Therapeutic Permeabilization of the Blood-Brain Barrier via Focused
Ultrasound in Alzheimer’'s Disease: Mechanisms, Clinical Evolution, and

Future Paradigm Shifts

1. The Physiological Barrier and the Alzheimer’s Challenge

The Blood-Brain Barrier (BBB) is a highly selective semipermeable border of endothelial cells,
pericytes, and astrocyte foot processes that protects the central nervous system (CNS). However,
this barrier also prevents over 98% of small-molecule drugs and nearly 100% of large-molecule
therapeutics—such as monoclonal antibodies (mAbs) targeting amyloid-beta (AB)—from reaching
the brain at therapeutically relevant concentrations. In Alzheimer’s Disease (AD), the accumulation
of AB plagues and tau tangles correlates with a failure in the brain's natural clearance

mechanisms. Bypassing the BBB non-invasively is therefore a critical frontier in neurotherapeutics.

2. Core Mechanism: Focused Ultrasound (FUS) and Cavitation

Low-intensity Focused Ultrasound (FUS) combined with intravenously injected microbubbles allows

for the transient, localized, and reversible opening of the BBB.

A. Acoustic Cavitation Modes

e Stable Cavitation: Occurs at lower acoustic pressures where microbubbles undergo
rhythmic contraction and expansion. This generates microstreaming and shear stress
against the vascular walls, temporarily disassembling tight junction proteins such as
Occludin, Claudin, and ZO-1.

e Inertial Cavitation: Occurs at higher pressures where microbubbles collapse violently. This

can lead to vascular damage or microhemorrhage and must be strictly controlled.

B. Monitoring and Closed-Loop Control

Traditional "open-loop" protocols rely on fixed parameters and often fail to account for inter-

subject variability in skull attenuation.

e Subharmonic Monitoring: Recent research indicates that subharmonic signals are
superior to high-frequency supraharmonics for transcranial monitoring because they are

less affected by the skull's low-pass filtering effect.



e Adaptive Ramp-and-Hold: Systems like the NMS-01 (Neumous Inc.) utilize an "adaptive
ramp-and-hold" algorithm to autonomously regulate cavitation in real-time, reducing

outcome variability in opening volume by over 3.5-fold.

3. Biological Mechanisms: Beyond Drug Delivery

Emerging evidence suggests that FUS-mediated BBB opening alone can stimulate beneficial

biological responses.

e Microglial Activation: BBB disruption triggers an innate immune response, shifting
microglia into a "disease-associated" (DAM) phenotype. These activated microglia actively
phagocytose AR plaques.

e Glymphatic Clearance: FUS stimulates the glymphatic system, facilitating the "flushing" of

toxic protein aggregates into the lymphatic system.

4. Technical Specifications and Patient Selection in human
- Skull Density Ratio (SDR)

SDR is a critical screening metric calculated from CT scans as the ratio of marrow to cortical bone

density.

e Patients with SDR < 0.40 were traditionally excluded due to poor transmission efficiency.
e Modern systems optimize incidence angles to allow treatment for lower SDR patients (e.g.,

East Asian populations).

5. Safety and Predictability

e Acoustic Cavitation Indicator (ACI): Subharmonic ACI serves as a quantitative predictor
of opening magnitude, with a strong correlation (r = 0.92-0.94) to opening volume and
contrast intensity.

e Side Effects: The most common adverse event is a mild headache. Unlike antibody
therapy alone, FUS-mediated opening has not been associated with severe Amyloid-
Related Imaging Abnormalities (ARIA).

e Axonal Stress: A transient elevation of Neurofilament Light (NfL) can occur post-

treatment, reflecting axonal stress that resolves without permanent damage.

6. Future Outlook: Synergistic Combination Therapy

The current frontier is the combination of FUS with FDA-approved monoclonal antibodies like

Lecanemab and Aducanumab.



e Synergy: FUS enables antibodies to reach the brain at concentrations 2 to 5 times higher
than standard IV administration.
e Emerging Pipelines: Future research is expanding into the delivery of viral vectors for

gene therapy, stem cells, and tau-targeting antibodies.

7. Conclusion

Focused ultrasound is transitioning from "blind" fixed-parameter sonication to sophisticated
closed-loop systems guided by subharmonic feedback. By enhancing the brain's innate immune
clearance and facilitating precise, consistent drug delivery, FUS stands at the center of a shift

toward more effective Alzheimer’s treatments.



