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Abstract
Disorders of the brain remain a challenge to treat
due to the impervious blood-brain barrier (BBB) that
limits passage of therapeutics into and clearance of
toxins from the brain1. Focused ultrasound (FUS) is a
non-invasive treatment method that leverages
pressure waves to oscillate simultaneously
administered, gas-filled microbubbles within brain
capillaries2 (Fig. 1, Left). This FUS technique
temporarily opens the BBB, allowing ordinarily
impenetrable agents across the vessel walls and can
stimulate secondary neuroprotective effects3 (Fig. 1,
Right). Under magnetic resonance image (MRI)
guidance, FUS BBB opening (BBBO) enables targeting—localizing these effects to precise diseased brain regions. Using FUS
BBBO, we have sought to develop a novel treatment option for cerebral cavernous malformations (CCMs)—a disease that
causes mutated cells of the brain vasculature to undergo cancer-like signaling changes, resulting in the formation of
hemorrhage-prone, vascular growths. Patients with CCM can sustain incapacitating, life-threatening neurological symptoms.
Currently, resection of CCMs via invasive neurosurgery is the only treatment, and preclinical pharmacological agents have
had minimal success4. By using MRI-guided FUS BBBO to increase delivery of therapeutics to CCMs, better therapeutic
outcomes may be achieved in addition to unlocking new therapies like higher-molecular weight biologics (i.e. antibodies,
drug/gene-loaded nanoparticles) that have restricted transport across the BBB5-6. Thus, we tested whether FUS BBBO could

be deployed therapeutically in a
clinically-relevant mouse model of CCM, which
could establish the first incisionless treatment for
CCM. To this end, CCM was induced in
mice by the knock down  of the CCM1 gene in
vasculature  cells. FUS BBBO was applied over
a range of peak-negative pressures  (0.2-0.6
MPa), affecting the degree  of expected BBBO by
modulating the maximum microbubble
diameter  (Fig. 1). MRI was used to
guide sonications and evaluate the safety and
longitudinal changes after  BBBO, and MRI
contrast agent  (gadolinium, ~1kDa)
was  administered to confirm BBBO,  visible as a
bright T1 MRI signal (Fig.  2A). We found that FUS
BBBO  increased contrast delivery to the  CCM,
with delivery localizing  primarily to the
boundaries of CCMs  rather than the dark CCM
cores (Fig. 2B). Acutely (24h post-FUS), CCMs
exposed to FUS BBBO remained structurally
stable, with no signs of hemorrhage or increases

in volume (Fig. 2C). Longitudinal MRI revealed that FUS BBBO controlled the growth of CCMs, when compared to
non-sonicated lesions of similar volumes and anatomical locations (Fig. 2D). Indeed, after 30 days, sonicated lesions were on
average 95% of their pre-sonication volume, while non-sonicated control lesions grew to 880% of their initial volume.
Strikingly, in mice receiving multiple BBBO treatments, the formation of new CCMs was significantly reduced by 81% (Fig. 2E).

Here, we show that FUS BBBO can non-invasively increase the delivery of a small molecule MRI contrast agent and
can reduce lesion growth and formation even in the absence of paired therapeutically-active agents. Ultimately, the innate
protective effect of FUS BBBO for CCM and its ability to seamlessly integrate with antibody, gene, and nanocarrier delivery
generates an immeasurable potential to vastly expand the therapeutic options for CCM and revolutionize the treatment
paradigm for brain disorders.
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