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Abstract

Focused Ultrasound (FUS) is the concentration of acoustic energy into a small region to produce therapeutic
bioeffects via thermal or mechanical energy delivery. This technology has demonstrated ameliorative potential
for a myriad of pathologies, including metastatic cancers, neurological motor disorders, and neurodegenerative
diseases. FUS-induced blood-brain barrier opening (BBBO) has been shown to enhance glymphatic drainage,
the brain-specific waste clearance pathway, and therefore represents a promising strategy for addressing the
accumulation of neurotoxic solutes that is characteristic of many neurodegenerative diseases like Alzheimer's. It
may also represent a compelling strategy to accelerate brain tumor antigen draining to meninges, which could
trigger T cell priming, activation, and immunological tumor control. Here, we set out to define the biotransport
mechanisms by which FUS produces a therapeutic effect on glymphatic drainage by engineering a 3D finite
element COMSOL model of a single penetrating arteriole-venule vascular unit in the brain. This computational
model, which takes in vivo literature values as inputs and produces flux and flow profiles as outputs, has
produced insights into glymphatic waste clearance and FUS BBBO-mediated effects in the brain. Specifically,
FUS BBBO causes spatially diverse changes that enhance the glymphatic system by increasing both convective
and diffusive flux. This model can be used to optimize FUS parameterization and can increase clinician

confidence in this emerging therapeutic.



Graphical Abstract

Perivascular spaces

Arteriole Venule

Figure 1. Graphical Abstract: In vivo parameter analysis enabled the creation of a computational model that can simulate flow
velocity, concentration flux, and pressure gradients in the brain. Mouse brain microCT provided by the Wythe lab at the University of
Virginia.



Introduction

The Glymphatic System

Any energetic cellular process generates by-products that, if not disposed of, can disrupt cellular, organ, and
organismal homeostasis. Brain tissue is especially metabolically active. Consequently, the accumulation of
pathological proteins is a hallmark etiology of many neurodegenerative disorders, such as the build-up of

amyloid-f in Alzheimer’s Disease (AD) or a-synuclein in Parkinson’s Disease.

The brain is classically considered to be immune privileged.! Whereas the homeostasis of peripheral tissue is
maintained via fluid and waste clearance performed by lymphatic vessels and circulating immune cells, the

t.2* Two modalities

mammalian brain has internal systems of regulation that maintain the optimal environmen
accomplish this goal: active surveillance and phagocytosis by residential glial cells and passive maintenance

through the glymphatic (glial-dependent lymphatic) system.

The glymphatic system differs from peripheral lymphatics in two main ways. First, the blood-brain barrier, a
highly impermeable shield composed of epithelial and endothelial tight junctions, pericytes, and astrocytic
endfeet, separates the vasculature and parenchyma. This barrier prevents the entry of potentially dangerous
large molecules, facilitates endocytosis of essential nutrients, and mediates communication with the periphery.
Second, no vessels in the brain uniquely function analogously to peripheral lymph vessels.* Instead, the
clearance of the large amount of neurotoxic waste generated by very metabolically active neural tissue depends
on cerebrospinal fluid (CSF) flow through arterial perivascular spaces, into the parenchyma to mix with
interstitial fluid and solutes, and back into venule perivascular spaces to drain out of the brain. Perivascular
spaces, also known as Virchow-Robin spaces, are the periarterial (PAS), perivenous (PVS), and pericapillary
spaces created by the gap between the astrocytic endfeet and the brain vasculature’s endothelium. CSF flows
through these spaces not only to clear waste, but also to supply glucose, lipids, and neuromodulators to the

brain.>¢



Indeed, CSF, a plasma ultrafiltrate, is critical for regulating many aspects of the brain environment, including
buoyancy, nutrient distribution, and waste clearance. It is produced continuously in the choroid plexus, an
epithelial-endothelial vascular convolute within the brain's ventricular system, at a rate of approximately 500
milliliters per day in humans.”® After production, CSF travels from the lateral ventricles to the third and fourth
ventricles and arrives in the subarachnoid space and cisterns.’ It is from the subarachnoid spaces that CSF flows

through perivascular spaces, following brain-penetrating arterioles and ascending venules (Fig 2).
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Figure 2. Flow of CSF through the brain. CSF exits the ventricular system and circulates the outer surface of the central nervous
system. Then, CSF travels along perivascular spaces (A1) and, because of arterial pulsations (A2), enters the brain parenchyma (A43).
Next, CSF influx from perivascular spaces (B1) mixes with interstitial fluid (ISF) and brain solutes in the neuropil (B2) and travels
along the white matter (B3). Finally, this CSF-ISF mixture drains out of the parenchyma (C1) along perivenous spaces (C2) into

lymphatic vessels in the dural sinuses.”’ Figured acquired from “The glymphatic system: Current understanding and modeling”.*

While arterial pulsations from the cardiac cycle are dissipated by compliant vessels in the periphery to achieve
nearly continuous blood flow, the rigidity of the skull contributes to a measurably pulsatile flow in the brain.

The hydrostatic pressure this pulse generates and the pressure gradients created by respiration and slow



vasomotion drive the CSF along the periarterial spaces and into the brain parenchyma. When CSF enters the
neuropil, it mixes with interstitial fluid and cellular waste. This composite enters perivenous spaces, becoming
increasingly concentrated with metabolic by-products as it effluxes to classical lymphatic vessels in the dura
mater that recirculate CSF and process the extra fluid and waste. Aquaporin-4 (AQP4) water channels
embedded in the astrocytic endfeet surrounding the brain vasculature facilitate this directional flow through the
brain parenchyma. Figure 3 below, acquired from Fluid Transport in the Brain, illustrates the distinction

between peripheral lymphatics and waste clearance in the brain."
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Figure 3. The distinction between classical lymphatic waste clearance in the peripheral tissue versus the brain.

Glymphatic waste clearance is hypothesized to be primarily active during sleep.'? During this period, the brain
behaves fundamentally differently than the awake state. Experimental evidence in various mammalian models,
including humans, has shown that sleep increases flow through the perivascular spaces, interstitial space, and
brain parenchyma. Thus, the long unanswered question of the biological basis for sleep has enhanced
glymphatic waste clearance as a compelling explanation. This idea is supported by the fact that the need for
sleep and the existence of glymphatic anatomical structures are both evolutionarily conserved, with continuity
between rodents, pigs, non-human primates, and humans. In line with this thinking, it has been demonstrated

that dementia is strongly associated with sleep disruption and that essentially all neurodegenerative disorders



arise from the accumulation of cellular waste products in the brain.'*'* Altogether, current research strongly
supports the idea that sleep facilitates glymphatic clearance, thereby preventing neurodegeneration and
maintaining brain homeostasis. Understanding sleep as an important biological regulator of waste clearance can

help researchers develop therapeutics that harness similar mechanisms to restore malfunctioning glymphatics.

Focused Ultrasound

FUS is a therapeutic technology with a wide range of applications. By delivering focused acoustic pressure
waves to a specific tissue region, FUS can produce mechanical or thermal bioeffects. These include opening the
blood-brain barrier, ablating tumors, modulating neuronal activity, promoting macromolecule uptake in cells,
enhancing targeted drug or gene delivery, or modifying a tissue’s physical characteristics.'>'® With the ability to
produce such a range of effects, FUS has produced promising results in treating various ailments, such as
metastatic disease, cerebral cavernous malformations (CCMs), AD, and essential tremor.'>!"'* Some of these

effects are shown in Figure 4 below.

Glymphatic Waste Blood Brain Barrier
Clearance Opening
Cerebral Delivery
Cavernous of Therapeutic
Malformations Agents
(CCMs)

Figure 4. Applications of Focused Ultrasound. Figure adapted from Gorick et al. (2022)"
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Perhaps the most exciting of the effects elicited by FUS is transient blood-brain barrier opening (BBBO). FUS,
being a pressure wave, can induce volumetric changes in gases. When FUS is used to sonicate intravenously
delivered microbubbles (MBs), the bubbles will cavitate, or undergo cycles of compression and rarefaction, due
to the inverse relationship between the pressure of the sinusoidal FUS wave and the MB volume.'>!* With
proper FUS parameters, the expanding and contracting MBs can exert mechanical stress on surrounding
vasculature. At low acoustic pressures, this volume oscillation is consistent and known as stable cavitation. At
higher acoustic pressures, the volumetric oscillations increase in magnitude and can lead to MB collapse. This
event is known as inertial cavitation and can damage the surrounding environment. In the brain, either form of
cavitation can cause BBBO, but inertial cavitation can potentially damage neuronal tissue despite creating a
larger opening in brain vessels.'>**?! Still, for some clinical applications, the risk is worth allowing larger

therapeutics to enter the brain.

The BBB often hinders attempts at treating serious or fatal neurological issues like glioblastoma or AD by
blocking the entry of drug or gene therapies. FUS BBBO has incredible promise as a therapeutic strategy
because it can temporarily disrupt the BBB, which tightly controls the bidirectional flow across the brain
vasculature. The brain, being the most vascularized organ in the body and the most difficult to deliver
therapeutics over ~500 kDa to, would benefit immensely from a technology that could selectively and
non-invasively permeabilize its vasculature.”? FUS achieves non-invasive, safe, targeted, and repeatable BBBO
in a transient manner that tends to heal within 24 hours. For this reason, there has been a myriad of preclinical

and clinical studies investigating FUS BBBO as a lone or combinatorial therapeutic technique.?**°

FUS for Enhanced Glymphatic Clearance

Beyond allowing larger molecules to bypass the BBB, FUS BBBO produces a variety of changes in the brain,
ranging from increasing the proportion of neuroprotective disease-associated microglia (DAMs) in the brain’s

resident macrophage population to improving nanoparticle transfection.’'*? A more recently explored effect is
11



the enhancement of glymphatic waste clearance.*>** Researchers have demonstrated that FUS BBBO augments
glymphatic waste clearance, including for pathological proteins such as amyloid-f in AD.**** These studies are

the pioneering evidence that FUS could be used as a treatment for mammalian glymphatic malfunction.

Curley et al. (2020)*? investigated how treatment delivery to brain tumors could be enhanced with focused
ultrasound. The group utilized magnetic resonance (MR)-guided FUS BBBO in conjunction with nonviral gene
therapy brain-penetrating nanoparticles (BPNs) in glioma-bearing mice. Due to abnormal vasculature
development, pressure gradients and convective mass transport are significantly disrupted in the tumor
environment. The researchers aimed to overcome this challenge by increasing particle penetration with FUS
BBBO. They observed that FUS BBBO enabled the delivery of therapeutics across both the BBB and the
blood-tumor barrier (BTB). BPN transgene expression was significantly enhanced in the brain tumors treated
with FUS compared to untreated controls. Interstitial fluid flow in the brain and tumor was also affected, with
the median flow velocity approximately doubling and the Péclet number, the proportion of convective to
diffusive flux, more than tripling. These findings strongly suggest that FUS improves nutrient distribution and

waste clearance in the brain by increasing the advection rate.

Ye et al. (2023)** sought to understand if MB pumping effects caused by FUS-induced compression and
rarefaction of circulating MBs could enhance glymphatic transport by replicating the base driver of
glymphatics, cardiac pulsatility. They tested this by administering albumin-MBs intranasally, followed by FUS
sonication at the thalamus in mouse brains. They compared their results to mice that received intracisterna
magna tracer injections, the standard method of measuring glymphatics in mammalian brains. Using confocal
microscopy, this study confirmed a FUS BBBO-dependent increase in MB albumin in the perivascular spaces
and into the interstitial space of the targeted brain regions. This study supported the notion that FUS enhances

glymphatic transport.
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Lee et al. (2020) demonstrated that FUS improved beta-amyloid clearance in AD mouse models. The
researchers found that FUS BBBO enhanced soluble beta-amyloid clearance out of the brain and into CSF, but
this effect was not shown for plaques. Additionally, FUS BBBO increased the cognitive score of the mice
compared to the control. To ensure the FUS’s effect was due to glymphatic enhancement, the researchers
performed a lymphatic ligation that led to increased beta-amyloid accumulation and decreased cognitive score
and observed that FUS BBBO rescued both deleterious effects. These observations indicate that FUS can
prevent and ameliorate neurodegeneration by promoting waste clearance before pathogenic compounds like

amyloid plaques form.

FUS BBBO was the first technology to characterize glymphatic dynamics in the human brain.*® Despite
advances in augmenting and characterizing waste clearance in the brain, the exact mechanisms by which FUS
BBBO improves the glymphatic system are still poorly understood. FUS BBBO represents an extremely
hopeful avenue for addressing the pathological accumulation of neurotoxic solutes, and would greatly benefit

from investigations into its therapeutic potential for the glymphatic system.

Modeling the Glymphatic System

Computational modeling is a powerful tool to overcome technological challenges in directly measuring some
biological phenomena. Consequently, many researchers have designed computational models for the glymphatic
system or brain vasculature. Nedergaard et al., The Glymphatic System.: Current Understanding and Modeling,
reviewed many recently developed glymphatics models.* Models have simulated many potential glymphatic
mechanisms, including perivascular pumping, the interface between perivascular spaces and the parenchyma,
waste efflux routes, neuronal activity and vasomotion, and mass transport through the brain parenchyma. One
model notably modeled interstitial fluid flow in mammalian brain parenchymas by estimating how idealized
brain vasculature arrangements and orientations affect hydraulic resistance.’” Others have evaluated the

possibility of advective mass transport as a waste clearance mechanism for glymphatics.** ***? Another explored
13



how elevations in intracranial pressure change CSF dynamics in the brain.*® Still more have attempted to
statistically predict the topology of brain vasculature, or have tried to understand the role of glymphatics in the

pathogenesis of neurodegenerative diseases like AD.**

Finite element modeling (FEM), a computational method of solving partial differential equations related to
physical processes like heat and mass transfer, fluid movement, and structural deformations, is an increasingly
popular way of circumnavigating laborious or challenging data collection. Many biomedical engineering
projects have used FEM to generate novel biological insights, such as ones related to breast tissue, bone, skin,
and more.***! Thus, this study aims to leverage FEM as a novel mode of investigation for FUS BBBO-enhanced

glymphatic waste clearance.

Methods

The model design was completed in COMSOL Multiphysics using the microfluidics package. All values were
collected from a literature review. FUS BBBO was modeled as changes in permeability, porosity, flow, and
perivascular space geometries. It should be noted that FUS BBBO is not modeled as a delivery mechanism for
any of the species. Instead, FUS is treated simply as a system perturbation that affects the clearance of
pre-existing solutes in the brain parenchyma. FUS was modeled after the pre-clinical RK50 device developed
by FUS Instruments Inc. (center frequency 1.66 MHz, element diameter 43 mm, focal length 35 mm). Solutes
were modeled based on measured diffusion coefficients in the mammalian brain parenchyma. The effects FUS
BBBO has on glymphatic waste clearance at different spatial targets, for different solutes, and for different

solute distributions, were explored. A comprehensive list of parameter values is included in Tables 1 and 2.
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Assumptions

Constant temperature and pressure are assumed. It is also assumed that no chemical reactions are occurring and

that the physical deformation of vessels caused by cardiac pulsations is negligible. FUS BBBO is assumed to

occur downstream of the model vessels, which are so large that it is feasible to assume that FUS BBBO might

not occur therein. Because of this, blood flow and influx of any species from the plasma can be ignored. Finally,

all tissue heterogeneity stemming from microglia, astrocytes, neurons, or other brain tissue is considered

captured by tissue parameters like porosity and permeability.

Table 1. Glymphatics model parameters

Parameter Value Unit Reference
Base model geometry

Length 100 um [38], [42]
Arteriole Diameter 20 um [6], [44], [45], [46], [47]
Venule Diameter 30 um [6]
Perivascular Space Width 10 um [6], [44], [48]
Glia Limitans Width 1 um [6], [49], [50]
Mean distance from 280 um [51], [52]
arteriole to venule

Parenchyma Porosity 20 % [53], [54], [55]
Parenchyma Permeability 10”12 m’ [56]
Parenchyma Tortuosity 1.7 dimensionless [57]

Glia Limitans Porosity 0.3 % [56], [58]

Glia Limitans Permeability | g « 1071 m’ [52], [56]
Pressure Gradient Across 3 mmHg/m [59], [60]
Vessels

Periarterial CSF Velocity 18.7 um/s [11], [48]
Perivenous CSF Velocity 3 um/s [61]

CSF Viscosity 1 mPa/s [62]

CSF Density 1 g/mL [63]

15




Table 2. Parameters for modeling FUS and various solutes

Parameter Value Unit Reference

FUS Parameters

Focal Volume 0.9 mm [64]

Cross-Sectional Diameter

Perivascular Space Size 175 % [65]

Increase

Parenchyma Porosity 167 % [66]

Increase

Parenchyma Permeability 300 % [67]

Increase

FUS Fluid Inlet 0.8 um/s [32]

Solute Diffusion

Coefficients

Solube Tracer 107° m’ [68]
S

amyloid-ﬁ 1.8 x 10_10 LZ [57]
N

a-synuclein 7 8x10 % m’ [69]

Results

Base Design

Figure 5 shows the base model's design. The broad outer cylinder represents the brain parenchyma, while the
inner concentric cylinders represent the glia limitans, perivascular spaces, and vasculature, respectively. The

single arteriole-venule (AV) unit was modeled to characterize CSF ingress and egress dynamics in the

glymphatic system.
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Figure 5. General Model geometry

All models were simulated until 95% of the initial mass was cleared, at which point the simulation terminated.

Temporal and spatial data related to solute flux, pressure, and flow were collected.

Clearance of Centralized Solube Tracer (NO FUS)

The model’s first iteration simulated the clearance of a cylindrical bolus of tracer centralized between the
vessels, shown in the following figures. Figure 6 shows the steady-state flow profile, and Figure 7 illustrates the

pressure gradient which drives that flow. Tracer in this bolus formation was simulated first to visualize the
2

glymphatic profile. This tracer was simulated with a diffusion coefficient of 10_9mT, which is on the order of

magnitude of a macromolecule tracer.®® The bolus shape was chosen because it is visually simple.
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Figure 6. Steady-state flow profile of base model
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Figure 7. Pressure profile of base model

Figures 8, 9, and 10 show the concentration flux at t = 1, 10, and 30 respectively. The color scale represents the
spatial solute concentration while the arrows point in the direction of flux. These three timepoints were selected

to illustrate the evolution of solute clearance over time. Note that the color scale is relative to each time point.

19



Figure 8. Concentration flux of centralized tracer at t = 1 s for base model
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Figure 9. Concentration flux of centralized tracer at t = 10 s for base model
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Figure 10. Concentration flux of centralized tracer at t = 30 s for base model

Finally, Figure 11 shows the relative contributions of convective and diffusive flux and the resulting Péclet

number.

3
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Figure 11. Contributions to flux and Péclet number for base model

This figure was generated to evaluate the modes of clearance over time and provide an intuitive visualization

for the Péclet number.

Clearance of Centralized Tracer with FUS BBBO Applied on the Arterial Side (PAS FUS)

Changes in dynamics were modeled in the presence of FUS BBBO only on the arterial side. Figures 12 and 13

show the flow and pressure profiles, respectively, while figures 14, 15, and 16 again show the tracer

23



concentration over time. Figure 17 shows the flux analysis. This model was created to generate insight into the

spatial effects of FUS BBBO on the arteriole, which is the source of CSF for glymphatic flow.
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Figure 12. Steady-state flow profile of arterial FUS BBBO model

As one can see, the model is affected by an additional fluid inlet on the arterial side and by increased PAS

volume.
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Figure 13. Pressure profile of arterial FUS BBBO model
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Figure 14. Concentration flux of centralized tracer at t = 1 s for arterial FUS BBBO model
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Figure 15. Concentration flux of centralized tracer at t = 10 s for arterial FUS BBBO model
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Figure 17. Relative contribution to flux and Péclet number for arterial FUS BBBO model

Clearance of Centralized Tracer with FUS BBBO Applied on the Venous Side (PVS FUS)

Peclet # (1)

The same data were generated by a model with FUS BBBO occurring around the venule region, and are shown

in figures 18, 19, 20, 21, 22, and 23 below. This model was created to complement the previous model by

applying FUS at the venule region.
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Figure 18. Steady-state flow profile of venule FUS BBBO model

Similar to the FUS PAS model, one can observe additional fluid inlets on the venule side, along with expanded PVS

volume.
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Figure 19. Pressure profile of venule FUS BBBO model
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Figure 20. Concentration flux of centralized tracer at t = 1 s for venule FUS BBBO model
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Figure 21. Concentration flux of centralized tracer at t = 10 s for venule FUS BBBO model
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Figure 22, Concentration flux of centralized tracer at t = 30 s for venule FUS BBBO model
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Figure 23. Relative contribution to flux and Péclet number for venule FUS BBBO model

Clearance of Centralized Tracer with FUS BBBO Applied on the Whole Model (Whole FUS)

The same simulations were repeated with FUS BBBO covering the entire model, and are shown in figures 24,
25,26, 27, 28, and 29. This model aimed to evaluate the overall increase in glymphatic clearance for an entire

AV unit because the RK50 focal volume greatly exceeds the AV unit size.

Peclet # (1)



Figure 24. Steady-state flow profile of whole FUS BBBO model

Both the perivascular spaces are expanded, and the entire model experiences additional fluid inlets along its

circumference.
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Figure 25. Pressure profile of whole FUS BBBO model
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Figure 26. Concentration flux of centralized tracer at t = 1 s for whole FUS BBBO model
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Figure 27. Concentration flux of centralized tracer at t = 10 s for whole FUS BBBO model
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Figure 29. Relative contribution to flux and Péclet number for whole FUS BBBO model

Centralized Tracer Model Comparisons
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Figures 30 and 31 show comparisons between the first four model permutations for the rate of waste clearance

and the Péclet number, respectively.
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Distributed Tracer Model

Figures 32-35 show the outcome of a FUS-negative model where the tracer is equally distributed among the
brain parenchyma. Because the flow profile and pressure gradient will be unaffected by the solute distribution,
only the concentration flux and its components are shown. The purpose of this model is to simulate a realistic

alternative solute distribution in the brain with a familiar solute, to not introduce unnecessary variability.
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Figure 32. Concentration flux of distributed tracer at t = 1 s _for base model
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Figure 33. Concentration flux of distributed tracer at t = 10 s for base model
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Figure 35. Relative contribution to flux and Péclet number for base distributed tracer model

Distributed Amyloid-5 Model
The same experiments were tested for soluble amyloid-£, which was modeled using a diffusion coefficient of

1.8x 10_10mT. This model simulates the baseline glymphatic clearance of amyloid-g, a hallmark lipoprotein

that accumulates in the pathogenesis of AD. The results are shown in Figures 36-39.
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Figure 36. Concentration flux of distributed amyloid-5 at t = 1 s for base model
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Figure 37. Concentration flux of distributed amyloid-§ at t = 10 s for base model
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Figure 39. Relative contribution to flux and Péclet number for base distributed Amyloid-3 model

Distributed a-Synuclein Model

The same experiments were tested for a-synuclein, a hallmark protein in PD with a DC of 7.8 x 10_10mT. The

results are shown in Figures 40-43. This model aims to establish baseline glymphatic clearance of a different

pathological solute which is common in neurodegenerative diseases.
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Figure 40. Concentration flux of distributed a-synuclein at t = 1 s for base model
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Figure 41. Concentration flux of distributed a-synuclein at t = 10 s _for base model
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Figure 43. Relative contribution to flux and Péclet number for base distributed a-Synuclein model

Distributed Tracer FUS Model
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Figures 44-47 show the simulations of a distributed FUS BBBO model. This model illustrates how FUS BBBO

affects the clearance of tracer when it is evenly distributed throughout the brain parenchyma.
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Figure 44. Concentration flux of distributed tracer at t = 1 s for FUS BBBO model
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Figure 45. Concentration flux of distributed tracer at t = 10 s for FUS BBBO model
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Figure 47. Relative contribution to flux and Péclet number for FUS BBBO distributed tracer model

Distributed Amyloid-3 FUS Model

Figures 48-51 show the outcomes of simulations of a distributed Amyloid-g FUS BBBO model. This model
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aims to evaluate the therapeutic mechanism that FUS has demonstrated for clearing soluble amyloid-f.
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Figure 48. Concentration flux of distributed Amyloid-§ at t = 1 s for FUS BBBO model
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Figure 49. Concentration flux of distributed Amyloid-§ at t = 10 s for FUS BBBO model

mol/m
x107*

4.5

35

25

15

0.5

3

60



Figure 50. Concentration flux of distributed Amyloid-f at t = 30 s for FUS BBBO model

mol/m
x107*

4.5

3.5

2.5

1.5

0.5

3

61



XlO_g T T T T T T
- 160
2 I
- 150
1.8 - 140
=130
1.6
=120
1.4} =110
= - 100
&N 1.2+ —
< — Convection
E —— Diffusion | |2°
= v NS
E 1r —* |80
X — Peclet #
= 170
08¢
- 60
0.6
150
0.4 =40
-1 30
0.2F
120
0 _I/--__ | | | | T 10
0 20 40 60 80 100

Time (s)

Figure 51. Relative contribution to flux and Péclet number for FUS BBBO distributed amyloid-f3 model

Distributed a-Synuclein FUS Model
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Figures 52-55 show the outcomes of simulations of a distributed a-Synuclein FUS BBBO model. The purpose

of this model is to evaluate the solute-specific effects of FUS BBBO, while also exploring its therapeutic

potential on different diseases.
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Figure 52. Concentration flux of distributed a-Synuclein at t = 1 s for FUS BBBO model
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Figure 53. Concentration flux of distributed a-Synuclein at t = 10 s for FUS BBBO model
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Figure 54. Concentration flux of distributed a-Synuclein at t = 30 s for FUS BBBO model
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Figure 55. Relative contribution to flux and Péclet number for FUS BBBO Distributed a-Synuclein model

Distributed Solute Model Comparisons

The following figures demonstrate how FUS BBBO affects glymphatic waste clearance for the three modeled

solutes. These graphs demonstrates the rate of solute clearance.
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Distributed Solute Model Rate of Clearance Comparisons
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Figure 56. Rate of tracer clearance with and without FUS
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Figure 57. Rate of amyloid-f3 clearance with and without FUS
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Figure 59. Percent decrease in FUS-enhanced solute clearance time for different species
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Distributed Solute Model Flux Comparisons

The flux dynamics are again shown in figures 60-62 to highlight the effects of FUS for each species. Figure 63

shows the change in magnitude of these fluxes as well.
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Figure 61. Contributions to amyloid-f flux with and without FUS
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Discussion

The Effects of FUS

Across the board, FUS BBBO shortened the time needed for 95% of the initial mass to clear and increased the
Péclet number. For the centralized tracer models, the size of the FUS focal region corresponded to the size of
the effect, with the “Whole FUS” model clearing the fastest and the “No FUS” model clearing the slowest.
Interestingly, the “PAS FUS” model cleared faster and experienced a higher Péclet number than the “PVS FUS”
model, despite the exact same FUS focal volume for both models. This unexpected outcome could be related to
the unique Péclet number seen in the “PAS FUS” model, which doesn’t stabilize at a certain value like the other
models but instead continues increasing rapidly up until the simulation terminates. A possible explanation could
be that the FUS-induced increase in perivascular space volume (~175%) had a larger effect on the periarterial
side because this side is the source of the CSF, despite the PVS having an overall larger volume increase due to
a larger initial volume. A larger PAS could mean more influx of CSF and more convection, whereas an
increased PVS might simply increase the rate at which CSF flows through the parenchyma. In other words,
perhaps the expanded PVS is bottlenecked by the amount of CSF the PAS can allow into the parenchyma,
whereas the expanded PAS sets the rate of CSF flux that the PVS then accommodates. An additional
explanation could be that FUS influences the pressure gradient that drives glymphatic CSF flow. On the PAS
side, an increase fluid inlet and an increase in pressure could increase the rate of waste clearance. On the PVS
side, it would follow that a fluid inlet and increased pressure would oppose, and thus less efficiently enhance,
glymphatic flow. These insights were unexpected and could inform FUS targeting practices. Altogether, the data
from this first set of models suggests that FUS enhances the rate of waste clearance by increasing the Péclet
number, or the relative contribution of convection to mass transport. This is in direct agreement with the

findings from Curley et al. (2020).
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Different Solute Distributions

The “Whole FUS” centralized tracer model cleared in 46.5% of the amount of time with FUS BBBO as
compared to without, while the distributed model cleared in 67% of the base time when FUS was present. This
is promising insofar as it suggests that FUS BBBO might preferentially enhance the clearance of accumulated
solute over dispersed solute. However, it is worth noting here that the initial masses as not equal. The initial
concentration is held constant between models, not the mass. Hence, the equal distribution models have an
overall larger initial mass. Regardless, this should not affect the magnitude of the FUS BBBO effects, especially
because the rate of solute clearance decreases with less solute in a manner reminiscent of an exponential decay
function. An explanation for why FUS might better enhance aggregated solutes is that, by greatly improving
convection, more CSF flows directly down the pressure gradient, between the arteriole and venule, compared to
peripheral paths. In the centralized models, this would lead to more rapid clearance, while in the distributed
models, the solute on the periphery would take longer to clear. Overall, it is reassuring that the models suggest
that FUS BBBO can shorten waste clearance to almost half the time in the worst case for various solutes. This
finding is in agreement with the results of the Ye et al. (2023) and Lee et al. (2020) studies but adds to them by
suggesting that aggregated, but still soluble, solutes located directly between vessels might be the most affected

by FUS-enhanced glymphatic clearance.

Different Solutes

The solute characteristics were determined by each species’ measured diffusion coefficient (DC) in the
mammalian brain parenchyma. The tracer had the highest DC, followed by a-synuclein, and finally by
amyloid-f. This corresponds to a 160%, 200%, and 250% increase in the Péclet number respectively (Figs.
60-62). It also trends with a 33.3%, 33.7%, and 12.4% decrease in the time to clear solute (Fig 59). This data
challenges the earlier notion that convection is the sole driver in FUS-enhanced solute clearance and instead

suggests that the DC and diffusive flux play major roles in glymphatic waste clearance. Why would amyloid-g,
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with the largest proportional increase in convection, exhibit the smallest decrease in clearance time? The answer
lies in Figure 63 and the relationship between a solutes ability to diffuse and convect. Diffusion coefficients are
determined experimentally by measuring the amount of flux of a solute in a certain medium with a certain
concentration gradient. Simply put, diffusion coefficients indicate how well a solute can diffuse. One might
initially think of convection and diffusion as opposing processes, and indeed in many systems they are.
Convection can create concentration gradients that increase in the same direction as flux, whereas diffusive flux
always occurs down a concentration gradient. However, in order for a solute to advect, a certain degree of
mixing is required to happen between the flowing solvent and the solute. This mixing process is mediated by
diffusion, meaning that species that diffuse more efficiently will also mix with a convecting fluid more
efficiently. This explains why the tracer and a-synuclein experienced more enhanced clearance with FUS. With
larger DCs, they are better at diffusive mixing with the CSF and thus advect quickly out of the model. As can be
seen in figures 60-62, these species demonstrated a notably larger increase in peak diffusive flux compared with
amyloid-f. So how does amyloid-f have a larger increase in Péclet number, and why does figure 63 indicate
that amyloid-f experienced more enhanced convective (~4x increase compared to ~3x) AND diffusive (1.6x
increase compared to ~1.3x) flux than the other species? With a lower DC, amyloid-f mixes poorly with the
CSF and convects less efficiently. This increases the simulation duration, which provides amyloid-g with more
time to diffuse. Because glymphatic flow concentrates solute around the venule, diffusion will occur away from
the perivenular space, opposite convection. This will increase the overall amount of diffusive flux. The model
will continue to run until the convecting CSF carries that solute towards the venule, which will increase the
overall amount of convective mass flux as well. This back-and-forth process of opposing convection and
diffusion, which is shown in Figure 64 and is promoted by poor mixing, increases the overall amount of flux
that occurs in the simulation without improving the clearance efficiency. Figure 65 shows an example of how
the convection and diffusion flux profiles of a solute oppose one another for the FUS BBBO tracer model. Note

that near the venule, diffusive flux points into the PVS because the CSF flowing therein acts as a diffusive sink.
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Figure 64. A. Convection is enhanced by diffusion-mediated mixing of the solute with CSF. B. Species with low diffusivity mix poorly
with CSFE, which hinders convection and increases diffusive flux.
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Figure 65. A. Diffusive flux profile B. Convective flux profile.

This unintuitive insight suggests that FUS will best enhance peak diffusion for solutes with a higher diffusion
coefficient. This will improve mixing and minimize diffusive flux, thereby enhancing glymphatic clearance. A

higher peak diffusion corresponds to better CSF mixing and not just diffusion towards a CSF “sink” in the

perivenule space because studies have shown that an agent like Albumin (DC= 1.6E-11 m’ /s) would take over

100 hours to diffuse through 1 cm of brain tissue, which is not efficient enough to maintain human brain
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homeostasis.' These conclusions provides support to existing models that challenge the notion that convection
plays the main role in glymphatic transport (Jin et al. (2016), Asgari et al. (2016)), while also providing nuance
to current models and studies that have demonstrated FUS-enhanced glymphatic waste clearance without

determining a clear mechanism (Curley et al. (2020), Ye et al. (2023), Kedarasetti et al. (2022)).

This finding also suggests that less diffusive agents, like amyloid beta, might not depend on the glymphatic
system as the primary mode of clearance. FUS only enhanced clearance of amyloid beta by ~10%, indicating
that, even with a technology that augments this waste clearance system, solutes with low diffusivity likely
depend on another mechanism to be cleared, such as enhanced microglial activation and phagocytosis.*>* This
notion is supported by the idea that a slower glymphatic clearance time increases the opportunities for microglia
to surveil and phagocytose solutes, and by studies that have shown that amyloid beta and microglia colocalize in
AD models.*'#? Interestingly, microglia have been shown to consistently aggregate with amyloid beta in
perivascular spaces, which further suggests that microglia might compensate for solute-specific inefficiencies of
the glymphatic system in disease contexts.®® Likely, most pathological solutes depend on a combination of
clearance mechanisms, including the glymphatics system, to varying degrees. This finding can shape the
optimization of therapeutic strategies for various neurodegenerative diseases and adds to our understanding of

brain homeostasis.

Model Novelty and Limitations

While there are many computational models of the glymphatics system, none provide comprehensive 3D
pressure, velocity, and concentration flux profiles to the author’s knowledge. Some individually explore
pressure, concentration flux over time, 2D models of spatial convection, or flow velocities, but none integrate
and visualize these data in a 3D format.’*>>> 7 Furthermore, there are currently no models that explore the
effects of FUS BBBO on the glymphatics system. Therefore, this model provides insights that are entirely

unique and could become foundational for future computational and in vivo studies.
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This model has limitations. The most obvious is the model’s simplistic geometry. No vessels are perfectly
cylindrical or parallel, and if there are systemic effects of FUS on glymphatics, this model of a single
arteriole-venule unit will fail to identify them. Another example of model limitations is that perivascular spaces
are notably elliptical, not annular as modeled.*** "' Additionally, the assumption that BBBO fails to occur in the
model vessels is a simplification because, with a large enough FUS amplitude, BBBO could theoretically occur
in these vessels. However, this limitation is relatively minor because FUS BBBO has not been reported in
vessels of this caliber. Simulating FUS BBBO in these vessels would also demand simulating blood flow and
perhaps even the effects of vasoconstriction and vasodilation, both of which could doubtless have effects on
glymphatic flow. Additionally, the heterogeneity of brain parenchyma is lumped into only a few parameters.
Microglia, astrocytes, neurons, and other species in the neuropil would indeed affect mass transport. For
instance, there is anisotropy along neuronal tracts, while my model assumes isotropy throughout the
parenchyma.” The diffusion coefficient of various solutes through brain microstructures, like the one
micron-thick glia limitans, has not been measured in vivo. Therefore, only the DCs of the solutes in the
parenchyma were used. Finally, this model is limited by a lack of consistency among in vivo studies. Parameters

were collected from various mammals, and so might fail to capture true human glymphatics.

Although the model is indeed limited in many ways, the assumptions that are made are realistic and allow the
investigation of the glymphatics system and the bioeffects of FUS. The insights produced by this study might

otherwise have been very difficult or impossible to produce.

Future Directions

Excitement for the therapeutic potential of FUS for neurodegenerative disorders has been growing over the last
decade.” Because the glymphatic system was first characterized in vivo in 2012, the combination of FUS and

glymphatics is still in an incipient stage.® Many publications on FUS for neurodegenerative disease focus on the
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technology’s ability to immunomodulate. Some studies, even ones as recent as 2022, claim that FUS’s
neurotherapeutic effects are primarily due to microglial activation without homage to the glymphatic
system.*'*> ™ However, many studies recognize the role that the glymphatic system plays in maintaining brain
homeostasis, which is leading to the adoption of the glymphatic system as a central therapeutic target.”’>’¢ The
finding that the glymphatic system is primarily active during sleep has driven efforts to replicate the regulatory
processes that occur during slow-wave sleep with different therapies.”” This modeling project has indicated that
FUS BBBO replicates those processes by increasing brain porosity and permeability. This could drive sleep-like
glymphatic clearance even during wakeful states. FUS could be especially useful to address age-related risk
factors for neurodegeneration related to impaired glymphatics such as chronic sleep deprivation and poor sleep
quality. Ideally, this model could advance the field of biomedicine through the insights it has produced into the
mechanisms behind glymphatic waste clearance and by increasing healthcare provider confidence in FUS as a

therapeutic technology. The model also has exciting possibilities for future avenues of investigation.

First, the model could be further validated with in vivo experimentation. The model has already shown
agreement with the current studies into FUS-enhanced glymphatics, as discussed earlier. Beyond this, the
model’s prediction should be directly compared to the actual rate of waste clearance in an animal model, as was
done in the validation done by Ye et al. (2023). This would be accomplished by completing intracisterna magna

tracer injections during MR imaging, and comparing the actual clearance time to the model’s prediction.

Second, the model could be expanded to include a region of brain tissue that is larger than the FUS focal
volume cross section. This would allow researchers to better understand the spatial effects of FUS, and would
facilitate efforts to experimentally validate the model with MRI. Two-photon microscopy or other
computational models of vascular orientation (such as Schreder et al. (2022)) could be used to create anatomical

guides to scale up the model.
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Finally, the model could be adapted to other neurovascular disorders, like Cerebral Cavernous Malformations

(CCM) or glioblastoma. These efforts could accelerate the adoption of FUS for other clinical issues that FUS has

already demonstrated benefits for in preclinical trials.'>"*"
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Conclusion

Altogether, this model suggests that FUS greatly improves waste clearance by increasing both diffusion and
convection. These trends work together to increase solute mixing with the CSF in tandem with the rate of CSF
flow from the arteriole to the venule. Solutes more centralized to the CSF flow profile and that have a higher
DC tend to clear more rapidly due to increased convection and enhanced diffusive mixing. The magnitude of
FUS effects corresponds to the size of the focal volume, with slightly greater effects for arterioles compared to
venules. These could be instrumental insights for transforming FUS into a common therapeutic technology for

neurodegenerative diseases.
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