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(57) ABSTRACT

A computer-implemented method and system includes
accessing neurophysiological and neurovascular data
recorded during sleep. A function mapping 1s executed from
said neurophysiological and neurovascular data to a target
that 1s one of a glymphatic flow marker, a molecular analysis
marker ol neurodegeneration, or a neuroimaging marker of
neurodegeneration. A target prediction model 1s output
based on the function mapping. The target prediction model
can receive new neurophysiological and neurovascular data
and output a predicted marker of neurodegeneration.
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NON-INVASIVE ASSESSMENT OF
GLYMPHATIC FLOW AND
NEURODEGENERATION FROM A
WEARABLE DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application 1s a continuation applica-
tion of and claims priority to U.S. patent application Ser. No.
17/937,952 filed Oct. 4, 2022, which 1s a continuation
application of and claims priority to U.S. patent application
Ser. No. 17/713,329 filed Apr. 5, 2022, now U.S. Pat. No.
11,478,184, which claims the benefit of U.S. Provisional
Patent Application No. 63/244,080 filed Sep. 14, 2021. The
entire content of the foregoing applications 1s 1ncorporated
herein by reference.

FIELD OF THE INVENTION

[0002] The invention relates generally to the collection of
neurophysiology and neurovascular data from a wearable
device for use 1n 1dentitying, predicting, and treating neu-
rodegeneration.

BACKGROUND

[0003] Interest in brain fluid transport systems has risen
rapidly 1n recent years with the discovery of the glymphatic
system and 1ts role i brain protein clearance involved 1n
neurodegeneration such as amyloid-p. Inhibition of glym-
phatic flow accelerates protein accumulation and cognitive
decline 1n animal models of Alzheimer’s disease, traumatic
brain 1njury and Parkinson’s disease. The glymphatic flow 1s
primarily active during sleep and driven by cerebrovascular
arterial pulsations, thus, sleep, cerebrovascular integrity and
neurovascular coupling are required for clearance of waste
products that build up in the awake brain. A reduction in
glymphatic flow results 1n accumulation of protein in the
brain that leads to neurodegeneration (known as brain pro-
teinopathy) and which can be detected with neuroimaging or
molecular analyses of cerebrospinal tluid or blood plasma.
Accordingly, non-invasive techniques for monitoring and
analyzing information associated with glymphatic flow and
its clearance of protein, with a focus on monitoring the
mechanism of glymphatic flow that causes the protein
accumulation rather than just reporting the accumulation of
protein 1n the brain as done by neuroimaging or molecular
analysis, can be usetul in diagnosing and treating neurologi-
cal degeneration.

SUMMARY

[0004] The present disclosure 1s generally directed to
collecting neurophysiology and neurovascular data for use
in 1dentitying, predicting, and treating neurodegeneration. In
one example embodiment, the disclosure 1s directed to a
method, implemented with one or more computer proces-
sors, comprising: (a) accessing, by the one or more computer
processors, neurophysiological data and neurovascular data
recorded during sleep; (b) executing, by the one or more
computer processors, a function mapping from said neuro-
physiological data and neurovascular data to a target that 1s
a marker of glymphatic tlow; and (c) outputting, by the one
or more computer processors, a target prediction model
based on the function mapping.
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[0005] In another example embodiment, the disclosure 1s
directed to a system comprising: (a) one or more computer
processors; (b) a neurophysiological data acquisition mod-
ule configured to measure neurophysiological data; (c) a
neurovascular data acquisition module configured to mea-
sure neurovascular data; and (d) a transmission module
configured to transmit the electroencephalogram data and
the neurovascular data to a second computing device.
[0006] The {foregoing embodiments are non-limiting
examples and other aspects and embodiments will be
described herein. The foregoing summary 1s provided to
introduce various concepts i a simplified form that are
turther described below 1n the detailed description. This
summary 1s not itended to identity required or essential
features of the claimed subject matter nor 1s the summary
intended to limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The specific features, aspects and advantages of the
present invention will become better understood with regard
to the following description and accompanying drawings
where:

[0008] FIGS. 1A and 1B illustrate an embodiment of the
system for non-invasive measurement of brain proteinopa-
thy and neurodegeneration that 1s comparable to molecular
analyses or neuroimaging configured in accordance with the
present 1nvention,

[0009] FIGS. 2A-2B illustrate an embodiment of the 1n-
car sensors of the system for non-invasive measurement of
brain proteinopathy and neurodegeneration that 1s compa-
rable to molecular analyses or neuroimaging configured in
accordance with the present invention,

[0010] FIGS. 2C-2G 1llustrate the assembly process of the
car device that includes the flex circuit and manufactured
solt-silicone components 1n accordance with the present
invention.

[0011] FIG. 3 illustrates an example computing environ-
ment of the system for non-invasive measurement of glym-
phatic flow, brain proteinopathy, and neurodegeneration that
1s comparable to molecular analyses or neuroimaging con-
figured 1n accordance with the present invention,

[0012] FIG. 4 1s a functional description of the system 1n
accordance with one embodiment of the present invention,
[0013] FIGS. 5A and 5B illustrate example methods asso-
ciated with the collection of neurophysiology and neurovas-
cular data from a wearable device for use in identitying,
predicting, and treating neurodegeneration in accordance
with one embodiment of the present invention,

[0014] FIGS. 6A-6F 1illustrate the neurophysiology data
acquisition module and example associated data 1n accor-
dance with one embodiment of the present invention,
[0015] FIGS. 7A-7E illustrate the neurovascular data
acquisition module and example associated data in accor-
dance with one embodiment of the present invention,
[0016] FIGS. 8A-8B 1llustrate the data acquisition module
for a marker of glymphatic flow, a molecular analysis
marker or a neuroimaging marker of neurodegeneration and
associated 1mages 1n accordance with an embodiment of the
present 1nvention,

[0017] FIG. 9 i1s the learning module of the function
mapping from non-invasive neurophysiology and neurovas-
cular input data to target output measurements of glymphatic
flow 1n accordance with one embodiment of the present
invention, or 1s the learning module of the function mapping
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from input data for a marker of glymphatic flow to target
output brain proteimnopathy or neurodegeneration measure-
ments from molecular analyses or neuroimaging, in accor-
dance with another embodiment of the present invention,
[0018] FIG. 10 1s the prediction module of a target marker
of glymphatic flow from non-invasive neurophysiology and
neurovascular input data in accordance with one embodi-
ment of the present invention, or 1s the prediction module of
a target molecular analysis or neuroimaging of brain pro-
teinopathy and neurodegeneration using input data that are
markers of glymphatic flow in accordance with another
embodiment of the present invention,

[0019] FIGS. 11A-11C 1illustrate the target engagement
module and associated data in accordance with one embodi-
ment of the present invention.

DETAILED DESCRIPTION OF EXAMPL.
EMBODIMENTS

L1

[0020] Retferencing the glymphatic flow responsible for
the clearance of proteins described above, the perivascular
spaces (PVS) of the brain are central to the glymphatic fluid
transport system. Fluorescent dye-labeled particles that
enable visualization of the perivascular spaces reveals that
the system comprises penarternial, pericapillary, and
pertvenular spaces all interconnected into a single network.
The glymphatic flow system clears brain interstitial flmd
(ISF) waste products such as the proteinopathy proteins
through the periarteriolar and perivenular spaces to menin-
geal lymphatics. The PVS 1s a site of great importance that
1s affected by disease processes such as cerebral amyloid
angiopathy characterized by perivascular amyloid beta
deposits and present 1n over 90% of Alzheimer’s disease
brains. PVS accumulation of p-tau 1s also observed in
Alzheimer’s disease and has been demonstrated to be pres-
ent 1n arteries, arterioles and veins in the brain. In the
glymphatic flow system, cerebrospinal fluid (CSF) enters the
periarterial spaces, running 1n the direction of the blood flow
and propelled by arterial wall pulsations. CSF mixes with
ISF facilitated by aquaporin-4 (AQP4) water channels that
are present at the vascular astrocytic endieet forming the
outer wall of the perivascular spaces. During sleep, arterial
pulsations drive CSF bulk flow towards the brain. This
process has been shown to be highly dependent on the
arousal state and AQP4 expression. With modern neuroim-
aging techniques, it 15 now possible to visualize CSF tlow
and 1ts clearance of proteins in the intact CNS by the
second-to-second pulsatile movement of CSF through the
ventricular system occurring with each cardiac contraction.
Respirations further contribute to this rhythm, adding pul-
sations at a lower frequency. Superimposed on these acute
pulsations 1s a circadian or diurnal rhythm with maximum
CSF production occurring at night during sleep and mini-
mum occurring in the afternoon. MRI studies in animal
models using CSF tracers reveal that the glymphatic flow
from ISF to subarachnoid CSF 1s enhanced during NREM

sleep.

[0021] Sleep has profound effects on most aspects of brain
physiology, including glymphatic flow and brain blood
volume. In animal models, the amplitude of brain blood
volume 1n non-rapid-eye movement (NREM) sleep doubles
compared to the awake state and the amount of total blood
volume 1n the brain changes significantly in the transition
from wake to sleep and back to wake, showing that brain
blood volume dynamics 1s coupled to arousal state. These
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changes 1n blood volume during sleep are linked to varia-
tions 1 neural activity which dnive fluctuations in the
diameter of arterioles. The strength of this neurovascular
coupling changes with arousal state, increasing substantially
during sleep compared to wakefulness and explains the
increase in brain blood volume during sleep when neural
activity 1s lower than in the wake state.

[0022] The concentration of amyloid-p and tau in the
interstitial space and CSF follow a diurnal pattern with both
protein concentrations reaching their peak during waketul-
ness and trough during sleep. A single night of sleep
deprivation results 1n a significant increase 1n soluble amy-
lo1d- 1n the brain ISF demonstrated with positron emission
tomography (PET) using an amyloid-binding radiotracer.
The net concentration of amyloid-§3, tau and other proteins
in the CSF and ISF reflect the combined effects of diurnal-
and state-dependent variations 1n CSF production rate, ISF
volume, ISF turnover rate, and glymphatic flow. Sleep
slow-wave delta waves are associated with glymphatic flow
and the amplitudes of slow delta waves responsible for
cllective waste removal during sleep. Sleep deprivation
results 1n stalled glymphatic flow and the accumulation of
waste solutes including amyloid-[3 solutes and other proteins
in the brain.

[0023] During sleep, glymphatic flow 1s increased by the
action of astrocytes using AQP4 channels that are respon-
sible for the modulation of phases between sleep and awake
states. Using membrane channel protein AQP4 and water
flux through AQP4, astrocytes can shrink the cell volume of
brain parenchyma to increase ISF space by 23% during sleep
enabling water and solutes to diffuse 1nto adjacent perivas-
cular spaces. During slow-wave sleep, the increase in ISF
space, the opening of gap junction of astrocyte end-feet and
an 1ncrease 1n cerebral hemodynamics creates an environ-

ment for exchange of nutrients and elimination of waste
between ISF and CSF.

[0024] Damage to molecular and cellular components of
the glymphatic flow system, to the brain neurovascular
integrity and to 1ts neurovascular coupling that occurs with
aging, chronic co-morbidities, neurodegenerative diseases
and physical brain trauma 1s closely linked to an increase of
tau and amyloid-p 1n extracellular flmids. The spread of these
aggregated proteins in the brain parenchyma leads to wors-
ening clinical symptoms and decline in cognition. Measur-
ing the functional integrity of this system and the pathologi-
cal accumulation of proteins in the brain ISF requires
invasive procedures such as PET scans with radiotracers that
bind to the protein of interest or lumbar puncture for CSF
extraction and analysis of protein concentrations. The cost
and complexity of these procedures limits their use to screen
for bramn proteinopathies or to monitor their progression.
Without access to these tests, practitioners today use clinical
assessment and cognitive evaluations to screen, diagnose
and monitor neurodegenerative disorders such as Alzheim-
er’s disease. The opportunity to intervene early in the
10-to-20-year pre-clinical period of these disorders 1s lost as
1s the ability to evaluate promising new treatments that could
slow or stop disease progression. Another challenge with
existing imvasive test procedures 1s that they must be done 1n
a hospital or clinic setting by trained technicians. This poses
additional patient burden that further reduces the eflective-
ness of these expensive and time-consuming invasive pro-
cedures for monitoring progression of proteimnopathy, adjust-

ing care plans and monitoring response to new treatments.
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[0025] The glymphatic system of protein waste clearance
operates during sleep and 1s dependent on features measur-
able with sleep electroencephalogram (EEG) and on features
that measure neurovascular blood volume, pulsation and
coupling. Short term disruption in sleep causes an increase
in CSF and ISF waste proteins and long-term disruption
leads to formation of ISF protein aggregates with neurode-
generation. A wearable device that can measure the relevant
EEG {features, brain blood volume changes and arterial
pulsations during sleep, transmitting the data to a method
and system that can predict CSF and ISF waste protein levels
and ISF protein aggregation as can be measured using an
existing 1nvasive clinical procedure, would provide a sig-
nificant advantage to medical screening and momitoring of
neurodegenerative proteinopathy and help select appropnate
interventions that slow or stop protein accumulation and
neurodegeneration. As used herein and as described further
below, a “wearable device” 1s a device worn by a subject
comprising one or more sensors for collecting neurophysi-
ological and/or neurovascular data from the subject, a pro-
cessor, memory, and storage device for storing the collected
data, and at least one wireless transmission module enabling
the wearable device to transmit the collected data to another
computing device. The wireless communication capability
of the wearable device allows the wearable device to be
self-contained so that 1t requires no external wiring to other
equipment. The wearable device 1s configured to be worn by
the subject while sleeping.

[0026] According to the embodiment(s) of the present
disclosure, various views are illustrated in FIGS. 1A-11C
and like reference numerals are being used consistently
throughout to refer to like and corresponding parts of the
example embodiments for all of the various views and
figures of the drawing. Also, please note that the first digit(s)
of the reference numbers 1in FIG. 1 and FIG. 4 correspond to
the Fig. number in which the item or part 1s described in
turther detail.

[0027] The following detailed description contains many
specifics for the purpose of illustration. Any one of ordinary
skill 1n the art will appreciate that many variations and
alterations to the following details are within scope of the
disclosure. Accordingly, the following example embodi-
ments are set forth without any loss of generality to, and
without 1mposing limitations upon, the claimed invention.

[0028] Example embodiments of the present disclosure
comprise a system and method that enables non-invasive
measurement of brain proteinopathy and neurodegeneration.
Such measurements are typically done 1n a medical facility
using sophisticated equipment and involve a molecular
analysis of cerebrospinal fluid or neuroimaging, and 1include
protemnopathy proteins amyloid, tau or alpha-synuclein lev-
¢ls 1n a blood plasma or CSF assay, brain amyloid or tau load
on a PET scan, brain atrophy on a structural brain MRI,
repeated diurnal assessments to measure net change in
protemnopathy protein CSF assay or soluble proteinopathy
protein burden from neuroimaging. Example embodiments
of the present disclosure teach a novel system and method
that acquires sleep neurophysiology data synchronized with
neurovascular data. The neurophysiology data includes elec-
troencephalogram (EE(G) data. The neurovascular data
includes continuous transcranial impedance plethysmogra-
phy (IPG), carotid pulse transit time (P17T), heart rate
variability (HRV) and resting heart rate (RHR). The example
embodiments can further perform the step of acquiring one
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of said molecular analyses or neuroimaging test of neuro-
degeneration following sleep and learning a function map-
ping from the sleep neurophysiology and neurovascular data
to a molecular analyses or neuroimaging marker ol neuro-
degeneration. Learning the function mapping includes using
a loss function to determine relevant features in the sleep
data, 1dentifying a set of optimal weights that produce a
minimum of the loss function, and creating a function
mapping, also referred to as a brain protemnopathy and
neurodegeneration prediction model, using the optimal
weights. The example embodiments can further include
performing the step of applying the learned function map-
ping to new sleep neurophysiology and neurovascular data
to screen for, or monitor, said molecular analyses or neuro-
imaging marker of neurodegeneration. The example
embodiments can further include delivering a therapeutic
intervention that targets an aspect of sleep neurophysiology
or neurovascular either preceding sleep or during sleep.,
measuring target engagement or eflect on the sleep neuro-
physiology and neurovascular, and further performing the
step of applying the learned function mapping to predict the
therapeutic effect on brain proteinopathy and neurodegen-
eration.

[0029] Another embodiment of the present disclosure
comprises a system and method that enables a person to
monitor the effect of a cardiovascular intervention or activity
on a molecular analysis or neuroimaging marker of neuro-
degeneration, which embodiment teaches a novel system
and method for performing the step of recording a cardio-
vascular intervention or activity data that precedes sleep,
turther performing the step of recording neurophysiology
and neurovascular data during sleep and applying a learned
function mapping to predict the therapeutic effect on brain
proteinopathy and neurodegeneration of the cardiovascular
intervention or activity.

[0030] Another embodiment of the present disclosure
comprises a system and method that enables a person to
monitor the eflect of a pharmaceutical or neuromodulation
intervention on a molecular analysis or neuroimaging
marker ol neurodegeneration, which embodiment teaches a
novel system and method for performing the step of record-
ing a pharmaceutical or neuromodulation intervention either
preceding sleep or during sleep, further performing the step
of recording neurophysiology and neurovascular data during
sleep and applying a learned function mapping to predict the
therapeutic effect on brain proteinopathy and neurodegen-
eration of the pharmaceutical or neuromodulation interven-
tion.

[0031] Another embodiment of the present disclosure
comprises a system and method that enables a person to
monitor the eflect of a diet intervention on a molecular
analysis or neuroimaging marker of neurodegeneration,
which embodiment teaches a novel system and method for
performing the step of recording a diet intervention that
precedes sleep, further performing the step of recording
neurophysiology and neurovascular data during sleep and
applying a learned function mapping to predict the thera-
peutic eflect on brain proteimnopathy and neurodegeneration
of the diet intervention.

[0032] Another embodiment of the disclosure can be a
wearable system comprising a wearable computer with
sensors and a wireless communication interface to a mobile
computer supporting a wireless network interface which
communicates with a second computer including a network
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interface, each computer further including a processor, a
memory unit operable for storing a computer program, an
input mechanism operable for mputting data into said com-
puter system, an output mechanism for presenting informa-
tion to a user, a bus coupling the processor to the memory
unit, input mechanism and output mechanism, wherein the
wearable system includes various executable program mod-
ules stored thereon where when executed are operable to
perform functions. The wearable computer with sensors can
comprise a neurophysiology data acquisition module with
sensors capable of recording EEG, a neurovascular data
acquisition module with sensors capable of recording neu-
rovascular data, with the data stored on the wearable com-
puter where when executed records to the memory unit of
said wearable computer the neurophysiology and neurovas-
cular sensor acquisition data. A transmission module can
comprise a wireless network interface (e.g., a Bluetooth or
WiF1 radio) as well as istructions stored on said wearable
computer where when executed transmit through the wire-
less network interface the recordings stored in the memory
unit to said mobile computer. A second transmission module
can also be stored on said wearable computer and comprise
a wired network interface as well as instructions where when
executed transmit through a bus network interface the
recordings stored in the memory umt to a local computer
station that further transmits the data to a second computer
through a wireless network interface. A learning module can
be stored on said second computer where when executed
learns a function mapping from said transmitted recording to
a molecular analysis or neuroimaging marker of neurode-
generation stored on said second computer, uses a loss
function to determine relevant features in said recording,
identifies a set of optimal weights that produce a minimum
for said loss function, and creates said function mapping
using said optimal weights. A brain protemnopathy and
neurodegeneration prediction module can also be stored on
said second computer where when executed applies the
learned function mapping, also referred to as the brain
proteinopathy and neurodegeneration prediction model, to a
new transmitted recording ol sleep neurophysiology and
neurovascular sensor data from the wearable computer with
sensors, to calculate a predicted value for the molecular
analysis or neuroimaging marker of neurodegeneration from
the new transmitted recordings. Thus, the brain proteinopa-
thy and neurodegeneration prediction model can determine
a predicted brain protemopathy and neurodegeneration
value from the new recording of data without requiring the
invasive 1maging or assay procedures described previously.

[0033] Another embodiment of the disclosure can be a
wearable system comprising a wearable computer with
sensors and a wireless communication interface to a mobile
computer supporting a wireless network interface which
communicates with a second computer including a network
interface, each computer further including a processor, a
memory unit operable for storing a computer program, an
input mechanism operable for mputting data into said com-
puter system, an output mechanism for presenting informa-
tion to a user, a bus coupling the processor to the memory
unit, input mechanism and output mechanism, wherein the
wearable system 1ncludes various executable program mod-
ules stored thereon where when executed are operable to
perform functions. In one embodiment, the wearable system
can comprise a data acquisition module with sensors capable
of recording cardiovascular activity data, with said data
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stored on the wearable computer where when executed
records to the memory unit of said computer the acquisition
data. In another embodiment, the wearable system can
comprise a data input module capable of recording diet and
nutrition data, with said data stored on the mobile computer
where when executed records to the memory unit of said
computer the data. In another embodiment, the wearable
system can comprise a data input module capable of record-
ing drug or neurostimulation data, with said data stored on
the mobile computer where when executed records to the
memory unit of said computer the data. In any of the
preceding embodiments, a transmission module can com-
prise a communication mtertface and associated instructions
stored on said wearable or mobile computer where when
executed transmit through the wireless network interface the
recordings stored in the memory umt to said second com-
puter. In any of the preceding embodiments, a module can be
stored on said second computer where when executed
applies a learned function mapping to said transmitted
recording of sleep neurophysiology and neurovascular sen-
sor data from the wearable computer with sensors, to cal-
culate a value for a molecular analysis or neuroimaging

marker of neurodegeneration from the transmitted record-
ngs.

[0034] The details of the mvention and various embodi-
ments can be better understood by referring to the figures of
the drawing. FIGS. 1A and 1B illustrate an embodiment of
the functional description of the system configured in accor-
dance with the present invention and 1s not intended to limat
scope as one ol ordinary skill would understand on review
of this application that other configurations could be utilized
without departing from the scope of the claimed 1nvention.
Referring to FIG. 1, the system can comprise a wearable
device that can be attached to a subject’s head. In one
example, the wearable device can attach to the subject’s ear.
The wearable device can comprise the previously described
neurophysiology and neurovascular data acquisition sensors
200 for non-invasive measurement. As further illustrated 1n
FIG. 1, the wearable device can comprise a data storage,
processing and transmission module 300 that stores the
sensor data acquired, transforms the data to preliminary
measurements of sensor impedance for determining that the
sensors are correctly placed and the bladder 1s correctly
pressurized, and can communicate with a mobile computer
and/or a local computer, and/or a remote second computer to
transmit the data for further processing into measurements
ol brain proteinopathy and neurodegeneration that are com-
parable to molecular analyses or neuroimaging markers. The
non-invasive sensors 200 are connected to module 300
through a form-fitting band 100 that houses electrical con-
duits, electronically 1solating digital from analog sensor
signals, an air tube that connects an air bladder 1n sensor 200
with a piezoelectric pump 1n 300 and inflates the in-ear
portion of the ear device 200 to ensure adequate intertacial
contact between the surface sensors and the ear and canal
epidermis, and a nitinol band designed to ensure secure
fitting of the wearable device. An illustration of the attached
device 1s shown in 110. It should be understood that in
alternate embodiments the components of the wearable
device can have other configurations and can attach to the
user with other mechamisms. For example, the air bladder
can be replaced by another type of bladder that fills with
flud.
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[0035] FIGS. 2A-2B 1llustrate an embodiment of the ear
sensors of the system configured 1in accordance with the
present invention and are not itended to limit scope as one
of ordinary skill would understand on review of this appli-
cation that other configurations could be utilized without
departing from the scope of the claimed invention. Referring
to FIG. 2(a), the tlex circuit housed by the ear device 200 1s
illustrated 1n 210. Component 212 illustrates positioning of
the inertial measurement unit (IMU) that measures milli-
gravitational acceleration capable of perceiving ballistic
acceleration 1n the ear from the blood ejected 1nto the aorta
with each cardiac contraction. Component 214 illustrates
positioning of the photoplethysmogram (PPG) sensor on the
flex circuit so that 1t 1s 1n contact with the ear canal wall. The
PPG through measuring the retlection of two wavelengths of
infrared light through the ear canal skin 1s capable of
measuring pulsatile changes of ear capillary blood volume
with each heart beat and arterial oxygen saturation. Flex
circuit leads 216 are terminated on the surface of the ear
device 200 to be 1n contact with two conductive electrodes
covering the ear device that can be conductive ink, fabric or
other material. Referring to FIG. 2(b) providing illustration
220, the 1-layer sections of the flex circuit are designed to
flex naturally to accommodate for diflerences 1n user ear
anatomy, the second layer of the 2-layer sections of the flex
1s a stiflener applied to the undersurface of the flex circuit to
keep the sections stifl so that the active and passive elec-
tronic components do not detach with bending, and the
4-layer section has a grounding plane between analog and
digital signals to reduce or eliminate electronic coupling
resulting 1n signal corruption.

[0036] Referring to FIGS. 2C-2G, the illustrations 230,
240, 250, 260 and 270 show the assembly process of the ear
device that includes the flex circuit 210 and manufactured
soft-silicone components illustrated 1n 230 and 2350. Illus-
tration 240 shows the tlex circuit 242 attached to the silicone
component 230. Illustration 250 shows the bladder 252 1n
the second silicone component that 1s pressurized, with air
or fluid, once inside the ear canal. Through inflation, the
PPG sensor 264 1s brought into tight contact with the ear
canal skin for improved signal-to-noise measurement and
turther ensures good interfacial contact between the con-
ductive electrodes 272 and 273, used to measure the neu-
rophysiology electrical currents from the brain and the
transcranial bioimpedances, and the ear canal epidermis.
Note the ergonomic bend 1n the second silicone component
252 that mimics the first bend in the human ear-canal. The
positioning of the IMU 262 on the device 1s 1illustrated in

FIG. 2F.

[0037] FIG. 3 illustrates an embodiment of the previously
described wearable device illustrated as wearable computing
device 3035, comprising the data storage, processing and
transmission module 300 configured 1n accordance with the
present invention and 1s not mtended to limit scope as one
of ordimary skill would understand on review of this appli-
cation that other configurations could be utilized without
departing from the scope of the claimed mnvention. Specifi-
cally, the data storage, processing, and transmission module
300 comprises one or more processors 308, a memory 310,
a storage device 314, and a transmission module 312. The
components of the data storage, processing, and transmis-
sion module 300 are responsible for storing the ear device
sensor data, processing the data into preliminary measures
of sensor mmpedance to determine that the sensors are

Dec. 7, 2023

correctly placed and the bladder 1s correctly pressurized, and
transmitting the data for further ofl-line processing into
measurements of brain proteimnopathy and neurodegenera-
tion that are comparable to molecular analyses or neuroim-
aging markers. The example of the wearable computing
device 305 in FIG. 3 also 1llustrates the previously described
sensors 200, such as an IMU and/or PPG, which gather data
when positioned in the ears of a patient and which provide
the data for storage 1n the storage device 314, processing by
the processor 308, and transmission by the transmission
module 312. The input/output device 314 can be a user
interface in the form of buttons or a display screen. In other
embodiments of the wearable computing device, the mput/
output device may be omitted.

[0038] The example embodiment of FIG. 3 illustrates the
wearable computing device 305 capable of wireless com-
munication via wireless links with a mobile computing
device 320, such as a smartphone or tablet, and a local
computing device 340, such as a desktop computer. It should
be understood that 1t 1s not a requirement to have both a
mobile computing device and a local computing device and
in alternate embodiments only one of the mobile computing
device 320 and local computing device 340 may commu-
nicate with the wearable computing device 305. As 1llus-
trated 1n FIG. 3, the mobile computing device 320 and the
local computing device 340 comprise conventional compo-
nents that are readily understood, including a processor
322/342, memory 324/344, a transmission module 326/346,
an input/output interface 328/348, and a storage device
330/350. One or both of the mobile computing device 320
and the local computing device 340 can transmit the data
collected by the wearable computing device 303 to a second
computing device 360. The second computing device 1is
typically located remotely and accessed via a wide area
network such as the Internet. The second computing device
can comprise computing components, such as a processor
362, memory 364, transmission module 366, input/output
interface 368, and storage device 370. The storage device
370 can store various program modules that are executable
by the processor 362. Specifically, the storage device 370
can comprise a learming software module and a prediction
soltware module. For example, the learning software mod-
ule can comprise a machine learning algorithm or deep
learning algorithm that determines a function mapping from
the collected neurophysiological and neurovascular data to a
target marker of glymphatic clearance or neurodegeneration.
The prediction module can comprise a model based on the
function mapping that 1s used to predict glymphatic clear-
ance or neurodegeneration based on sensor data that is
newly collected by the wearable computing device from a
patient.

[0039] FIG. 4 1llustrates an embodiment of the functional
description of the system configured in accordance with the
present invention and 1s not mtended to limit scope as one
of ordinary skill would understand on review of this appli-
cation that other configurations could be utilized without
departing from the scope of the claimed invention. Referring
to FIG. 4, a user’s sleep neurophysiology data 1s captured
and recorded by the neurophysiology data acquisition mod-
ule 600 through sensors positioned on the user’s head, such
as the previously described sensors positioned in the ear. The
neurovascular data acquisition module 700 further captures
the user’s sleep neurovascular data through sensors posi-
tioned on the user’s head. As explained previously, the
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neurophysiology data acquisition module 600 and the neu-
rovascular data acquisition module 700 can be implemented
in the wearable device.

[0040] In contrast, the brain proteinopathy and neurode-
generation target data acquisition module 800 1s an invasive
module typically implemented using sophisticated equip-
ment at a medical facility and 1s responsible for acquiring
one or more molecular analysis or neuroimaging markers of
neurodegeneration. The marker of interest can be a CSF or
plasma assay of one of several brain proteinopathy proteins
including amyloid beta 42, tau, alpha-synuclein and neuro-
filament light that are markers of neurodegenerative disor-
ders, a neurommaging scan such as PET scan with a
radiotracer for the protein of interest, an MRI with contrast
agent to measure brain atrophy. The CSF assay or PET scan
can be taken after sleep to assay an existing level of CSF
protein or protein build up in the brain, or taken both before
and after sleep to assay the net change 1n the protein level
that occurred during sleep. The marker can also be an MRI
with intrathecal contrast agent injected into the CSF prior to
sleep and which 1s cleared via brain interstitial flud trans-
port into the meningeal lymphatic and cavernous sinus
system during sleep, and the uptake and clearance rate
measurable using repeat MRI scanning.

[0041] The target marker data measured by module 800 1s
used by the target learning module 900 to create a target
prediction module 1000 that maps new neurophysiology
data from module 600 and new neurovascular data from
module 700 to a predicted molecular or neuroimaging
marker of neurodegeneration for longitudinal monitoring,
without needing to repeat the invasive measurement of
module 800. The target learning module 900 and target
prediction module 1000 can be implemented as software that
uses a machine learning or deep learning algorithm to
provide an output. The target learning module 900 and target
prediction module 1000 can be implemented as software
executed on one or more remote computers such as the
second computer described previously. Target prediction
module 1000 can also map sleep neurophysiology data from
module 600 and sleep neurovascular data from module 700
taken from a new patient to a molecular or neuroimaging,
marker of neurodegeneration for non-invasive screening that
can be used 1n medical decision making to evaluate the need
for the invasive measurement of module 800. The target
engagement module 1100 measures the effect that a putative
therapeutic intervention has on the sleep neurophysiology or
neurovascular data, or degree of target engagement, and how
that effect translates 1into a change 1n the predicted molecular
or neuroimaging marker of neurodegeneration. The inter-
vention can be one of cardiovascular, diet, sleep, pharma-
cological or neurostimulation.

[0042] FIGS. 5A and 5B 1illustrate embodiments of the
present invention in the form of two methods and are not
intended to limit scope as one of ordinary skill would
understand on review of this application that other methods
could be utilized without departing from the scope of the
claimed invention. Referring to FIG. 5A, a method of
creating and applying a target prediction model 1s 1llustrated.
Beginning with operation 503, a processor of a computing
device accesses neurophysiological and neurovascular data
recorded while one or more patients were sleeping. The data
can be recorded using the previously described wearable
device or using other devices. In operation 510, the proces-
sor can use a learning soitware module to determine a

Dec. 7, 2023

function mapping between the recorded data accessed 1n
operation 305 and target marker data. The learning software
module can use a machine learning algorithm to determine
the function mapping. The target marker data can be data
indicating glymphatic tflow within the brain. Alternatively,
the target marker data can be one of a molecular analysis
marker of neurodegeneration or a neuroimaging marker of
neurodegeneration such as those described in association
with module 800 of FIG. 4. After completing the function
mapping, in operation 515 the learning software module
outputs a target prediction module. The example method of
FIG. SA can end aifter operation 515 because the target
prediction module can be used 1n a variety of ways. How-
ever, the example method of FIG. 5A continues with opera-
tions 3520-530 to illustrate one application of the target
prediction module. Specifically, 1n operation 3520, neuro-
physiological and neurovascular data that 1s newly collected
from a patient using the wearable device can be input into
the target prediction model to generate a marker of glym-
phatic clearance or a marker of neurodegeneration. In opera-
tion 525, the marker that 1s output can be used to determine
and administer a therapeutic intervention for the patient. In
certain embodiments, information pertaining to the thera-
peutic tervention can be input into the wearable device.
Lastly, after the therapeutic intervention has been adminis-
tered, the wearable device can be used again in operation
530 to collect new data from the patient to determine the
cllicacy of the therapeutic intervention.

[0043] Referring now to FIG. 5B, an example method for
operating a wearable device in accordance with the example
embodiments of this disclosure 1s illustrated. Beginnming with
operation 350, the neurophysiological and neurovascular
data sensors of the wearable device can be activated for
gathering data while a patient sleeps with the wearable
device attached to the patient’s ears. For example, the
processor of the wearable device can execute a data acqui-
sition module stored in the wearable device’s storage mod-
ule, wherein the data acquisition module controls the opera-
tion of the sensors. In operation 555, the sensors of the
wearable device, such as the IMU and/or PPG, gather
neurophysiological and neurovascular data while the patient
sleeps. In operation 560, the wearable device can store the
gathered data 1n the storage device of the wearable device.
In some 1nstances, as mdicated 1n operation 565, the wear-
able device’s processor can perform certain initial signal
processing on the data gathered by the sensors and store such
processed data i1n the wearable device’s storage device.
Lastly, 1n operation 570, the transmission module of the
wearable device can manage the transmission of the gath-
ered and/or processed data from the wearable device via a
wired or wireless communication link to one or both of a
mobile computing device and a local computing device. The
mobile computing device and/or local computing device can
relay the data from the wearable device to a second com-
puting device that can execute a learning software module
and a prediction soitware module.

[0044] FIGS. 6A-6F 1llustrate an embodiment of the neu-
rophysiology data acquisition module 600 of the system
configured 1n accordance with the present invention and 1s
not mtended to limit scope as one of ordinary skill would
understand on review of this application that other configu-
rations could be utilized without departing from the scope of
the claimed invention. Referring to FIG. 6A, in 610 raw
EEG data 1s acquired from the user during sleep. The EEG
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data can be acquired using conventional EEG headcap
sensors with a bedside amplifier for recording the signals, or
using a wearable device with integrated electronics for
amplifving and recording the signal. From the raw EEG
signal, various derivations can be analyzed to generate a
hypnogram 620 that marks the four stages of sleep, N1, N2,
N3 and rapid eye movement (REM) from which additional
sleep performance parameters 680 can be derived including
total sleep time, sleep onset latency, wake after sleep onset,
sleep ethiciency and number of awakenings. In 630, slow
wave oscillations 1n the raw EEG signal are detected and the
density (number per minute), amplitude and duration of
these oscillations are reported i 30 or 60 second epochs
during sleep. In 640, slow wave activity defined as the
relative or absolute power in the EEG signal in the frequency
band between 0.5 Hz and 4.5 Hz 1s computed for every 30
or 60 second epoch and reported. Options for computing the
power spectrum include a fast Fourier transform, Welch’s
periodogram or the multitaper method. In 650, another sleep
EEG element, sleep spindles, are detected in one or more
EEG dernivations. Sleep spindles occur in two types, fast and
slow, depending on the spindle frequency. Spindle density,
frequency, duration and amplitude 1s reported in 30 or 60
second epochs for each type. Both slow wave oscillations or
activity, 630 and 640, and sleep spindles 630 are sleep
microstructure markers of glymphatic flow. Finally, in 670
the full power spectral density in the EEG signal 1s com-
puted 1 30 or 60 second epochs and reported.

[0045] One or more of the EEG data elements illustrated
in FIG. 6A can be used in connection with the target
prediction model. For example, the EEG data elements
illustrated 1 FIG. 6A can be used to train the target
prediction model. As another example, if the EEG data
clements are data that 1s newly collected after the target
prediction model 1s trained, the EEG data elements can be
input 1nto the target prediction model to predict new target
markers ol neurodegeneration.

[0046] Referring to FIG. 6B, 622 1s an example sleep
hypnogram from an individual during one night EEG
recording using a standard 10-20 scalp wet-sensor montage
and the results of a C3 to M1 derivative 1s shown. The sleep
hypnogram shows when the individual was awake (W) and
in stage N1, N2, N3 or REM sleep 1n each 30 second epoch.
In 642 1s 1llustrated the slow wave activity in the 0.5 to 4.5
Hz bandwidth using a Welch periodogram in 30 second
epochs. The slow wave activity 1s seen to peak during N3
sleep. Important features of the slow wave activity include
duration, power and frequency that can be used 1n connec-
tion with the target prediction model. For example, the
teatures of the slow wave sleep elements 1llustrated in FIG.
6B can be used to train the target prediction model. If the
EEG slow wave sleep elements are data that 1s newly
collected after the target prediction model is trained, the
EEG slow wave sleep data elements can be input mto the
target prediction model to predict new target markers of
neurodegeneration.

[0047] During the same night and for the same 1individual,
simultaneous recordings were made using an ear device
comprising modules 100, 200 and 300 1llustrated in FIG. 1A.
In FIG. 6C, 624 shows the sleep hypnogram recorded by the
car device and 644 shows the slow wave activity 1n the 0.5
to 4.5 Hz bandwidth using a Welch periodogram and 30
second epochs.

Dec. 7, 2023

[0048] Referring to FIG. 6D, for the same individual
during the same mght of EEG recording, sleep microstruc-
ture spindle activity in the 10 to 16 Hz bandwidth using a
Welch periodogram 1n 30 second epochs are illustrated 1n
652 from the standard 10-20 scalp wet-sensor montage using,
a C3 to M1 derivative. In 654 is illustrated the same analysis
using the sensors from the ear device comprising of modules
100, 200 and 300 i1llustrated in FIG. 1A. In both illustrations,
peak spindle activity 1s seen to coincide with stage N2 sleep.
Important features of spindle activity include duration,
power and frequency. For example, the features of the sleep
spindle elements illustrated in FIG. 6D can be used to train
the target prediction model. If the EEG sleep spindle ele-
ments are data that 1s newly collected after the target
prediction model 1s trained, the EEG sleep spindle data
clements can be mput 1nto the target prediction model to
predict new target markers of neurodegeneration.

[0049] For the same individual during the same night of
EEG recording, FIG. 6E 1llustrates the sensitivity agreement
on hypnogram stages and sleep performance parameters
between different EEG electrode positions. Illustrated in 682
of FIG. 6F are the sensitivity agreement of hypnogram
stages between the C3 to M1 derntvative to score the hyp-
nogram and the derivative between the left and right ear
clectrodes 1n FIG. 1A illustrated 1n 200. Illustrated 1n 684 of
FIG. 6F are the agreement in sleep performance parameters
derived from the sleep hypnograms between the C3 to M1
derivative to measure the hypnogram and the derivative
between the left and right ear electrodes in FIG. 1A illus-
trated 1n 200. The diflerences 1n sensitivity agreement and
performance parameters are due to the anatomical differ-
ences 1n the sensor location for measurement highlighting
the importance of consistent anatomical sensor placement
between uses and across users to extract sleep EEG features
for the traiming the target prediction model and as new inputs
to a trained target prediction model to make predict new
target markers ol neurodegeneration. In-ear lead placement
as done by the wearable ear device illustrated 1n FIG. 1A
using anatomically informed ear fittings shown in FIGS.

2C-2G ensure consistent anatomical placement by a user.

[0050] FIG. 7A-7E 1illustrates an embodiment of the neu-
rovascular data acquisition module 700 of the system con-
figured 1n accordance with the present invention and 1s not
intended to limit scope as one of ordinary skill would
understand on review of this application that other configu-
rations could be utilized without departing from the scope of
the claimed mnvention. Referring to FIG. 7A, the same
sensors 272 and 273 illustrated 1n FIG. 2G used for record-
ing mm-ear EEG are multiplexed to record at 80 kHz, well
above EEG bandwidth, transcranial impedance from left to
right ear during sleep. Transcranial impedance tracks fluid
changes in the brain that arise during sleep, for example
from sleep related changes 1n glymphatic flow and cerebral
spinal tfluid production, i1llustrated in module 710, and from
cardiac pulsations, leading to a beat-to-beat measurable
cerebral perfusion pulsation illustrated 1n module 730. With
cach heartbeat, a large fraction of the cardiac output is
¢jected into the internal carotid and vertebral arteries and
delivered to the brain parenchyma. This change in brain
blood volume lowers the transcranial impedance and 1s
measurable by the sensors. The amplitude of the impedance
wavelorm and the numerical mtegration of the impedance
wavelorm pulse are proportional to the volume of blood that
1s ¢jected into the brain during that cardiac cycle. The
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moving average of the transcranial impedance during sleep
driits lower. This drift corresponds to a diurnal fluctuation 1n
brain tfluid volume with increased fluid volume during sleep
from, for example increases 1n glymphatic tflow and cerebral
spinal tluid production, and 1s measurable by module 710. A
larger drop between onset of sleep and the sleep nadir of the
transcranial 1impedance correlates with a larger increase in
total brain fluid composition that would be expected with
greater glymphatic tlow. The pulsations recorded by module
730 assist fluid flow through the brain interstitial spaces that
promotes glymphatic flow during sleep and protein clear-
ance. The larger magnitude of these pulsations, measured as
cither theiwr amplitude or numerically integrated area mea-
suring ejection volume, 1s expected to propel greater glym-
phatic tlow leading to improved clearance. Photoplethys-
mography sensors located 1n the ear on the device illustrated
in FIG. 1A and 1illustrated 264 1n FIG. 2F, record heart rate
variability during sleep in module 750, resting heart rate by
module 770 and sinus arrythmia that can be used to estimate
breathing rate also by module 770. Heart rate variability
during sleep measures the sympathetic-parasympathetic
tone of the autonomic nervous system, with lower heart rate
variability indicating lower parasympathetic tone and higher
sympathetic tone. During sleep, higher sympathetic tone
activated by the locus coeruleus 1n the brain decreases brain
interstitial fluid flow and protein biomarker clearance.
Higher sleep heart rate vanability 1s expected to lead to
greater glymphatic flow and protein clearance. Lower sleep
resting heart rate recorded by module 770 1s compensated by
higher cardiac stroke volume to maintain a tightly regulated
cerebral blood tflow. A higher cardiac stroke volume results
in larger cerebral perfusion pulsations that are measurable
by module 730 and increase the propelling forces of glym-
phatic flow. Conversely, diseases that harden arteries, in
particular the arterioles that penetrate the brain parenchyma
alongside which run the perivascular spaces containing
cerebrospinal fluid that 1s propelled into the brain paren-
chyma to drive glymphatic flow, decrease the propelling
forces. A decrease in the propelling force 1s measured by a
decreases 1n the magnitude of the cerebral perfusion pulsa-
tion 1n module 730. Changes 1n respiratory rate recorded in
module 770 also alters the blood volume pulsations 1n 730

by aflecting venous return to the heart and thereby changing
cardiac stroke volume.

[0051] One or more of the neurovascular data elements
illustrated 1n FIG. 7A can be used in connection with the
target prediction model. For example, the neurovascular data
clements illustrated 1n FIG. 7A can be used to train the target
prediction model. As another example, 1f the neurovascular
data elements are data that 1s newly collected after the target
prediction model 1s trained, the neurovascular data elements
can be input 1nto the target prediction model to predict new
target markers of neurodegeneration.

[0052] Retferring to FIG. 7B, 714 shows a sleep recording
of the cerebral fluid volume from the transcranial impedance
sensors 1llustrated by 272 and 273 1n FIG. 2G for the left
in-car device. The sleep hypnogram illustrated 1n 712 cor-
responds to the recorded impedance 714 and shows the
decrease 1in 1impedance as the patient progresses to deep
sleep 1n stage N2 and N3 (slow wave sleep). The drop 1n
impedance corresponds to an increase in tluid (or water)
composition 1n the brain that corresponds to increase in
glymphatic tlow through the brain tissue and an accompa-
nying increase in the production of cerebrospinal tluid.
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[0053] An iterval of cerebral perfusion pulsation during
sleep for this patient 1s illustrated 1n 732 and the correspond-
ing ECG si1gnal 1n 734. The cerebral perfusion stroke volume
1s the difference 1n impedance between the peak and the
trough of a pulsation. A larger difference signifies a greater
change 1n fluid, or water, composition resulting from the
heart beat and correlates directly with cerebral stroke vol-
ume

[0054] Referring to FIG. 7C, for each 500 second epoch

during sleep, the sleep hypnogram 1s illustrated in 752, a
recording of resting heart rate by module 770 1s 1llustrated
in 754 and a recording of resting heart rate variability by
module 750 1s i1llustrated in 756, where 1n both 754 and 756
are 1llustrated the recording from the sensors by the wear-
able device illustrated 1n FIG. 1A against gold-standard
clectrocardiogram (ECG) recordings.

[0055] Referring to FIG. 7D, the pulse transit time module
790 records a ballistocardiogram (BCG) 791 from the mn-ear
inertial measurement unit (IMU) 1llustrated by 262 1n FIG.
2F. The BCG I, J and K wavetorms are highlighted in the
recording 791. Using a wavelet analysis of the BCG record-
ing, the power of the J waveform 1s illustrated i 792, with
its peak aligming with the J wavelorm peak of the BCG.
[lustrated in 793 1s the PPG wavetorm recording from the
in-car sensor 264 illustrated in FIG. 2F and 794 illustrates
the ECG recording. The IMU, PPG and ECG recordings are
time-synchronized by module 790. A 2.5 second duration
close-up of the data illustrated 1n 791-794 1s illustrated 1n
795 of FIG. 7E. Computation of the pulse-transit time of a
cardiac ejection 1s illustrated 1n 795. The maximum blood
acceleration 1s marked by the BCG J-wave 796 and trough
of the PPG wavelorm 797 corresponds to the timing capil-
lary blood engorgement in the ear resulting in a reduction 1n
inirared scatter to the PPG collector. The difference between
the timings illustrated 1 797 and 796 for that one cardiac
cycle 1s the pulse transit time from the aortic valve to the
in-ear sensor. The pulse-wave velocity can be calculated as
the vascular distance travelled by the blood from the aortic
valve to the in-ear sensor divided by the pulse-transit time.
In adults that distance stays fixed and changes 1n pulse-
transit time are inversely related to changes in pulse-wave
velocity.

[0056] FIGS. 8A and 8B illustrate an embodiment of the

glymphatic flow, brain proteinopathy and neurodegeneration
target data acquisition module 800 of the system configured
in accordance with the present invention and is not intended
to limit scope as one of ordinary skill would understand on
review of this application that other configurations could be
utilized without departing from the scope of the claimed
invention. Referring to FIG. 8A, in one embodiment 810,
glymphatic flow 1imaging can be used with diffusion tensor
MRI to measure the glymphatic flow of CSF 1n the perivas-
cular spaces or can be used with a CSF tracer such as
gadolintum that when injected intrathecally 1s cleared
through the brain’s extravascular, glymphatic flow, trans-
port. Timing the 1njection just before the onset of sleep, an
MRI scan can be done prior to sleep and once again at the
end of sleep. The difference 1n the intensity of the contrast
agent 1n key regions of interest provides a neuroimaging
target ol glymphatic system function that occurred during
sleep.

[0057] In another embodiment 830, a PET scan can be
used with a radiotracer specific for a particular protein of
interest and relative standard uptake value (SUVr) that
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quantifies the protemnopathy build up in the brain. In another
embodiment, the radiotracer binds to a soluble form of the
proteinopathy protein and the PET scan SUVr quantifies the
change in concentration of the soluble protein following
sleep.

[0058] In another embodiment, MRI 850 can be used to
measure changes in brain volume, or degree of neurodegen-
cration, 1n anatomical regions of iterest such as the hip-
pocampus, entorhinal cortex, thalamus, orbitofrontal, pari-
ctal, temporal, anterior, and posterior cingulate and the
precuneus regions over two time points separated by several
months to provide an target rate ol neurodegeneration for an
individual.

[0059] In another embodiment 870, spinal fluid concen-
tration of a proteinopathy protein 1s assayed either in the
morning or both before and after sleep. The absolute con-
centration levels normed to a population or the diurnal
difference 1n concentration before and after sleep provide a
target molecular marker for that protein that measures glym-
phatic flow as net clearance of the protein and also serves as
a marker of brain proteinopathy and neurodegeneration.

[0060] In another embodiment 890, plasma concentration
ol a proteinopathy protein 1s assayed either 1n the morning
or both before and after sleep. The absolute concentration
levels normed to a population or the diurnal difference 1n
concentration before and after sleep provide a target molecu-
lar marker for that protein that measures glymphatic clear-
ance function as net glymphatic clearance of the protein and
also serves as a marker of brain proteinopathy and neuro-
degeneration.

[0061] The target marker data acquisition module 800 can
be 1mplemented using one of embodiment 810, 830, 850,
870, or 890. Alternatively, the target marker data acquisition
module 800 can be implemented using a plurality of the
embodiments 1llustrated in FIG. 8 1in combination.

[0062] Referring to FIG. 8B, 812 and 814 shows a PET
scan and SUVr marker for amyloid protein in two distinct
individuals. Illustrated 1n 816 1s the SUVr scale with values
near 0 signifying low tracer concentrations that occurs when
there 1s low or no amyloid protemnopathy for the tracer to
bind to. Values above 1.5 indicate high tracer concentrations
that occur with high amyloid build up. The PET scan
illustrated 1n 812 shows no buildup of amyloid 1n any of the
brain region of interest seen 1n this coronal slice. In contrast,
the scan illustrated in 814 shows significant buildup of
amyloid 1n many regions (indicated by arrows) of interest
including orbitofrontal and temporal. Important markers of
a PE'T scan include the SUVr value by region of interest for
the protein of interest that can be used in connection with the
target prediction model. For example, the markers in the
PET scans illustrated in FIG. 8B can be used as targets 1n
training the target prediction model. Once the target predic-
tion model 1s trained, new FEG features and neurovascular
features can be mput into the target prediction model to
predict new target markers of neurodegeneration. The target
marker data acquisition module 800 can be implemented
using one of embodiment 810, 830, 850, 870, or 890.
Alternatively, the target marker data acquisition module 800
can be implemented using a plurality of the embodiments
illustrated 1n FIG. 8 in combination.

[0063] FIG. 9 illustrates an embodiment of the biomarker
learning module 900 of the system configured 1n accordance
with the present invention and is not intended to limit scope
as one of ordinary skill would understand on review of this

Dec. 7, 2023

application that other configurations could be utilized with-
out departing from the scope of the claimed invention.
Referring to FIG. 9, 1n one embodiment, 901 input data can
be the neurophysiology feature data acquired by module
600, ncurovascular feature data acquired by module 700, or
a combination thereof, and glymphatic flow target data
acquired by 810 of module 800. In another embodiment, 901
input data can be a marker of glymphatic flow acquired by
810 and molecular or neuroimaging target output data
acquired by module 800 can be any one of the embodiments
described by 830, 850, 870 or 890 1n FIG. 8A or a combi-
nation thereof. The target marker data can be continuously
valued, for example a pseudo-diffusion coetlicient to mea-
sure glymphatic flow in mm-*/sec using diffusion tensor
MRI, SUVr 1mn a PET scan or picomolar concentrations 1n
spinal tluid molecular assays of protein, or can be categori-
cal valued such as high or low based on thresholding the
continuous valued measures using standardized levels for a
disease stage. Target neuroimaging marker data can be
whole brain values or values for specific regions of interest
known to be primarily affected by the specific neurodegen-
crative disease process. The mput training data 901 needs to
be carefully collected on a population of 12 or more patients
at varying levels of the disease process ranging from unai-
fected to very aflected. Having data representative of
patients at diflerent extremes of the disease process gives a
range of target marker data values, for example as was
shown 1n 1n the amyloid PET scan SUVr values 1n FIG. 8B
for an unaflected patient 812 and a patient with advanced
amyloidosis 1n the brain 814. These extreme values enable
the prediction model and fitting procedure 903 to learn the
combination of feature patterns in the neurophysiology data
600 and neurovascular data 700 that correspond to unai-
tected patients and those that correspond to affected patients.
Each patient data needs to be collected concurrently with
neurophysiology data and neurovascular data collected
together for one or more nights around the time of the target
glymphatic flow, molecular or neuroimaging marker data.
The device illustrated 1n FIG. 1 1s designed to capture
concurrent, time synchronized neurophysiology data and
neurovascular data from a patient, and to ensure repeatabil-
ity of the data acquisition by ensuring consistency of the
positioning of all the sensors using the anatomically form-
fitted ear device illustrated 1n FIG. 2G. Repeating acquisi-
tion of the neurophysiology data and neurovascular data
over several nights yields additional features for training the
prediction model 1 903 that improves the bias-variance
tradeofl of model fitting and improves predictions. The
neurophysiology data and neurovascular data i1s prepro-

cessed by performing feature extraction as 1s illustrated 1n
FIGS. 6 A-F and FIGS. 7TA-E.

[0064] In 903, a model and fitting procedure are selected.
The model can be one of many known machine learning and
deep learming models, including those used 1n commercially
available software packages and services, and the fitting
procedure 1s selected based on the model selected. Random
forest, a general-purpose machine learning model, works
very well to 1dentify the patterns and ranges of the neuro-
physiology and neurovascular feature values that best sepa-
rate, or predict, the target glymphatic flow, molecular or
neuroimaging markers. Acquiring the patient training data 1s
expensive and requires an investigational review board
approved clinical study. Random {forest has the advantage
over deep learning models 1n that it provides good results on
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a relatively small number of patient data examples. Once the
model 1s learned on a population of patients representative
of the target application, predictions of brain glymphatic
flow, proteinopathy or neurodegeneration in new, unseen
patients can be made from the neurophysiology and neuro-
vascular sleep data acquired by the device 1llustrated 1n FIG.
1A without subjecting a patient to expensive and nvasive
clinical procedures such as brain MRI, cerebrospinal flmid
molecular analysis or PET neuroimaging. This allows the
device 1llustrated 1n FIG. 1A to both screen for markers of
indicating out-of-range values of glymphatic flow, brain
proteinopathy or neurodegeneration and to monitor progres-
sion of those markers over time for individuals that screen
positive.

[0065] Once a model such as random forest 1s selected, the
neurophysiology and neurovascular data are mput features
and the target marker data 1s the target output 1n the model
cross validation 905. The patient data of 901 1s first ran-
domly split mnto a number of folds, such as five non-
overlapping sets. The model 1 903 1s fit to the data of the
first four folds and the fitted model 1s used to predict the
target marker data of the patients in the 57 fold. This
procedure 1s repeated four more times, each time leaving out
a new fold of patients and their data, resulting in model
predictions of the complete target marker data from the input
neurophysiology and neurovascular feature data. In 907 the
model 1s evaluated using a goodness-oi-fit metric that can be
the root-mean-square between the prediction 1n 903 and the
target marker data. Operations 901-907 can be repeated
using several different models to determine which provides
the most accurate prediction of the target marker data. The
best target prediction model 1s promoted to 909 where
holdout patients and their data, including target marker data
that has never been seen by the model, 1s tested and the
prediction model and its performance on the holdout data 1s
outputted 1n 911.

[0066] FIG. 10 illustrates an embodiment of the target
prediction module 1000 of the system configured in accor-
dance with the present invention and 1s not intended to limait
scope as one of ordinary skill would understand on review
of this application that other configurations could be utilized
without departing from the scope of the claimed invention.
Referring to FIG. 10, in one embodiment, 1001 1s new
neurophysiology and neurovascular data acquired by mod-
ules 600 and 700 from an individual and are inputted into the
target prediction model output of 911. Features are extracted
from the data as illustrated 1n FIG. 6 A-F and FIG. 7A-E. The
new neurophysiology and neurovascular data can be
acquired from a new, unseen patient or from a patient that
was part of the original training data but the new data 1s
acquired several months or years later to evaluate progres-
sion of disease. In operation 1003, the module executes the
target prediction model on the new input data of operation
1001 and outputs a marker of glymphatic flow 1005. In
another embodiment, 1001 1s the glymphatic flow output of
the target prediction model 1005 and 1n operation 1003, the
module executes the target prediction model on this new
input data of operation 1001 and outputs a marker of brain
proteinopathy or neurodegeneration 1005.

[0067] The target prediction can be a predicted value for
glymphatic tlow, a level of a protein accumulation such as
those described previously or a degree of neurodegeneration
measured as changes in whole-brain volume or regional
volume using structural MRI. The predictions can be con-
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tinuous values of marker values used to monitor for disease
progression or response to intervention, or categorical val-
ues to determine the presence or absence of a disease stage.
The target predictions of disease stage classification can be
submitted for regulatory approval with the appropriate regu-
latory validation study and reporting of sensitivity, specific-
ity, positive and negative predictive values compared to a
gold-standard target such as a molecular analysis or neuro-
imaging test.

[0068] FIG. 11 A-C illustrate an embodiment of the target
engagement module 1100 of the system configured 1n accor-
dance with the present invention and 1s not intended to limat
scope as one of ordinary skill would understand on review
of this application that other configurations could be utilized
without departing from the scope of the claimed invention.
Referring to FIG. 11A, in one embodiment, the target
engagement module 1110 records data from an intervention
betore sleep or during sleep, module 1130 records the
neurophysiology and neurovascular data during sleep and
input data from the intervention in operation 1110. In
module 1150, engagement of the mtervention with one of a
neurophysiology target or feature, illustrated in FIG. 6A, or
one of a neurovascular target or feature, illustrated in FIG.
7A, or a combination of either, 1s computed as the change 1n
the neurophysiology or neurovascular feature value from
baseline. The process 1110, 1130 and 1150 can be repeated
multiple times at different levels or dosing intensities of the
therapeutic intervention to establish a target engagement
response curve.

[0069] The prediction model 911 can be executed using
data mputs 1110 and 1130 to output a prediction of the
therapeutic intervention’s expected impact on glymphatic
flow, brain proteinopathy or neurodegeneration 1n the short
term or 1f sustained 1n the long term. The glymphatic tlow,
brain proteimnopathy or neurodegeneration prediction that 1s
output can be used to show the effect of the intervention on
the glymphatic flow, molecular or neuroimaging marker of
neurodegeneration. In other embodiments, operation 1110
can record cardiovascular, diet, pharmaceutical or neuro-
modulation interventions, which data 1s then 1nput into 1130
for execution computation of target engagement at operation
1150. As such, the effect of the interventions on the neuro-
physiology and neurovascular data can be ascertained and
using the prediction model 911 the mtervention’s effect on
a marker of neurodegeneration determined.

[0070] Referring to FIG. 11B, 1n one embodiment an 1input
intervention can be raising (reverse Trendelenburg) or low-
ering (Trendelenburg) the head relative to the feet relative to
a flat supine position as illustrated 1n 1112. Trendelenburg
increases 1intracranial perfusion pressure. Monitoring the
transcranial impedance 1n 1134 during the interventions of
1112 shows that the transcranial impedance decreased with
Trendelenburg and returned to normal as the patient was
returned to a flat supine position, demonstrating target
engagement of this intervention with cerebral fluid volume.
Monitoring the amplitude envelope of 1n-ear PPG tracing 1n
1132 shows the reverse occurring with Trendelenburg
decreasing the amplitude, or blood volume, going to the ear
and scalp and returning to normal when the patient is
returned to a flat supine position.

[0071] In another embodiment, an input intervention can
be a cardiopulmonary intervention such as a Valsalva
maneuver or hyperventilation. The transcranial impedance
tracing following these two cardiopulmonary interventions
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are 1llustrated 1n 1136 and 1138. In 1136 the patient per-
formed a 45 second Valsalva maneuver starting at the
1 -minute mark. The Valsalva maneuver increases intratho-
racic pressure thereby decreasing venous return from the
head. The decrease in venous return results 1n venous
engorgement and increase 1n cerebral fluid volume. This 1s
demonstrated by the decrease 1n the transcranial impedance
during the Valsalva in tracing 1136. In 1138, the same patient
started hyperventilating lightly at 1 minute and progressed to
tull hyperventilation at 1 minute and 15 seconds. Each
ispiration decreases intrathoracic pressure and increases
venous return, causing a decrease 1n cerebral fluid volume
and an increase 1n transcranial impedance, as shown 1n
tracing 1138. In both these interventions, momitoring a
neurovascular tracing demonstrated target engagement of
the intervention with the neurovascular measure, 1n this case
cerebral fluid volume.

[0072] Referring to FIG. 11C, 1n another embodiment
when target engagement of an intervention with one or more
of the neurophysiology and neurovascular data has been
determined, the prediction model 911 i1s used to determine
the intervention’s eflect on a marker of glymphatic tlow,
brain protemnopathy or neurodegeneration. Illustration 1152
shows rates of clearance of intrathecal gadolinium from the
brain measured by serial MRI under three different inter-
ventions. The first intervention 1s control, that 1s normal
sleep with no itervention, the second intervention 1s sleep
deprivation and the third mtervention 1s dexmedetomidine
that increases the duration of slow wave sleep. These three
interventions engage sleep EEG measures, particularly slow
wave sleep duration. Illustration 1152 shows corresponding,
slower clearance of the contrast agent with sleep deprivation
(no slow wave sleep) compared to control, and control
shows slower clearance than dexmedetomidine (increased
slow wave sleep), as expected from prediction model 911
that 1s trained on sleep EEG data, neurovascular data and
target brain proteinopathy and neurodegeneration data.

Embodiments Set Forth as Clauses

[0073] In addition to the forgoing, the various embodi-
ments of the present disclosure include, but are not limited
to, the embodiments set forth 1n the following clauses.
[0074] Clause 1. A method implemented with one or more
computer processors, the method comprising:

[0075] a. accessing, by the one or more computer pro-
cessors, neurophysiological data and neurovascular
data recorded during sleep:;

[0076] b. executing, by the one or more computer
processors, a function mapping from said neurophysi-
ological data and neurovascular data to a target that 1s
a marker of glymphatic flow; and

[0077] c. outputting, by the one or more computer
processors, a target prediction model based on the
function mapping.

[0078] Clause 2. The method of clause 1, further compris-

ng:

[0079] a. executing, by the one or more computer
processors, a second function mapping from the marker
of glymphatic tlow to a target that 1s one of a molecular
analysis marker of neurodegeneration or a neuroimag-
ing marker of neurodegeneration; and

[0080] b. outputting, by the one or more computer
processors, a target prediction model based on the
second function mapping.
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[0081] Clause 3. The method of clause 1, wherein the
neurophysiological data are electroencephalogram record-
ings, and sleep macrostructure and sleep microstructure
features are extracted from the -electroencephalogram
recordings.

[0082] Clause 4. The method of clause 1, wherein the
neurovascular data comprise one or more of electrical
impedance recordings taken from a patient’s head, photop-
lethysmography measured at the patient’s head, and inertial
measurement unit acceleration measured 1n a patient’s ear,
wherein the neurovascular data are used to compute sleep
cerebral fluid volume changes, cerebral perfusion pulsation,
heart rate variability, resting heart rate, pulse transit time,
pulse wave velocity and respiratory rate.

[0083] Clause 3. The method of clause 1, wherein the
neurophysiological data and neurovascular data are acquired
from a wearable device.

[0084] Clause 6. The method of clause 5, wherein sensors
of the wearable device are inserted into an ear of a patient
and measurements are taken from the ear or ear canal.
[0085] Clause 7. The method of clause 6, wherein the
wearable device has a bladder that 1s pressurized inside the
car canal to increase the interfacial surface contact of the
sensors to the canal a wall of the ear canal.

[0086] Clause 8. The method of clause 2, wherein the
molecular analysis marker of neurodegeneration 1s a CSF or
blood plasma assay of one of p-amyloid, tau, p-tau, a-sy-
nuclein, and neurofilament light.

[0087] Clause 9. The method of clause 2, wherein the
neuroimaging marker ol neurodegeneration 1s a PET scan
with a radiotracer that binds to one of p-amyloid, tau, or
glucose.

[0088] Clause 10. The method of clause 2, wherein the
neuroimaging marker ol neurodegeneration 1s an MRI scan.

[0089] Clause 11. The method of clause 1, further com-
prising:
[0090] 1nputting new neurophysiological data and new

neurovascular data into the target prediction model; and
outputting a predicted marker of glymphatic tlow.

[0091] Clause 12. The method of clause 1, further com-
prising;:
[0092] 1nputting intervention data into the target pre-

diction model;

[0093] 1nputting new neurophysiological data and new
neurovascular data into the target prediction model;

[0094] outputting a predicted target marker of glym-
phatic flow; and

[0095] determining an eflect of the intervention data on
the predicted target marker of glymphatic tlow.

[0096] Clause 13. A system comprising;:
[0097] one or more computer processors;
[0098] a neurophysiological data acquisition module

configured to measure neurophysiological data;

[0099] a neurovascular data acquisition module config-
ured to measure neurovascular data; and

[0100] a transmission module configured to transmit the
clectroencephalogram data and the neurovascular data
to a second computing device.

[0101] Clause 14. The system of clause 13, wherein the
one or more computer processors, the neurophysiological
data acquisition module, the neurovascular data acquisition
module, and the transmission module are disposed in a
wearable device.
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[0102] Clause 13. The system of clause 14, wherein the
wearable device 1s configured to attach to an ear of a patient.

[0103] Clause 16. The system of clause 15, wherein sen-
sors of the wearable device are inserted into the ear and
measurements are taken from the ear or ear canal.

[0104] Clause 17. The system of clause 16, wherein the
wearable device comprises a bladder that 1s pressurized

inside the ear canal to increase intertacial surface contact of

the sensors to a wall of the ear canal.

[0105] Clause 18. The system of clause 13, wherein the
neurophysiological data are electroencephalogram record-
ings, and sleep macrostructure and sleep microstructure
features are extracted from the electroencephalogram
recordings.

[0106] Clause 19. The system of clause 13, wherein the
neurovascular data comprise one or more of electrical
impedance recordings taken from a patient’s head, photop-
lethysmography measured at the patient’s head, and 1nertial
measurement unit acceleration measured 1n a patient’s ear,
wherein the neurovascular data are used to compute sleep
cerebral fluid volume changes, cerebral perfusion pulsation,
heart rate variability, resting heart rate, pulse transit time,
pulse wave velocity and respiratory rate.

[0107] Clause 20. The system of clause 13, wherein the
second computing device 1s one of a mobile telephone, a
local computing device, and a remote computing device.

[0108] Clause 21. The system of clause 13, wherein the
second computing device comprises a machine learning
algorithm configured to imput the neurophysiological data
and the neurovascular data and configured to output a target
prediction model.

[0109] Clause 22. The system of clause 21, wherein the
target prediction model 1s configured to receive as mput new
neurophysiological data and new neurovascular data and
configured to output a predicted marker of neurodegenera-
tion.

[0110] Clause 23. The system of clause 21, wherein the
target prediction model 1s configured to receive as input
intervention data, new neurophysiological data, and new
neurovascular data, and configured to output a predicted
marker of brain protemnopathy or neurodegeneration, and a
determination of an effect of the intervention data on the
predicted marker of brain proteinopathy or neurodegenera-
tion.

[0111] Clause 24. A method mmplemented with one or
more computer processors, the method comprising:

[0112] a. accessing, by the one or more computer pro-
cessors, neurophysiological data and neurovascular
data recorded during sleep:;

[0113] b. executing, by the one or more computer
processors, a function mapping from said neurophysi-
ological data and neurovascular data to a target, the
target being one or more of a marker of glymphatic
flow, a molecular analysis marker ol neurodegenera-
tion, or a neuroimaging marker of neurodegeneration;

[0114] c. outputting, by the one or more computer
processors, a target prediction model based on the
function mapping;

[0115] d. receiving, as an input, newly collected neuro-

physiological data and neurovascular data collected
during sleep into the target prediction model;

[0116] e. receiving, as an 1put, data associated with a
therapeutic intervention; and

Dec. 7, 2023

[0117] {. measuring an eflect of the therapeutic inter-
vention.

[0118] Clause 25. A method implemented with one or
more computer processors, the method comprising:

[0119] a. activating a neurophysiological data sensor
and a neurovascular data sensor of a wearable device;

[0120] b. gathering, by the sensors, neurophysiological
data and a neurovascular data during sleep;

[0121] c. storing the neurophysiological data and the
neurovascular data in a storage device of the wearable
device;

[0122] d. process the neurophysiological data and the
neurovascular data using a processor of the wearable
device; and

[0123] e. transmitting, by a transmission module of the
wearable device, the neurophysiological data and the
neurovascular data to a second computing device.

[0124] Clause 26. A non-transitory computer-readable
medium comprising computer-executable mnstructions per-
forming the operations recited in clause 1.

[0125] Clause 27. A non-transitory computer-readable
medium comprising computer-executable mstructions per-
forming the operations recited in clause 24.

[0126] Clause 28. A non-transitory computer-readable
medium comprising computer-executable instructions per-
forming the operations recited in clause 25.

What 1s claimed:
1. A brain monitoring system comprising:
a left sensor comprising leit electrodes that collect from a
patient’s head during sleep lett side transcranial imped-
ance data associated with a pharmaceutical interven-
tion;
a right sensor comprising right electrodes that collect
from the patient’s head during sleep right side tran-
scranial 1impedance data associated with the pharma-
ceutical intervention; and
a data module that:
receives the left side transcramal impedance data from
the left sensor,

receives the right side transcranial impedance data from
the right sensor, wherein the left side and right side
transcranial impedance data provide an indication of
cranial interstitial fluid flow during sleep for the
patient undergoing the pharmaceutical intervention,

applies the left side and right side transcranial imped-
ance data to a prediction model, the prediction model
based upon a function mapping to a target marker of
glymphatic tlow, and

outputs a measure of a therapeutic effect on glymphatic
flow due to the pharmaceutical intervention.

2. The brain monitoring system of claim 1, wherein the
data module performs a second function mapping from the
target marker of glymphatic flow to a target that 1s one of a
molecular analysis marker of neurodegeneration or a neu-
roimaging marker of neurodegeneration.

3. The brain monitoring system of claim 2, wherein the
prediction model 1s created from prior molecular analysis
markers of neurodegeneration or neuroimaging markers of
neurodegeneration collected from a population of patients.

4. The brain monitoring system of claim 3, wherein the
data module further outputs a measure of neurodegenera-
tion.

5. The brain monitoring system of claim 1, wherein the
therapeutic eflect on glymphatic tflow due to the pharma-

"y
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ceutical mtervention 1s used as a condition for titration and
continued treatment with the pharmaceutical intervention or
a second pharmaceutical intervention.

6. The brain monitoring system of claim 1, wherein the
therapeutic eflect on glymphatic flow due to the pharma-
ceutical intervention 1s used as a condition for inclusion 1n
a clinical trial designed to determine dose and measure
cllicacy of the pharmaceutical intervention or a second
pharmaceutical 1ntervention.

7. The brain monitoring system of claim 1, further com-
prising an mnput device that receives data describing the
pharmaceutical intervention.

8. The brain monitoring system of claim 1, wherein the
therapeutic eflect on glymphatic flow due to the pharma-
ceutical intervention 1s used as a condition for administra-
tion and timing of said administration of a second pharma-
ceutical intervention.

9. The brain monitoring system of claim 8, wherein the
second pharmaceutical intervention 1s administered directly
into cerebrospinal flud.

10. The brain monitoring system of claim 8, further
comprising an input device that receives data describing the

second pharmaceutical intervention.

11. A method of using a brain monitoring system, the
method comprising:

collecting from a patient’s head during sleep, with a left
sensor comprising left electrodes, left side transcranial
impedance data associated with a pharmaceutical inter-
vention;

collecting from the patient’s head during sleep, with a
right sensor comprising right electrodes, right side
transcranial impedance data associated with the phar-
maceutical intervention;

wherein the left side and right side transcranial impedance
data provide an indication of cramal interstitial fluid
flow during sleep for the patient undergoing the phar-
maceutical intervention,

applying, by a data module of the brain monitoring
system, the left side and right side transcranial imped-
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ance data to a prediction model, the prediction model
based upon a function mapping to a target marker of
glymphatic flow, and
outputting, by the data module, a measure of a therapeutic
cllect on glymphatic flow due to the pharmaceutical
intervention.

12. The method of claim 11, further comprising: applying,
by the data module, a second function mapping from the
target marker of glymphatic flow to a target that 1s one of a
molecular analysis marker of neurodegeneration or a neu-
roimaging marker of neurodegeneration.

13. The method of claim 12, wherein the prediction model
1s created from prior molecular analysis markers ol neuro-
degeneration or neuroimaging markers of neurodegenera-

tion collected from a population of patients.

14. The method of claim 13, wherein the data module
further outputs a measure of neurodegeneration.

15. The method of claim 11, further comprising: inputting
to the data module data describing the pharmaceutical
intervention.

16. The method of claim 11, wherein the therapeutic effect
on glymphatic flow due to the pharmaceutical intervention 1s
used as a condition for titration and continued treatment with
the pharmaceutical intervention or a second pharmaceutical
intervention.

17. The method of claim 11, wherein the therapeutic effect
on glymphatic flow due to the pharmaceutical intervention 1s
used as a condition for inclusion 1n a clinical trial designed
to determine dose and measure eflicacy of the pharmaceu-
tical mtervention or a second pharmaceutical intervention.

18. The method of claim 11, wherein the therapeutic effect
on glymphatic flow due to the pharmaceutical intervention 1s
used as a condition for administration and timing of said
administration of a second pharmaceutical intervention.

19. The method of claim 18, wherein the second phar-
maceutical itervention 1s administered directly into cere-
brospinal fluid.

20. The method of claim 18, further comprising an 1nput
device that receives data describing the second pharmaceu-

tical intervention.
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