 

 

  



Table 4.S2: Statistical tests and p-values for manuscript figures 

Figure 1C: One-way ANOVA with Dunnett’s Multiple Comparisons Test 
Comparison p-value 
Pre vs. 0.2 0.9986 
Pre vs. 0.3 0.0054 
Pre vs. 0.4 <0.0001 
Pre vs. 0.5 <0.0001 
Pre vs. 0.6 <0.0001 
Figure 2B: Wilcoxon Matched-Pairs Signed Rank Test 
Comparison p-value 
Pre-FUS vs. Post-FUS 0.4143 
Figure 2D: Wilcoxon Matched-Pairs Signed Rank Test 
Comparison p-value 
Pre-FUS vs. Post-FUS 0.3396 
Figure 3B: Two-way ANOVA with Šidák’s Multiple Comparisons Test 
Comparison p-value 
0.4 MPa: WT vs. CCM 0.9238 
0.5 MPa: WT vs. CCM 0.9998 
0.6 MPa: WT vs. CCM 0.9590 
Figure 3D: Two-way ANOVA with Šidák’s Multiple Comparisons Test 
Comparison p-value 
Subharmonic: 0.4 MPa: WT vs. CCM 0.8640 
Subharmonic: 0.5 MPa: WT vs. CCM 0.9864 
Subharmonic: 0.6 MPa: WT vs. CCM 0.9573 
1st Ultraharmonic: 0.4 MPa: WT vs. CCM 0.9058 
1st Ultraharmonic: 0.5 MPa: WT vs. CCM 0.9934 
1st Ultraharmonic: 0.6 MPa: WT vs. CCM 0.8039 
Broadband: 0.4 MPa: WT vs. CCM 0.8457 
Broadband: 0.5 MPa: WT vs. CCM 0.9900 
Broadband: 0.6 MPa: WT vs. CCM 0.4019 
Figure 3E: Two-way ANOVA with Šidák’s Multiple Comparisons Test 
Comparison p-value 
2nd Harmonic: 0.4 MPa: WT vs. CCM >0.9999 
2nd Harmonic: 0.5 MPa: WT vs. CCM 0.9998 
2nd Harmonic: 0.6 MPa: WT vs. CCM <0.0001 
3rd Harmonic: 0.4 MPa: WT vs. CCM >0.9999 
3rd Harmonic: 0.5 MPa: WT vs. CCM >0.9999 
3rd Harmonic: 0.6 MPa: WT vs. CCM 0.0006 
4th Harmonic: 0.4 MPa: WT vs. CCM 0.9999 
4th Harmonic: 0.5 MPa: WT vs. CCM 0.7607 
4th Harmonic: 0.6 MPa: WT vs. CCM <0.0001 
Figure 4B: 2nd Order Polynomial Regression Comparison of Fits 
Null hypothesis One curve for all data sets 



Alternative hypothesis Different curve for each data set 
p-value 0.0473 
Figure 4C: 2nd Order Polynomial Regression Comparison of Fits 
Null hypothesis One curve for all data sets 
Alternative hypothesis Different curve for each data set 
p-value 0.7734 
Figure 4E: Two-way ANOVA with Holm-Šidák’s Multiple Comparisons Test 
Comparison p-value 
Single: Edema: 0.4 MPa: WT vs. CCM 0.1368 
Single: Edema: 0.5 MPa: WT vs. CCM 0.1368 
Single: Hemosiderin: 0.4 MPa: WT vs. 
CCM 0.5386 
Single: Hemosiderin: 0.5 MPa: WT vs. 
CCM 0.5386 
Repeat: Edema: 0.4 MPa: WT vs. CCM 0.7316 
Repeat: Edema: 0.5 MPa: WT vs. CCM 0.9667 
Repeat: Edema: 0.6 MPa: WT vs. CCM 0.0923 
Repeat: Hemosiderin: 0.4 MPa: WT vs. 
CCM 0.9965 
Repeat: Hemosiderin: 0.5 MPa: WT vs. 
CCM 0.5754 
Repeat: Hemosiderin: 0.6 MPa: WT vs. 
CCM 0.9965 
Figure 5C: Wilcoxon Matched-Pairs Signed Rank Test 
Comparison p-value 
Pre-FUS vs. Post-FUS 0.0156 
Figure 5D: One-way ANOVA with Dunnett’s Multiple Comparisons Test 
Comparison p-value 
PCD vs. 0.2  <0.0001 
PCD vs. 0.3 0.0018 
PCD vs. 0.4 0.0368 
PCD vs. 0.5 0.2864 
PCD vs. 0.6 0.9918 
Figure 5F: Two-way ANOVA with Šidák’s Multiple Comparisons Test 
Comparison p-value 
Subharmonic: PCD vs. 0.4 0.9993 
Subharmonic: PCD vs. 0.5 >0.9999 
Subharmonic: PCD vs. 0.6 0.3381 
Subharmonic: 0.4 vs. 0.5 0.9995 
Subharmonic: 0.4 vs. 0.6 0.5210 
Subharmonic: 0.5 vs. 0.6 0.3475 
Broadband: PCD vs. 0.4 0.3359 
Broadband: PCD vs. 0.5 0.5648 
Broadband: PCD vs. 0.6 0.6860 
Broadband: 0.4 vs. 0.5 0.9979 



Broadband: 0.4 vs. 0.6 0.0538 
Broadband: 0.5 vs. 0.6 0.0954 
2nd Harmonic: PCD vs. 0.4 >0.9999 
2nd Harmonic: PCD vs. 0.5 >0.9999 
2nd Harmonic: PCD vs. 0.6 0.0032 
2nd Harmonic: 0.4 vs. 0.5 >0.9999 
2nd Harmonic: 0.4 vs. 0.6 0.0027 
2nd Harmonic: 0.5 vs. 0.6 0.0031 
Figure 5I: Linear Regression 
Edema: Is slope significantly non-zero?  
F 0.05758 
DFn, DFd 1, 17 
P value 0.8132 
Equation Y = 0.03146*X + 0.9876 
Hemosiderin: Is slope significantly non-
zero?  
F 6.897 
DFn, DFd 1, 17 
P value 0.0177 
Equation Y = -0.3262*X + 1.066 
Figure 6B: Linear Mixed Effect Model by Restricted Maximum Likelihood 
logVolume ~ Treatment * Time + Starting Volume + (1 | Mouse) + (1 | Lesion) 
Random Effects: 
Groups Name Variance Std. Dev. 
Lesion ID (Intercept) 0.1452 0.3811 
Mouse ID (Intercept) 0 0 
Residual  0.2248 0.4742 
Fixed Effects: 
Groups Estimate Std. Error p-value 
Intercept -5.0212 0.2103 2.00E-16 
FUS BBBO+ -0.156 0.2569 0.546599 
7d 0.2827 0.2121 0.189679 
30d 1.0516 0.2121 1.22E-05 
Starting Volume 31.1736 5.2957 9.30E-06 
FUS BBBO+:7d -0.2667 0.2821 0.349698 
FUS BBBO+:30d -1.1272 0.2821 0.000254 
Figure 6D: Linear Mixed Effect Model by Restricted Maximum Likelihood 
logVolume ~ Treatment * Time + Starting Volume + (1 | Mouse) + (1 | Lesion) 
Random Effects: 
Groups Name Variance Std. Dev. 
Lesion ID (Intercept) 0.42707 0.6535 
Mouse ID (Intercept) 0.07932 0.2816 
Residual  0.57282 0.7568 
Fixed Effects: 
Groups Estimate Std. Error p-value 



Intercept -4.5358 0.2689 7.81E-16 
FUS BBBO+ -0.4472 0.3061 0.147764 
7d 0.8683 0.2336 0.000362 
30d 1.658 0.2336 3.73E-10 
Starting Volume 27.8133 4.1755 4.97E-08 
FUS BBBO+:7d -0.7752 0.3231 0.018627 
FUS BBBO+:30d -1.8455 0.3231 1.64E-07 
Figure 6F: Linear Mixed Effect Model by Restricted Maximum Likelihood 
logVolume ~ Treatment * Time + Starting Volume + (1 | Mouse) + (1 | Lesion) 
Random Effects: 
Groups Name Variance Std. Dev. 
Lesion ID (Intercept) 0.3568 0.5973 
Mouse ID (Intercept) 0 0 
Residual  0.3373 0.5808 
Fixed Effects: 
Groups Estimate Std. Error p-value 
Intercept -3.860709 0.281417 4.12E-15 
FUS BBBO+ -0.30401 0.364332 0.40962 
7d 0.178492 0.259738 0.49613 
30d 1.385354 0.259738 4.66E-06 
Starting Volume 7.297587 1.269863 1.90E-05 
FUS BBBO+:7d -0.006141 0.35888 0.98644 
FUS BBBO+:30d -1.043723 0.35888 0.00604 
Figure 7B: Wilcoxon Matched-Pairs Signed Rank Test 
Comparison p-value 
Contra vs. BBBO 0.1250 
Figure 7D: Wilcoxon Matched-Pairs Signed Rank Test 
Comparison p-value 
Contra vs. BBBO 0.0312 
Figure 7F: Wilcoxon Matched-Pairs Signed Rank Test 
Comparison p-value 
Contra vs. BBBO 0.2500 
Figure S1A: Linear Regression 
Is slope significantly non-zero?  
F 11.96 
DFn, DFd 1, 30 
P value 0.0017 
Equation Y = -0.4156*X + 0.1854 
Figure S1B: Linear Regression 
Is slope significantly non-zero?  
F 8.600 
DFn, DFd 1, 30 
P value 0.0064 
Equation Y = -5.941*X + 3.982 
Figure S1C: Linear Regression 



Is slope significantly non-zero?  
F 11.32 
DFn, DFd 1, 30 
P value 0.0021 
Equation Y = -0.09265*X + 0.1796 
Figure S1D: Linear Regression 
Is slope significantly non-zero?  
F 3.042 
DFn, DFd 1, 30 
P value 0.0914 
Equation Y = -0.8686*X + 3.471 
Figure S1E: Spearman Correlation Matrix 
 PNP Tx VolChange DeNovoDiff Start Vol 
PNP  p<0.0001 p<0.0001 p=0.0006 p=0.8444 
Tx p<0.0001  p<0.0001 p=0.0164 p=0.3145 
VolChange p<0.0001 p<0.0001  p=0.0223 p=0.9227 
DeNovoDiff p=0.0006 p=0.0164 p=0.0223  p=0.2356 
Start Vol p=0.8444 p=0.3145 p=0.9227 p=0.2356  
Figure S2A: Linear Mixed Effect Model by Restricted Maximum Likelihood 
logVol ~ Sex * Treatment * Time + StartVol + (1 | Mouse) + (1 | Lesion) + (1 | Cohort) 
Random Effects: 
Groups Name Variance Std. Dev. 
Lesion ID (Intercept) 0.49951 0.7068 
Mouse ID (Intercept) 0.08626 0.2937 
Cohort (Intercept) 0.037 0.1924 
Residual  0.41209 0.6419 
Fixed Effects 
Groups Estimate Std. Error p-value 
(Intercept) -4.43661 0.25911 3.44E-08 
M 0.40544 0.36007 0.2659 
FUSBBBO+ -0.02104 0.26514 0.9369 
7d 0.4201 0.18157 0.0219 
30d 1.11647 0.18157 5.50E-09 
Starting Volume 10.56322 1.42424 1.20E-10 
M:FUSBBBO+ -0.52574 0.42373 0.2168 
M:7d 0.33961 0.29065 0.2443 
M:30d 0.80099 0.29065 0.0065 
FUS BBBO+:7d -0.40329 0.2498 0.1083 
FUS BBBO+:30d -1.28541 0.2498 7.37E-07 
M:FUSBBBO+:7d -0.16299 0.3966 0.6816 
M:FUSBBBO+:30d -0.46596 0.3966 0.2417 
Figure S2C: Linear Mixed Effect Model by Restricted Maximum Likelihood 
De Novo Lesions ~ Sex * Treatment + StartingVolume + (1 | Mouse) + (1 | Cohort) 
Random Effects: 



Groups Name Variance Std. Dev. 
Mouse ID (Intercept) 1.664 1.29 
Cohort (Intercept) 9.58 3.095 
Residual  1.715 1.31 
Fixed Effects: 
Groups Estimate Std. Error p-value 
(Intercept) 4.6864 1.9186 0.12436 
M -0.5358 1.0766 0.62392 
FUS BBBO+ -2.1063 0.608 0.0036 
Starting Volume -9.7962 3.4981 0.00972 
M:FUS BBBO+ 1.6714 0.9845 0.11182 
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5.1 ABSTRACT 

BACKGROUND: Cerebral cavernous malformations (CCMs) are abnormal blood vessel clusters 

in the brain, inducing recurring hemorrhages and debilitating symptoms in affected individuals. 

Surgical resection, the primary treatment, poses significant risks, motivating the need for effective 

nonsurgical interventions. Focused ultrasound-mediated blood-brain barrier opening (FUS 

BBBO) has emerged as a promising non-invasive drug delivery technology, and our recent 

findings demonstrate its ability to arrest CCM growth. Building on this discovery, this study 

employs quantitative MRI methods to evaluate the delivery of different-sized molecules to CCMs 

with and without FUS BBBO, laying the foundation for potential treatment regimens to induce 

CCM regression and clearance. 

METHODS: Quantitative T1 mapping MRI sequences were used with 1 kDa (MultiHance) and 17 

kDa (GadoSpin D) contrast agents to measure model drug delivery with FUS BBBO. These 

measurements enabled temporal assessments of delivery after contrast injection and/or FUS 

BBBO along with spatial assessments of delivery in the CCM core and perilesional space.  

RESULTS: FUS BBBO significantly elevated the delivery rate of MultiHance in the lesion core 3-

fold and in the perilesional space 5-fold. Representing the therapeutic potential of FUS BBBO for 

small molecules, the total delivery of MultiHance more than doubled in the lesion core and tripled 

in the perilesional space when FUS BBBO was applied immediately prior to contrast injection. 

The benefit of FUS BBBO enhanced delivery in CCMs was even more apparent for biologic-sized 

molecules, as demonstrated by 22-fold and 3.8-fold increases in the lesion core and perilesional 

space, respectively, for GadoSpin D. Intriguingly, our results predict that FUS BBBO will elicit 

greater small molecule delivery to the perilesional space and greater small biologic delivery to the 

intralesional space.  



CONCLUSIONS: This work showcases the capacity of FUS BBBO to enhance therapeutic 

delivery across diverse molecular sizes to the CCM microenvironment. Combined with our prior 

demonstration of its independent efficacy in halting CCM growth and formation, these findings 

highlight the unprecedented potential of FUS BBBO to generate transformative treatment 

paradigms for CCM. 

  



5.2 INTRODUCTION 

Cerebral cavernous malformation (CCM) is a vascular disorder characterized by the 

development of abnormal, dilated clusters of blood vessels in the brain1.  These malformations 

are prone to repetitive hemorrhages, inducing debilitating symptoms, such as neurological 

deficits, seizures, and stroke, in affected individuals43–45. Presently, the prevailing recourse for 

treating symptomatic CCMs is surgical resection. However, surgical excision of CCMs poses an 

elevated risk of complications and morbidity, evident by a distressing rate of surgical adverse 

events2,103.   

Despite multiple studies investigating therapeutic targets and screening pharmacological 

treatments for CCM104–115, effective nonsurgical interventions remain elusive. The majority of 

tested pharmacological agents for CCM are small molecules, highlighting the unexplored potential 

of larger molecules such as antibodies and gene therapies. Additionally, drugs showing promise 

in acute CCM models often demonstrate limited efficacy in more clinically-representative chronic 

models, suggesting a potential need for greater local doses of these therapies52,53. Indeed, though 

CCMs are known to be more permeable than healthy cerebrovasculature11,13,14,40, delivery of 

systemically administered drugs to these lesions is poorly understood.  

Focused ultrasound (FUS)-mediated blood-brain barrier opening (BBBO) has emerged as 

a promising non-invasive drug delivery technology25,79,80. FUS concentrates acoustic energy into 

a confined volume, facilitating the oscillation of intravenously administered gas-filled 

microbubbles within blood vessels of the targeted region. These microbubble oscillations induce 

a transient disruption of endothelial tight junctions116 and increased active transport117, enabling 

therapeutic delivery across the BBB. Magnetic resonance imaging (MRI) guidance permits spatial 

targeting of FUS BBBO to specific brain regions and BBBO confirmation through the accumulation 

of gadolinium-based MRI contrast agents.   



Recently, our group demonstrated that FUS BBBO, in the absence of therapeutic delivery, 

arrests the growth of CCMs118. This remarkable observation prompts the exploration of the 

combined impact of FUS BBBO-mediated lesion stabilization and therapeutic delivery on CCMs. 

While our previous study also confirmed that FUS BBBO enhanced MRI contrast beyond the 

natural permeability of CCMs, the MRI sequences only provided qualitative assessments. In 

particular, this qualitative MRI approach was sub-optimal for visualizing contrast agent delivery to 

the lesion core. Indeed, the cellular and molecular composition within the lesion core, including 

mutated endothelium, red blood cells, and their byproducts, differs substantially from the 

perilesional space, characterized by dense populations of astrocytes and microglia93,118. This 

difference not only affects MRI signal but may also have implications for drug delivery to these 

distinct regions. Consequently, to facilitate comprehensive measurements of potential enhanced 

therapeutic delivery with FUS BBBO in the intricate CCM microenvironment, quantitative MRI 

methods are needed.  

Building on our recent demonstration of the growth-arresting effect of FUS BBBO on 

CCMs118, the objective of this study is to establish a foundation for therapeutic delivery 

approaches that harness and synergize with this potent bioeffect. We have previously 

demonstrated that T1-contrast mapping can enable longitudinal, quantitative concentration 

measurements of gadolinium-based molecules in CCMs93. Thus, this is an ideal method to 

measure FUS BBBO-induced changes for therapeutic delivery to CCMs. To this end, we 

employed T1-contrast mapping MRI to quantitatively evaluate the delivery of a 1 kDa and a 17 

kDa molecule to CCMs, comparing outcomes with and without FUS BBBO. This pursuit aims to 

lay the groundwork for treatment regimens capable of inducing CCM regression and clearance. 

  



5.3 RESULTS 

5.3.1 FUS BBBO ENHANCES DELIVERY RATE OF MULTIHANCE IN CCMS 

We first tested if FUS BBBO would increase the delivery rate of a small molecule to the 

CCM microenvironment. We employed T1 mapping MRI to measure the concentration of the MRI 

contrast agent MultiHance (gadobenate dimeglumine; ~1 nm; ~1 kDa) before and after the 

application of FUS BBBO in CCM mice. One frontal hemisphere received FUS BBBO (6 

sonication targets) with PCD feedback control 20 minutes following intravenous (i.v.) MultiHance 

injection. Meanwhile, the contralateral hemisphere was not sonicated (i.e., FUS- control) to 

illustrate the natural, baseline permeability in CCMs. As expected, prior to FUS BBBO, CCMs in 

the non-sonicated and sonicated hemispheres displayed similar rates of MultiHance accumulation 

(Figure 5.1A). FUS BBBO enhanced the fold change in MultiHance concentration in the lesion 

core 15 mins post-sonication (p=0.0162; Figure 5.1A) and also increased the delivery rate in the 

lesion core compared to the natural permeability of CCMs (p=0.0221; Figure 5.1B). Following 

FUS BBBO, the intralesional rate of MultiHance accumulation increased over the pre-FUS rate in 

the FUS-treated hemisphere by a factor of 3.1 while the rate of accumulation in the untreated 

hemisphere decreased between these time segments by a factor of 1.5 (Figure 5.1B). 

Predictably, the perilesional space of these CCMs also displayed the same permeability rate prior 

to FUS BBBO in both groups (Figure 5.1C). FUS BBBO trended towards augmenting fold change 

in MultiHance concentration in the perilesional space 15 mins post-sonication (p=0.1342; Figure 

1C) and significantly increased the delivery rate in the perilesional space compared to the natural 

CCM permeability (p<0.0001; Figure 5.1D). Following FUS BBBO, the perilesional rate of 

MultiHance accumulation increased over the pre-FUS rate in the FUS-treated hemisphere by a 

factor of 5.0 while the rate of accumulation in the untreated hemisphere decreased between these 

time segments by a factor of 1.3 (Figure 5.1D). These results indicate that FUS BBBO enhances 



the delivery rate of small molecules both in the lesion core and in the surrounding CCM 

microenvironment. 

 

5.3.2 FUS BBBO ENHANCES TOTAL DELIVERY OF MULTIHANCE IN CCMS 

We then tested the ability of FUS BBBO to augment small molecule delivery to CCMs 

using a protocol wherein the timing of i.v. MultiHance injection with respect to FUS BBBO 

application was specifically chosen to yield highly effective model drug delivery. For these 

experiments, T1 mapping MRI was conducted on CCM mice following MultiHance i.v. injection 

for 20 mins. One day later, FUS BBBO was applied to one frontal hemisphere of the same CCM 

mice immediately before i.v. Multihance injection. T1 mapping MRI was conducted for 20 mins 

thereafter. FUS BBBO boosted the intralesional space mean concentration of MultiHance 2.5-fold 

(p=0.0070; Figure 5.2A) and the perilesional space concentration 3.1-fold (p=0.0005; Figure 

5.2B) at 20 mins post injection. Area under the curve measurements, which represent the 

integrated exposure of CCM tissue to the model drug through time, also suggest that FUS BBBO 

enhances total delivery to both the intralesional (1.9-fold; p=0.0122; Figure 5.2C) and the 

perilesional (2.9-fold; p=0.0007; Figure 5.2D) spaces. MultiHance delivery after FUS BBBO is 

evident  in the perilesional space before the intralesional space (0.040 mM versus 0.029 mM, 

respectively, after 4.4 mins), yet both locations plateau to the same mean concentration by 20 

mins post-injection (0.069 mM each). These results reveal that FUS BBBO can more than double 

the amount of a small molecule delivered to the lesion core and triple the amount in the 

surrounding CCM microenvironment.  

 

 



5.3.3 FUS BBBO ENHANCES TOTAL DELIVERY OF GADOSPIN D IN CCMS 

Next, we tested the ability of FUS BBBO to enhance the total delivery of a model drug with 

a size that is larger and more representative of biologic agents, which are typically >1 kDa. 

Specifically, we compared the total delivery of the MRI contrast agent GadoSpin D (dendritic Gd-

chelate; ~5 nm; ~17 kDa) with and without FUS BBBO in the same CCMs. FUS BBBO improved 

the total GadoSpin D delivery in both the intralesional space and the perilesional space compared 

to the natural CCM permeability (Figure 5.3A, B). Strikingly, FUS BBBO elicited a 22-fold 

increase in GadoSpin D delivery to the lesion core (p=0.0106; Figure 5.3A) and amplified 

perilesional delivery by 3.8-fold (p= 0.0021; Figure 5.3B) at 20 mins post-injection. Area under 

the curve analysis also indicated that FUS BBBO increased the total CCM tissue exposure of 

GadoSpin D with a 4.8-fold increase in intralesional exposure (p=0.0078; Figure 5.3B) and a 2.2-

fold increase in perilesional exposure (p=0.0195; Figure 5.3D). The lesion core and perilesional 

space follow a similar temporal pattern of enhancement following FUS BBBO, but the intralesional 

space peaks at a higher concentration than the perilesional space (0.010 mM versus 0.0076 mM, 

respectively). These data demonstrate that FUS BBBO can boost the delivery of biologic agents 

in the ~5 nm (~17 kDa) range by more than 20-fold in the lesion core and 4-fold in the CCM 

microenvironment.  

 

5.3.4 FUS BBBO DIFFERENTIALLY ENHANCES TOTAL DELIVERY LOCATION FOR 

MULTIHANCE VERSUS GADOSPIN D 

Lastly, we investigated if FUS BBBO differentially affects total delivery of MultiHance and 

GadoSpin D. To this end, we first compared the magnitude of FUS BBBO enhancement for the 

two contrast agents (Figure 5.4A-B). In the lesion core, GadoSpin D trended towards a greater 

delivery enhancement with FUS BBBO (Figure 5.4A); however, the variability of enhancement 



was much larger with GadoSpin D compared to MultiHance (Figure 5.S1A). In the perilesional 

space, MultiHance and GadoSpin D predominantly experienced the same degree of 

enhancement (Figure 5.4B), with trends in differential enhancement only apparent after 15 mins 

post-injection (Figure 5.S1B). Next, we compared the location most enhanced by FUS BBBO for 

the two contrast agents. Area under the curve analysis uncovered a statistically significant 

difference in the location of FUS BBBO enhancement for GadoSpin D and MultiHance (p=0.0449; 

Figure 5.4C). The intralesion-to-perilesion ratio of FUS BBBO enhancement was larger than one 

for all GadoSpin D timepoints suggesting preferential enhancement in the intralesional space, 

while this ratio was less than one for most MultiHance timepoints, suggesting a greater 

enhancement in the perilesional space (Figure 5.S1C). These results indicate that FUS BBBO 

has a greater effect on small molecule delivery to the perilesional space and a greater effect on 

small biologic delivery to the intralesional space.  



5.4 DISCUSSION 

In our prior work, we elucidated that FUS BBBO halts CCM growth and diminishes CCM 

formation, even in the absence of therapeutic delivery118. Building on this baseline offered by FUS 

BBBO, we now aimed to advance these curative effects by establishing the synergistic potential 

for concurrent therapeutic delivery with this approach. Utilizing longitudinal T1 mapping MRI, we 

quantified the impact of FUS BBBO on therapeutic delivery of varying-sized molecules, modeling 

small molecule and biologic drugs, in CCMs. Our findings revealed a significant enhancement in 

the delivery rate of a 1 kDa small molecule, exhibiting a 3-fold increase in the lesion core and a 

5-fold increase in the perilesional space. Moreover, FUS BBBO augmented overall delivery of 

both the 1 kDa small molecule and a 17 kDa model biologic to CCMs, with a 2.5-fold increase for 

the small molecule and an impressive 22-fold increase for the model biologic in the lesion core. 

In the perilesional space, there was a 3.1-fold increase for the small molecule and a 3.8-fold 

increase for the model biologic. Finally, our analysis uncovered a nuanced aspect of FUS BBBO 

enhancement, wherein the effect is more pronounced for the small molecule in the perilesional 

space and for the model biologic in the lesion core. These results collectively establish a robust 

foundation for employing FUS BBBO in targeted treatment regimens to effectively mitigate CCMs. 

 

5.4.1 T1 MAPPING MRI ENABLES SPATIOTEMPORAL, INTRA-CCM, DELIVERY 

COMPARISONS 

Given the notable heterogeneity in CCM permeability12,14,93, methods allowing for 

comparative measurements in the same CCMs over time are crucial for generating accurate 

conclusions. As demonstrated in Fisher and Sharifi et al., T1 mapping enables longitudinal and 

quantitative assessments of contrast agent deposition in individual CCMs93. Thus, this MRI 

approach is ideal for comparing drug accumulation across different delivery techniques and 



pharmacological agents. Moreover, this approach permits sufficient spatial resolution to discern 

differences in the diverse compartments of the CCM tissue. Indeed, the lesion core harbors 

mutated, cavernous vessels filled with clotted blood components, while the perilesional space 

surrounds the core with dense populations of astrocytes, microglia, and macrophages93,118,119. 

These regional differences in the CCM microenvironment pose varying biotransport challenges 

that can influence the efficacy of different delivery approaches and molecule sizes. T1 mapping 

MRI enabled us to capture differences in delivery, with and without FUS BBBO, for 1 kDa and 17 

kDa molecules, within distinct regions of the CCM microenvironment. Ultimately, T1 mapping MRI 

provides a far superior approach for spatiotemporal drug delivery comparisons in the CCM 

microenvironment, surpassing end-point-requiring assessments such as immunohistochemistry. 

 

5.4.2 FUS BBBO INCREASES THE LOCAL CONCENTRATION OF THERAPEUTICS TO 

THE CCM MICROENVIRONMENT 

 We previously showed that FUS BBBO elevated T1 contrast enhancement in the CCM 

microenvironment with qualitative MRI methods118. However, this qualitative MRI approach did 

not enable important observations for therapeutic delivery, such as exact concentration 

measurements, contrast visualization in the lesion core, or comparisons with other molecules. 

Thus, in this study, we addressed these limitations by employing T1 mapping following contrast 

agent delivery with FUS BBBO in CCM mice. As expected, T1 mapping confirmed that FUS BBBO 

increases delivery rate and total delivery of MultiHance, the same contrast agent used in our 

previous study. Notably, T1 mapping enabled us to measure the exact concentration of 

MultiHance and GadoSpin D in both the intralesional and perilesional spaces, with and without 

FUS BBBO. Expanding these measurements to therapeutic delivery, we anticipate FUS BBBO to 

more than double the delivery of small molecule therapeutics and more than quadruple the 



delivery of small biologics to CCMs. Ultimately, our findings underscore the potential of FUS 

BBBO in significantly improving the local dose of therapeutics in the CCM microenvironment. 

 

5.4.3 DIFFERENTIAL SPATIAL DELIVERY ENHANCEMENT FOR VARYING-SIZED 

MOLECULES WITH FUS BBBO 

In this study, we uncover that FUS BBBO differentially augments where in the CCM 

microenvironment molecules of differing sizes are delivered. Specifically, we observe greater 

delivery to the perilesional space for MultiHance and in the intralesional space for GadoSpin D. 

Projecting these findings to therapeutic delivery, we anticipate that FUS BBBO will exert the most 

significant impact on increasing the local dose to the lesion core with biologics and to the 

perilesional space with small molecules. However, a closer inspection of Figure 5.4 suggests that 

the enhancement of small molecules and biologics with FUS BBBO will be comparable in the 

perilesional space, while in the lesion core, biologic enhancement will be elevated compared to 

small molecules. Thus, these data collectively indicate that biologics stand to gain the most from 

delivery augmentation with FUS BBBO for the CCM microenvironment as a whole. 

 

5.4.4 POTENTIAL CAUSES OF DIFFERENTIAL SPATIAL ENHANCEMENT FOR VARYING-

SIZED MOLECULES 

 To explore the potential causes behind the observed differential spatial delivery of varying-

sized molecules with FUS BBBO, it is important to recognize vascular permeability as a spectrum. 

FUS BBBO does not discretely eliminate the physical barrier; rather, it modulates permeability, 

offering varying degrees of benefit based on the diffusion constraints of a given molecule120. 

Noting that the increase in permeability induced by FUS had a greater effect for MultiHance in the 



perilesional space, we postulate that the benefit of FUS for a small molecule delivery in regions 

with an already disrupted BBB (i.e. the lesion core) is less than in areas that have a more intact 

BBB (i.e. the perilesional space). Conversely, for a 17 kDa molecule like GadoSpin D, crossing 

the disrupted BBB in the lesion core may be less feasible due to biophysical constraints against 

transporting a larger molecule. FUS BBBO partially alleviate these constraints, applying radiation 

forces and promoting transport processes that ultimately provide a larger benefit for larger 

molecules than for small molecules in the leaky CCM core. In regions harboring a more intact 

BBB, even small molecules cannot effectively cross into the brain parenchyma; thus, FUS BBBO 

is anticipated to have a larger benefit in this region. For larger molecules, the advantage of FUS 

may be less pronounced in regions with an intact BBB than in regions with a disrupted BBB, once 

again due to increased biophysical transport constraints. Collectively, these results shed light on 

the biotransport challenges inherent in different compartments of the CCM microenvironment for 

therapeutic delivery. 

 

5.4.5 NON-RESPONDERS TO FUS BBBO ARE MORE PREVALENT FOR MULTIHANCE 

THAN GADOSPIN D 

 While uncommon, some CCMs did not exhibit enhancement with FUS BBBO.  Intriguingly, 

non-responsiveness was more frequently observed with MultiHance delivery compared to 

GadoSpin D. Once more, the spatial compartment of the CCM appears to influence these 

outcomes. For MultiHance, the delivery rate of several CCMs was not elevated in the lesion core 

with FUS BBBO compared to non-sonicated CCMs, but the delivery rate was elevated in the 

perilesional space for almost all CCMs. Moreover, the total delivery of MultiHance did not 

meaningfully increase in the lesion core for four CCMs, but this only occurred in the perilesional 



space of 2 CCMs. Conversely, the total delivery of GadoSpin D increased in the lesion core for 

all CCMs and all but two in the perilesional space.  

In addition to the factors mentioned earlier, additional considerations may shed light on 

the varying enhancement of drug delivery with FUS BBBO in different spatial compartments of 

CCM. First, distinct transport mechanisms modulated by FUS BBBO may contribute to 

responsiveness in drug delivery enhancement for small and large molecules. FUS BBBO 

disruption of tight junctions116, which would primarily benefit small molecules, may have little 

impact in the lesion core where the mutated endothelium already has disrupted junctions. 

However, tight junction disruption would still be effective for the perilesional vasculature. FUS 

BBBO can also increase active transport117, which may vary in its effect for different-sized 

molecules. Given the different cell populations in the intralesional and perilesional spaces, FUS-

induced active transport may also differ for different compartments of the CCM.  

Moreover, hemodynamic factors may also play a role in drug delivery responsiveness. 

The CCM microenvironment has altered blood flow dynamics, characterized by delayed and poor 

perfusion121,122. Additionally, FUS BBBO can alter blood flow dynamics, changing convective 

gradients123–125 and reducing the blood flow transiently following sonication126. The integrated 

effect of these complex dynamics for differing sized-molecules are unknown but are likely to be 

disparate.  

Lastly, clearance mechanisms within the CCM microenvironment for small molecules and 

biologics could also impact the integrated exposure of tissue to drug. While there is evidence that 

FUS BBBO alters clearance mechanisms through modification of the glymphatic system127–129 

and BBB efflux pumps130,131, its specific influence on the clearance of varying-sized molecules 

remains unclear. Our data indicates that GadoSpin D concentrations rapidly decrease without 



FUS BBBO compared to MultiHance without FUS or GadoSpin D with FUS, highlighting that 

differential clearance is likely a significant determinant of tissue-drug exposure.   

The differential responsiveness of contrast agents to FUS BBBO in CCMs emphasizes 

the need for a multifaceted approach to understanding the intricate interplay between drug 

properties, CCM spatial compartments, and FUS BBBO effects. This observation sheds lights on 

numerous factors influencing drug delivery in CCMs, which will be important for optimizing 

therapeutic strategies in the clinical management of these lesions. 

 

5.4.5 POTENTIAL FOR CLINICAL IMPACT ON THERAPEUTIC DELIVERY IN CCM 

 The objective of this work was to showcase the transformative potential of FUS BBBO in 

CCM treatment, owing to its independent bioeffects and synergistic therapeutic delivery 

capabilities. We demonstrate that FUS BBBO enhances therapeutic delivery for molecules of 

different sizes in both the CCM core and surrounding perilesional space. In the clinic, this 

heightened delivery translates to increased local delivery given the same systemic dose, thereby 

increasing the therapeutic index. Furthermore, enhanced on-target drug delivery reduces the risk 

of side effects associated with off-target delivery. The greater benefit observed for larger 

molecules with FUS BBBO opens the door for biologic delivery exploration for CCM. Indeed, our 

study highlights that, in the absence of FUS BBBO, the delivery of biologics is minimal, with rapid 

clearance for both the intralesional and perilesional spaces. However, with FUS BBBO, biologic-

sized molecules are effectively retained in both CCM compartments. These findings pave the way 

for future investigation into even larger molecules with promising therapeutic potential for CCM, 

such as antibodies and gene therapy vectors.  

Notably, FUS BBBO offers a level of precision that can be customized for either familial 

or sporadic cases of CCM. In these studies, we induce BBBO in a substantial volume—almost 



one-quarter—of the CCM brain. In contrast, our previous study showcased targeting to a limited 

volume of the CCM brain118. For patients, FUS BBBO can be tailored to target a large volume, 

which may be necessary for familial patients with multiple CCMs, or it can be focused on a singular 

CCM, as is likely needed for sporadic cases. Moreover, the region of delivery can also be adapted 

for the mechanism of action of the delivered therapeutic. Drugs with a preventative effect could 

be more widely delivered than those with specific corrective functions in the CCM 

microenvironment.  Ultimately, with its potent bioeffects and seamless integration with therapeutic 

delivery, FUS BBBO offers an unparalleled potential for the treatment of CCM. 

  



5.5 MATERIALS AND METHODS 

 

5.5.1 ANIMALS 

All animal experiments conducted in this study adhered to ethical guidelines and were 

approved by the University of Virginia Animal Care and Use Committee. The animals were housed 

in accordance with standard laboratory conditions, maintaining a temperature of 22°C and a 12-

hour light/12-hour dark cycle. The generation of the CCM murine model utilized in these 

investigations was established as previously detailed93. Briefly, Krit1
fl/null or Krit1

fl/fl male or females 

were generated under the endothelial promoter PdgfbCreER. On postnatal day 5, induction of Krit1 

was initiated with a subcutaneous injection of tamoxifen (50 µL at 2mg/mL in corn oil). Genotypes 

were subsequently verified using Transnetyx (Cordova, TN). Mice were studied between 2 and 3 

months old. 

5.5.2 MRI ACQUISITION  

 Data for T1 maps were acquired with a set of multi-slice 2D spin echo (SE) images at 

varied repetition times (TR) to generate a saturation recovery curve. 2 sets of 7 images, total of 

14 scans, were acquired prior to FUS and contract agent administration to obtain saturation 

recovery curves with a satisfactory dynamic range. The two sets of image series were offset by 

the slice thickness in the slice select plane to ensure 3D coverage of the brain. The parameters 

for these scans were: TR=790, 1040, 1350, 1750, 2300, 3215, and 7000 ms, TE=6.71 ms, slice 

thickness=0.6 mm, slice gap=0.6 mm, FOV=35 x 35 mm, matrix size=180 x 180, rare factor=10, 

and R= 0.194 x 0.194 x 0.6 mm3. After FUS and contrast agent administration, 14 SE images 

were acquired with identical parameters except at a fixed TR=1040 ms. The acquisitions 

alternated between slice package orientations resulting in 7 images at each slice profile geometry. 

Time per acquisition was 1 minute and 28 seconds.  



 

5.5.3 DATA PROCESSING 

 A saturation recovery approach was utilized to calculate M0 and all T1 values (pre and 

post contrast) on a voxel-by-voxel basis by fitting the data to the signal equation:  
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In equation 5.1, |"| is the magnitude of the signal within the voxel, $" is the product of the thermal 

equilibrium magnetization and coil sensitivity, TR is the repetition time (ms), T1 is the spin-lattice 

relaxation (ms), TE is the echo time (ms), and T2 is the spin-spin relaxation (ms). The echo time 

exponential is assumed to be 1 due to TE<<T2, resulting in the final form seen in equation 5.2.    
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A custom written MATLAB script fit the signal magnitude data on a voxel-by-voxel basis to 

equation 5.2. Each fitting procedure simultaneously fit the data to 8 functions: function 1 

incorporated the 7 pre-contrast variable TR scans, while functions 2-8 incorporated the singular 

scan at a fixed TR but different time points. The fits were constrained to having the same $" value 

but allowed different T1 values. Pre-contrast and post-contrast T1 values were then used to 

calculate the contrast agent concentration on a voxel-by-voxel basis at each time point using 

equation 5.3.  
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In equation 5.3, 9'_0*+, is the post-contrast value at a particular time point (ms), 9'_0-. is the pre-

contrast T1 value (ms), r1 is the contrast agent relaxivity (L/mmol/ms), and C1 is the contrast 

agent concentration (mM). At the conclusion of this process, concentration values for slice 

package 1 existed for time points (minutes): 1.47, 4.40, 7.33, 10.27, 13.2, 16.13, and 19.07, while 

concentration values for slice package 2 existed for time points (minutes): 2.93, 5.87, 8.80, 11.73, 

14.67, 17.60, and 20.53. To obtain 3D coverage at each time point, concentration data was 

calculated at the missing time points by linearly interpolating between the acquired points. This 

required an assumption of 0 concentration at minute 0 for slice package 2. The 20.53-minute time 

point was not used because it required data be extrapolated past minute 19.07 for slice package 

1.  

 A second custom MATLAB script was used to calculate average concentrations with 

manually drawn regions of interest (ROIs) on the concentration maps. To ensure the iron rich 

intralesional data was not skewed by susceptibility artifacts, a data exclusion method was 

developed. Briefly, a ROI of healthy brain tissue on the contralateral hemisphere was used to 

calculate an average residuals value for the fit. If any residuals value for the voxels within the 

lesion core were 3 times greater than this average, they were excluded from the analysis. The 

value of 3 was empirically determined. To maintain consistency within data processing, this was 

also applied to all perilesional data.   

 

5.5.4 FUS BBBO 



The FUS BBBO procedure was conducted using the RK-300 small bore FUS device (FUS 

Instruments, Toronto, CA). Mice were prepared by shaving and depilating their heads before 

being placed in a supine position and coupled to the transducer using degassed ultrasound gel. 

BBBO was achieved using a 1.1 MHz single-element transducer with a 10 ms burst length over 

a 2000 ms period. A total of 60 sonications were administered during a 2-minute sonication 

duration. The FUS Instruments software, operating in the "Blood-brain Barrier" mode, facilitated 

PCD-modulated PNP. The feedback control system parameters were set as follows: a starting 

pressure of 0.2 MPa, pressure increment of 0.05 MPa, maximum pressure of 0.4 MPa, 20 

sonication baselines without microbubbles, area under the curve (AUC) bandwidth of 500 Hz, 

AUC threshold of 10 standard deviations, pressure drop of 0.95, and frequency selection of the 

subharmonic, first ultraharmonic, and second ultraharmonic. OptisonTM (GE HealthCare) 

microbubbles were intravenously injected as a bolus dose of 10^5 microbubbles per gram of body 

weight. Prior to sonication, the distribution of microbubble diameter and concentration was 

assessed using a Coulter counter (Multisizer 3; Beckman Coulter, Fullerton, California). T1 

mapping MRI sequences were used to guided sonication targeting. Six non-overlapping 

sonication targets were placed over one frontal hemisphere with placement optimized to target 

CCMs. 

 

5.5.5 CONTRAST AGENT INJECTIONS 

MultiHance ® (gadobenate dimeglumine; Bracco) and  GadoSpin DTM (dendritic Gd-

chelate; Viscover) were injected as a bolus intravenously at a dose of 0.01 and 0.0002 mmol, 

respectively, diluted in saline. Injection of contrast agent was given immediately prior to MRI 

acquisition for FUS- control studies and immediately following the initiation of FUS BBBO for 

FUS+ studies.  



 

5.5.6 PASSIVE CAVITATION DETECTION 

Acoustic emissions during FUS BBBO were detected with a fiber-optic hydrophone 

(Precision Acoustics, Dorset, UK) of 10 um diameter and 15 mm aperture center-mounted within 

the ultrasound transducer. Emissions data was processed with a custom MATLAB script. The 

area under the curve of the acoustic emissions at the subharmonic (0.5f) and ultra-harmonics 

(1.5f, 2.5f) after applying a 300 Hz bandwidth filter. Broadband emissions were evaluated by 

summing acoustic emissions following the removal of all emissions at the fundamental frequency, 

harmonics (2f, 3f, 4f), subharmonic (0.5f), and ultra-harmonics (1.5f, 2.5f, 3.5f). 

 

5.5.7 STATISTICAL ANALYSIS 

 All results are reported as mean ± standard error of the mean (SEM ). The “n” values per 

group are made evident either by individual data points shown or statement of “n” value in figure 

or figure legend. Statistical significance was assessed at p < 0.05 for all experiments and were 

calculated using GraphPad Prism 9 (San Diego, USA).  

  



5.6 CHAPTER 5 FIGURES 

 

Figure 5.1. FUS BBBO Enhances Delivery Rate of MultiHance in CCMs. (A,C) Temporal fold 
change in MultiHance concentration over the average initial concentration for FUS- and FUS+ CCMs. 
Timepoints of 4, 8, 12, and 15 mins are prior to FUS BBBO. Timepoints of 24, 28, 32, and 36 mins are 
after FUS BBBO for FUS+ CCMs. (B,D) Comparison of the ratio of the slope of post-FUS time 
segments (24-36 mins) to the slope of pre-FUS time segments (4-15 mins) for MultiHance 
concentratation between FUS- and FUS+ CCMs. (A) Temporal fold change in MultiHance 
concentration for the CCM core (i.e. intralesion). Fold change in MultiHance concentration is 
significantly elevated for the FUS+ group relative to the FUS- group at 36 mins inside the CCM core. 
Repeated measures two-way ANOVA with Geisser-Greenhouse correction and Holm-Šidák’s multiple 
comparisons test, p=0.0162. (B) Delivery rate in the CCM core is enhanced following FUS BBBO for 
FUS+ CCMs compared to FUS- CCMs. Mann-Whitney test, p=0.0221. (C) Temporal fold change in 
MultiHance concentration for the  perilesional space. Fold change in MultiHance concentration exhibits 
trends towards enhancement for the FUS+ group relative to the FUS- group at 36 mins. Repeated 



measures two-way ANOVA with Geisser-Greenhouse correction and Holm-Šidák’s multiple 
comparisons test, p=0.01342. (D) Delivery rate in the perilesional space is enhanced following FUS 
BBBO for FUS+ CCMs compared to FUS- CCMs. Mann-Whitney test, p<0.0001.  

  



 

 

Figure 5.2. FUS BBBO Enhances Total Delivery of MultiHance in CCMs. (A, B) Temporal 
MultiHance concentration in the same CCMs without FUS or with FUS applied one day later. 
Temporal MultiHance concentration is significantly enhance 20 mins after FUS BBBO in the (A) 
intralesional and (B) perilesional spaces. Repeated measures two-way ANOVA with Geisser-
Greenhouse correction and Holm-Šidák’s multiple comparisons test; p=0.0070 and p=0.0005, 
respectively. (C,D) Area under the curve of the temporal data in (A,B) representing CCM tissue 
exposure to MultiHance. MultiHance exposure is significantly augmented with FUS BBBO in the 
(C) intralesional and (D) perilesional spaces.  Wilcoxon matched-pairs signed rank test; p=0.0122 
and p=0.0007, respectively.  

  



Figure 5.3. FUS BBBO Enhances Total Delivery of GadoSpin D in CCMs. (A, B) Temporal 
GadoSpin D concentration in the same CCMs without FUS or with FUS applied one day later. 
Temporal GadoSpin D concentration is significantly enhance 20 mins after FUS BBBO in the (A) 
intralesional and (B) perilesional spaces. Repeated measures two-way ANOVA with Geisser-
Greenhouse correction and Holm-Šidák’s multiple comparisons test; p=0.0106 and p=0.0021, 
respectively. (C,D) Area under the curve of the temporal data in (A,B) representing CCM tissue 
exposure to GadoSpin D . GadoSpin D exposure is significantly augmented with FUS BBBO in the (C) 
intralesional and (D) perilesional spaces.  Wilcoxon matched-pairs signed rank test; p=0.0078 and 
p=0.0195, respectively. 

  



 

Figure 5.4. FUS BBBO Differentially Enhances Total Delivery Location for MultiHance versus 
GadoSpin D. (A-C) Comparison of the ratio of area under the curve analysis with FUS to without FUS 
for MultiHance versus GadoSpin D. (A) FUS BBBO augmented delivery trends towards increases in 
GadoSpin D delivery relative to MultiHance in the intralesional space. Mann-Whitney test, p=0.2268. 
(B) FUS BBBO augmented delivery is comparable in the perilesional space for MultiHance and 
GadoSpin D. Mann-Whitney test, p>0.9999. (C) Ratio of intralesion-to-perilesion FUS BBBO 
augmented delivery indicates a significant difference between MultiHance and GadoSpin D. A value 
less than 1 for MultiHance indicates preference in the perilesional space, and a value greater than 1 
for GadoSpin D indicates a preference in the intralesional space. Mann-Whitney test, p=0.049. 

  



5.7 CHAPTER 5 SUPPLEMENTAL FIGURE 



Figure 5.S1. Spatiotemporal effects of FUS BBBO augmented delivery for MultiHance and GadoSpin 
D. (A-C) Temporal magnitude of the ratio of the model drug mean concentration with FUS to without 
FUS. (A) GadoSpin D displays trends in increased augmented delivery with FUS BBBO compared to 
MultiHance in the (A) intralesional space and (B) perilesional space. Mixed-effects model with Geisser-
Greenhouse correction and Holm-Šidák’s multiple comparisons test; p=0.8348 and p=0.8850, 
respectively. (C) Ratio of intralesion-to-perilesion FUS BBBO augmented delivery indicates trends in 
GadoSpin D preference in the intralesional space and MultiHance preference in the perilesional space. 
Mixed-effects model with Geisser-Greenhouse correction and Holm-Šidák’s multiple comparisons test; 
p=0.6500. 

  



CHAPTER 6: FUTURE DIRECTIONS 
  



6.1 LEVERAGE LONGITUDINAL MRI DATA OF KRIT1 MOUSE MODEL TO ENHANCE 

CHARACTERIZATION OF CCM DYNAMICS 

 In Chapter 3 of this dissertation, we collected an extensive MRI dataset of our chronic 

CCM mouse model. This dataset encompasses volumetric, permeability, and susceptibility 

information for numerous CCMs over the lifespan of several CCM mice. Chapter 3 delved into 

several aspects of CCM dynamics using this dataset. However, there remains untapped potential 

within this MRI dataset to deepen our comprehension of CCMs. Moreover, in Chapter 4, we 

obtained volumetric MRIs at even more refined temporal intervals, and in Chapter 5, we acquired 

permeability MRIs over extended durations and with varying sizes of molecules. Together, these 

chapters contribute to a comprehensive dataset that allows for a deeper exploration of the poorly 

understood dynamics governing CCM stability. 

 

6.1.1 INFLUENCE OF BRAIN REGION ON CCM DYNAMICS 

First, our dataset presents an opportunity to deepen our understanding of how brain 

location influences CCMs. As highlighted in Chapter 3, CCMs frequently manifest in brain regions 

such as the cerebellum, olfactory bulb, thalamus, cerebral cortex, brainstem, and periventricular 

striatum, suggesting a potential link between brain region and CCM formation. Notably, in 

patients, CCMs predominantly develop in white matter regions132,133. Interestingly, our MRI 

dataset suggests that brain regions may also influence the stability of these lesions. Of note, many 

of our most permeable CCMs in this study were located in the cerebellum and brainstem. In 

clinical cases, brainstem CCMs are also associated with a heightened risk of hemorrhage10. To 

explore the impact of brain region on CCM dynamics, we can employ recently developed 

algorithms from other research groups to automatically register our MRIs to brain atlases134,135.  

This approach facilitates an examination of how brain region influences CCM formation, growth, 



and permeability, providing valuable insights that could inform decisions regarding the treatment 

of CCMs based on their specific location. 

 

6.1.2 PREDICTIVE MRI MARKERS OF CCM FORMATION AND STABILITY 

 The longitudinal nature of this dataset provides the opportunity to assess markers that 

may predict CCM formation and stability. As CCM trajectory in patients is still poorly understood, 

identifying predictive markers using the existing MRI monitoring methods holds significant value. 

Indeed, several MRI methods have been deployed in patients with the goal of creating predictive 

models of CCM stability11–14. Leveraging the integration of artificial intelligence and medical 

imaging, the emerging field of radiomics involves mining medical images with sophisticated 

algorithms to enhance the information extracted from these images136.  

Applying radiomic approaches to our extensive MRI dataset collected across Chapters 3, 

4, and 5 allows for the identification of imaging features not readily discernible through traditional 

analyses. Radiomic workflows can extract intricate features related to shape, intensity, and 

texture. For example, the radiomic features of skewness and kurtosis describe asymmetry and 

tailedness of the data intensity distribution137. Implementing a radiomic workflow on our CCM MRI 

dataset enables the development of models to predict indicators of CCM instability, including 

formation, growth, and hemorrhage, as well as indicators of stability such as volume regression 

and reduced permeability. Ultimately, these models could then be integrated into the clinical 

assessment of CCM patients and guide clinicians in determining the most effective course of 

treatment based on individualized predictions and characteristics.  



6.2 EXPAND EVALUATION OF FUS BBBO FOR CCM TREATMENT 

 In Chapter 4, we presented evidence showcasing the therapeutic promise of FUS BBBO 

in our Krit1 model of CCM. These findings are not only compelling but also raise numerous 

questions regarding the broader applicability and potential of FUS BBBO as a treatment option 

for CCM. 

 

6.2.1 THERAPEUTIC POTENTIAL OF FUS BBBO IN DIVERSE CCM MODELS 

 In Chapter 4, our investigation into the effects of FUS BBBO was centered on a chronic 

Krit1 model of CCM. KRIT1 mutation is the most prevalent mutation in familial cases of CCM1. 

However, familial cases also arise from mutations in CCM2 and PDCD10. Additionally, 

approximately 80% of clinical CCM cases are comprised of sporadic cases10. To establish the 

broad effectiveness of FUS BBBO for all CCM patients, additional studies should be conducted 

applying this approach in other familial models and sporadic models of the disease.  

Given the different functions of the three CCM genes, variations in the therapeutic benefits 

of FUS BBBO may occur. Clinically, CCM2 mutation tends to result in a lower lesion burden and 

more asymptomatic cases138. Thus, we may anticipate similar results for Ccm2 models as seen 

with our Krit1 model.  However, PDCD10 mutation is known to impact more signaling pathways 

than that of KRIT1 and CCM2 and leads to a more aggressive disease presentation in patients139–

141. Therefore, we could expect a reduced therapeutic potential in Pdcd10 models. Moreover, the 

inclusion of the gain-of-function mutation of Pik3ca in the sporadic CCM mouse model developed 

by Mark Kahn’s group, which mirrors the mutation found in biopsied CCMs from patients, 

introduces the potential for a more aggressive phenotype that could influence the therapeutic 

effects of FUS BBBO42.  



Exploring the impact of FUS BBBO in these diverse CCM models not only helps to validate 

its effectiveness across different genetic contexts but also sheds light on potential mechanistic 

variations underlying this therapeutic approach. In essence, expanding the application of FUS 

BBBO to various CCM models contributes to a more comprehensive understanding of its 

therapeutic potential for the diverse landscape of CCM presentations. 

 

6.2.2 APPLICATION OF FUS BBBO IN OTHER CNS LOCATIONS FOR CCM 

 Our study in Chapter 4 targeted CCMs located in the caudoputamen, corpus callosum, 

and cerebral cortex, leveraging our expertise in targeting these specific brain regions and 

minimizing potential technical challenges arising in alternative locations. This strategic approach 

allowed us to concentrate on assessing the impact of FUS BBBO on CCM, rather than diverting 

attention to the optimization of FUS BBBO for various brain regions.  

Now that we have established the therapeutic efficacy of FUS BBBO for CCM, it is 

imperative to broaden our investigation to encompass other locations within the CNS where 

cavernous malformations commonly manifest. Notably, cavernous malformations in the brainstem 

and spinal cord pose a critical need for non-invasive treatment options, given the heightened risks 

associated with surgical interventions in these regions103,142,143. Others in the FUS field have 

demonstrated the feasibility of targeting the brainstem and spinal cord in both rodent models and 

humans144–147. Further, Stefanyda Maslova of the Sheybani lab at UVA has recently developed a 

protocol for cerebellum/brainstem targeting with the same FUS equipment used in Chapter 4.  

As brainstem and spinal cord cavernous malformation has dismal surgical outcomes, 

validating the feasibility and effectiveness of FUS BBBO in these regions holds substantial clinical 

significance. Additionally, as patients with brainstem and spinal cord lesions often lack viable 

surgical resection options103, it is likely that the initial clinical applications of FUS BBBO would be 



in patients with brainstem or spinal cord lesions. This expansion of our research scope not only 

broadens the potential clinical impact of FUS BBBO but also aligns with the urgent need for non-

invasive treatment options in critical CNS locations. 

 

6.2.3 DOSE AND STAGING OPTIMIZATION OF FUS BBBO FOR CCM 

 In Chapter 4, we explored several treatment regimens of FUS BBBO, encompassing 

single and repeat sonications, along with a range of fixed and feedback-controlled PNPs. 

Meanwhile, other aspects of our treatments were more rigid. For instance, repeat sonications 

were consistently performed three days apart, aligning with the approximate half-life of antibodies 

in mice, and treatments in CCM mice were always initiated between two and three months of age.  

Our findings indicated that PNP and the number of sonications correlated with the 

therapeutic effect of FUS BBBO. Thus, it would be worth exploring alternative dosing and staging 

strategies of FUS BBBO for CCM. It should be noted that, clinically, PCD-feedback control will be 

used to modulate the applied PNP during FUS BBBO87,89–92,99. Therefore, efforts of may be best 

focused on elucidating the optimal number and timing of treatments. Implementing logistically-

feasible weekly or bi-weekly staged FUS BBBO sessions over one or two months could provide 

valuable insights into the cumulative effects of numerous treatments. Additionally, our study 

focused on treating mice when the lesion burden was moderate. However, investigating the 

potential of FUS BBBO in younger mice could shed light on its preventative effects. Finally, to 

uncover the full potential of this approach, FUS BBBO should be applied to a larger volume, 

potentially covering the entire brain area, and its impact on survival assessed.  Notably, this study 

should be limited to animal models of CCM with only brain vasculature affected like those with 

brain-specific Cre promoters and the Kahn group’s sporadic model. These comprehensive 



investigations are poised to contribute significantly to the optimization of FUS BBBO protocols for 

CCM, ultimately maximizing its potential as a therapeutic option for patients with this condition. 

 

6.2.4 MECHANISTIC EVALUATION OF FUS BBBO FOR CCM 

 We demonstrate in Chapter 4 that FUS BBBO arrests the growth of CCMs and can also 

reduce the formation of new CCMs. Despite these promising outcomes, the specific mechanisms 

contributing to these therapeutic effects were not fully elucidated. Understanding these 

mechanisms would enable informed optimization of our FUS BBBO parameters, dosing, and 

targeting. In the context of Alzheimer's disease, favorable bioeffects following FUS BBBO have 

been linked to increases in glial activation, neurogenesis, memory enhancement, endogenous 

antibody delivery, and clearance of amyloid beta plaques and tau24,28,30,81–84. Mechanical 

stimulation from microbubble cavitation during FUS BBBO is also postulated to induce beneficial 

signaling changes, which may be particularly impactful in the case of CCM. 

To glean insight into the mechanisms underlying the therapeutic effects of FUS BBBO in 

CCM, studies could be conducted to survey mechanistic contributions from various sources. 

Temporal single-cell transcriptomics analyses could illuminate the changes in gene expression 

across different cell types induced by FUS BBBO and the persistence of these effects in CCM. 

Spatial transcriptomics could also uncover the influence of FUS BBBO on different regions of 

CCM brain tissue (i.e. lesion core, perilesional space, and lesion-free, Krit1 mutated tissue). 

Investigations into the influence of FUS BBBO-modulated microglia/macrophages on therapeutic 

benefits could involve depleting these cells in CCM mice before FUS BBBO with PLX3397 or 

PLX5622, and comparing the outcomes to those in CCM mice with intact microglia/macrophage 

populations.  Further, longitudinal changes in neuroinflammation following FUS BBBO could be 

conducted using positron emission tomography (PET) imaging of 18F-DPA-714, a translocator 



protein (TSPO) radiotracer known to bind microglia, macrophages, and astrocytes148–151. To 

explore the potential contribution of reduced blood byproducts to FUS BBBO therapeutic effects, 

studies could measure iron changes following the procedure. Quantitative susceptibility mapping 

(QSM) conducted longitudinally before and after FUS BBBO could monitor changes in iron 

induced by this approach11,49,50. Lastly, to examine the influence of FUS BBBO-induced 

mechanical stimulation on therapeutic effects for CCM, FUS BBBO parameters affecting 

cavitation could be studied. In Chapter 4, we found that PNP correlated with both growth control 

and reduced lesion formation, indicating that cavitation strength likely plays a pivotal role in 

therapeutic outcome. The effect of cavitation duration could also be studied through increases in 

either total sonication duration or burst length. However, increasing burst length may also elevate 

the risk of tissue heating152,153. Consequently, any studies involving increased burst length should 

be conducted at lower PNPs and incorporate MR thermometry to ensure safety.  

In summary, a comprehensive understanding of the mechanistic underpinnings of the 

therapeutic effects induced by FUS BBBO holds the key to optimizing and effectively applying 

this approach for the treatment of CCM. 

 

6.2.5 FEATURES OF CCM RESPONDERS/NON-RESPONDERS TO FUS BBBO 

 Through Chapters 4 and 5, we have demonstrated that FUS BBBO can alter the growth, 

formation, and permeability of CCMs. In these studies, we establish that FUS BBBO is highly 

effective at CCM growth control, yet de novo CCM formation was only significantly reduced with 

fixed PNPs and repeat treatments. Additionally, Chapter 5 revealed that certain CCMs did not 

exhibit enhanced permeability following FUS BBBO, especially for MultiHance.  

Understanding the factors that distinguish CCM responders from non-responders to FUS 

BBBO can help inform best practices for CCM targeting. The extensive MRI and 



immunofluorescence images collected during these studies provide a rich dataset to identify 

features associated with responding and non-responding CCMs for each FUS BBBO effect (i.e. 

growth control, formation, and permeability). Various characteristics, such as initial CCM size, 

brain region, hypo/hyperintensity signals, initial CCM permeability, glia population, Krit1 

vasculature properties, and the presence of red blood cells, could be explored as potential 

markers of responsiveness.  

Determining which features are indicative of a positive response to treatment can aid in 

strategically deploying FUS BBBO by guiding the selection of CCMs for targeting and informing 

decisions on timing or dosing of sonications. Identifying these features of responsiveness is 

crucial for advancing the precision and effectiveness of FUS BBBO as a treatment for CCM, and 

ultimately improving patient outcomes. 

 

6.2.6 DELIVERY OF THERAPEUTIC AGENTS WITH  FUS BBBO FOR CCM 

 In Chapter 4, we illustrated the beneficial impact of FUS BBBO in the absence of 

therapeutic delivery for CCMs. Building on this, in Chapter 5, we demonstrate that FUS BBBO 

can enhance the delivery of both 1 kDa and 17 kDa molecules. These studies indicate great 

promise for the therapeutic potential of FUS BBBO combined with pharmacological agents for 

treating CCM.  

Snellings et al. details numerous drugs under investigation for CCM1, with most in the 

preclinical stage and a few entering early-phase clinical trials. Notably, the majority of these drugs 

are small molecules, which—based on our results in Chapter 5—should experience improved 

delivery to the CCM lesion core and perilesional space with FUS BBBO. Future studies should 

investigate the beneficial outcomes of FUS BBBO in delivering promising CCM drugs compared 

to FUS BBBO or the drug alone.  



The potential for synergistic effects between FUS BBBO and therapeutic drug delivery is 

compelling. The secondary bioeffects induced by FUS BBBO create a dynamic environment that 

could amplify the efficacy of concurrently delivered therapeutic agents. For instance, 

thrombospondin-1 has exhibited the ability to prevent CCM formation through angiogenesis 

inhibition154. If we hypothesize that FUS BBBO controls the growth of CCMs through glial 

activation and mechanical stimulation, the combination of these effects with angiogenesis 

regulation could create a potent correction in signaling changes across the neurovascular unit 

and neuroinflammatory populations. In parallel, computational models of signaling networks in 

CCM endothelial cells and astrocytes, generated by Tanya Cruz and Ishaan Shah of the Price 

lab, can inform the selection of drugs that may work best or synergize effectively with FUS BBBO.  

Given the independent benefits of FUS BBBO for CCM, coupled with its adaptability to 

integrate with any number of drugs, this approach presents an unprecedented therapeutic 

potential for CCM. Exploration of specific drug-FUS BBBO combinations is warranted to unlock 

the full therapeutic potential of this innovative treatment strategy. 

 

6.3 DEPLOY QUANTITATIVE MRI TECHNIQUES TO FURTHER CHARACTERIZE FUS 

BBBO FOR CCM 

 Throughout Chapters 3, 4, and 5, a diverse array of MRI approaches is employed to 

comprehensively characterize CCMs and assess the influence of FUS BBBO on them. The non-

invasive nature of these quantitative MRI techniques allows for longitudinal measurements of 

CCM dynamics, a crucial aspect given the heterogeneous behavior of CCMs even within the 

same mouse brain. The success and versatility of MRI in these studies warrant a deeper 

exploration of the impacts of FUS BBBO on CCMs. 



 

6.3.1 RETENTION OF FUS BBBO DELIVERED MOLECULES IN CCMS 

In Chapter 5, we use T1 mapping MRI to measure the acute enhancement of FUS BBBO 

delivery of MultiHance (1 kDa) and GadoSpin D (17 kDa) contrast agents to the lesion core and 

perilesional space of CCMs. While we observed enhanced delivery within the initial 20 minutes 

after contrast agent intravenous injection, the long-term impact of FUS BBBO on contrast agent 

concentration in the CCM microenvironment remains unknown for later timepoints following 

sonication and injection.  

Our study in Chapter 5 demonstrated that the concentration of both contrast agents 

reaches a steady-state level within the 20 min time period. However, these studies did not 

illuminate when the concentration begins to decline in the lesion core or perilesional space 

following FUS BBBO. Intriguingly, the GadoSpin D concentration in the absence of FUS BBBO 

declined within these 20 mins, suggesting that FUS BBBO may augment the retention of the 

contrast agent. Therefore, future studies should measure the concentration of these molecules in 

the CCM microenvironment at later acute timepoints (e.g., 1 hr, 3 hr, 6 hr post-sonication and 

injection) to elucidate if FUS BBBO influences the clearance of molecules over an extended 

period. As this effect was not seen within the initial 20-min window for MultiHance, molecule size 

will likely influence this retention effect of FUS BBBO.  

Understanding the retention and clearance dynamics of FUS BBBO-delivered molecules 

can provide insights into the secondary effects induced by FUS BBBO in CCMs and could also 

guide when repeat treatments of FUS BBBO should be conducted for different sized molecules.  

 

 



6.3.2 LONGITUDINAL EFFECT OF FUS BBBO ON PERMEABILITY  

 In Chapter 4, T1 mapping was not conducted during our longitudinal assessment of FUS 

BBBO in CCM mice. Consequently, the long-term impact of FUS BBBO on the permeability of 

CCMs remains elusive. Subsequent investigations should focus on measuring weekly changes in 

permeability within sonicated CCMs in comparison to non-sonicated CCMs after a single FUS 

BBBO treatment. Moreover, the effectiveness of repeat FUS BBBO in increasing permeability 

following each subsequent application is still unknown. CCMs may exhibit sensitization, tolerance, 

or remain neutral in terms of permeabilization following repeat FUS BBBO treatments. To explore 

this, prospective studies should incorporate T1 mapping after each repeat FUS BBBO application, 

tracking the degree of FUS-induced permeability for each treatment iteration. Additional studies 

could also investigate whether a specific staging of FUS BBBO is superior in enhancing acute 

permeability of CCMs for improved delivery while concurrently mitigating chronic permeability, 

which may be associated with an elevated risk of hemorrhage. Collectively, these studies would 

inform the staging of FUS BBBO for CCMs and further elucidate the long-term effects of FUS 

BBBO for CCMs. 

 

6.3.3 EVALUATION OF LARGE MOLECULE DELIVERY WITH FUS BBBO IN CCMS 

 In Chapter 5, we investigate the FUS BBBO enhancement of contrast agents with sizes 

of 1 kDa and 17 kDa in CCMs, corresponding to that of small molecules and small proteins. To 

broaden our understanding, future studies should explore the ability of FUS BBBO to enhance 

the delivery of molecules that are sized similarly to that of antibodies, viral vectors, and other 

nanocarriers. Unfortunately, T1 mapping may not facilitate the examination of the enhancement 

of these larger molecules. The contrast agents used for T1 mapping induce a measurable T1 

relaxivity, typically through the incorporation of gadolinium molecules73,93. However, as these 



molecules increase in size, the concentration of the gadolinium molecules decrease which also 

decreases the signal and ability to measure permeability with T1 mapping approaches.  

To address this limitation, more sophisticated quantitative MRI techniques will need to be 

leveraged to enable the study of larger molecule delivery with FUS BBBO in CCMs. Promising 

alternatives include QSM or chemical exchange saturation transfer (CEST) MRI techniques155–

159. Currently undergoing optimization by Matt Hoch of the Price lab, these advanced MRI 

techniques have the potential to elucidate whether FUS BBBO facilitates efficient delivery of 

antibody- and gene therapy-sized molecules to CCMs. Furthermore, these MRI techniques could 

also be deployed to inform parameter, dosing, and staging optimization of FUS BBBO for different 

sizes of molecules.  

 

6.4 SUMMARY 

This body of work showcases the successful adaptation of clinical MR imaging protocols 

to our CCM mouse model, enabling the design and evaluation of a novel therapy involving FUS 

BBBO for CCM.  Our findings establish FUS BBBO as a promising treatment modality for CCM, 

revealing its potential to independently impede CCM growth and formation while also enhancing 

the delivery of therapeutic agents to the CCM microenvironment.  Following future studies, we 

hope this technique can be confidently deployed in the clinic to offer a considerably more attractive 

and effective therapy for CCM patients.  
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