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SYSTEM AND METHQOD FOR NON-INVASIVELY
MONITORING INTRACEANIAL PRESSURE

CROSS-REFERENCE TO RELATED APPLICATIONS

(0061} This application is based on, claims the benefit of, and incorporates herein
iny its entirety, U5 Provisional Patent Application Serial No, 62/145,087 filed on April 9,
2015, and entitled "SYSTEMS AND METHODS FOR MEASURING TISSUE PRESSURE”

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
{0002 This invention was made with government support under P41-
EBO1589s, RO1-HDO42508, and ROIL-EBO01984 awarded by the National

Institutes of Health, The government has certain rights in the invention.

BACKGHOUND
{3003} The disclosure rvelates generally to eystems and methods for
measuring bissue properties using diffuse correlation spectroscopy (BCUS). Mors
particularly, the disclosure is divected to systems and methods for non-invasively
measuring infracranial pressure, and other related parameters,
(0004} Unlike the other organs of the body, the tissue pressure of the brain
is not coupled fo atmospheric pressure. Instead, the brain experiences a unigue
intracranial pressure delermined by the volume of brain tissue, cerebrospinal
fluid, and intracevebral blood enclosed within a fixed volume confined by the
rigid, non-expandable skull:

Vintereraniat = Vissue + Vegp -+ OBV (1)
[0005] Under normal civcumstances, small increases in the volume of one
of these components is compensated by reductions in the others to maintain
intracranial pressure within normal ranges through a process known as spatial
compensation, Spatial compensation is possible because, in the absence of injury
or disease, cerebral spinal fluid freely flows between the cranial and spinal
compariments and epidural venous blood is sasily expelled from the spinal canal
Thus, some amounts of blood or cerebral spinal fluid can redistribuie as
necessary between cranial and extra-cranial regions of the dural sac.

Furthermors, compensation of the fotal volume of cerebral spinal fluid can ccour

e
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by alteration of the rate of cerebral spinal fuid absorption.

[0006] When spatial compensation is insufficient or compromised, the
constituents of the cranio-spinal system have himited capacities for compression
under pressure, lsading to an intracranial volums that is actually partially

elastic, yather than Rully rigid:

7 -— 17 7 D
Lmtercmniai = Lequiiibr;ﬁum + i’ei.asmfc (ﬁ\}
10007} whare Viguiibrem 18 the intracranial volume under normal

intracranial pressure and Veaesie 18 the change in volume of the craniospinal
systermn due to changes exceeding accommodation by spatial compensation. In
infants, deformation of the compliant immature skull allows further elasticity.
Cerebral compliance, defined by AV/4FP . represents the rigidity of the
crapigspinal compartment and is an indicater of the compensatory reserve for
buffering changes in volume., Compliance 18 not constant but decreases with
increasing pressure and can be impaived by pathology.

[0008] In pathological conditions such as traurmatic brain wyury (TBI), a
cascade of events including brain swelling, vascular engorgement, obstruction of
cersbrospinal fluid, edema, and/or intracraniasl hemorrhage, can exhaust
compensatory mechanisms and lead o an exponential increase in infracranial
pressure, as shown in FIG 1. Compared to normal intracranial pressures
typically around 10 mamHg, intracranial pressurss in the range between 11-20
mmbeg, 21-40 mmHe, and greater than 40 mmHe, represeniing slightly
increased, modsrately increased and severely increased values, respectively, nose
an increasing visk for clinical complications. For instance, elevated intracramial
pressures can dangerously reduce cersbral perfusion pressure and cerebral blood
flow, causing ischemic brain injury (FIG. 2A).  Since cevebral compliance
decreases with increasing intracranial pressure, similar sized volume changes,
including pulsatile blood volumes, result in larger changes in pressure. The risk
is greatest when cevebral perfusion pressure is driven outside of the range of
cersbral avtoregulation, where cerebral blood flow is unconirolled and passively
follows pressure. Furthermors, the autoregulatory region can be reduced and
shifted by both chronic and acute pathology (FIG. 2B). For example, in chronic

hypertension or sleep apnea, vessels adapt o higher pressures or slevated
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paC0q shifting basal vessel tone, reducing the range of autoregulated cerebral
vascular resistance, and raising the cercbral perfusion pressure ischemic limit,
{6009} Porfusion reserve iz the difference between measured cerebral
perfusion pressure and the lower pressurs lmit of autoregulation and 18 an
important chinical indicator for assessing risk of ischemic injury. For exaraple, in
managing intracerebral hemorrhage, interventions lowering blood pressure may
lead to undesivable ischemia, while maintaining blood pressure may lead fo
hypevemia and the risk of hematoma expansion. Determining perfusion reserve
can help to maintain optimal cervebral blood flow, Hmiting risk and achieving
better outcomes. Increased intracranial pressure can algo cause serious injury or
death through physical extrusion of brain tissue through rigid exira-cerebral
foatures such as the dura wmater fenitorium or foramen magnum andfor
compression of the brain stem. Decreased intracranial pressure can cause
hemorvhage or even ventricle collapse, with greatest risk occurring during
interventions such as cevebrospinal fluad drainage.

{0010} Because increased intracranial pressuve is an important cause of
secondary brain injury, and its degree and duration is asscciated with poorer
nutcomes, moniforing intracranial pressure is recoromended for the management
of a wide range of digorders. For exampls, these may include traumatic brain
injury, intra-cerebral and subarachuoid hemorrhage, hydrocephalus, benign
intracranial hypertension, cevebral edema, stroke, meningitis, central nervous
system infections, acute liver failure, hepatic enaephalopatﬁy, and so forth.
Continuous monitoring of intracranial pressure to guide the clinical management
of patients is associated with significantly improved outcomes.

6011} Since its first use in the 1850's, infracranial pressure has been
measured invasively using an intracranial catheter inserted into the lateral
ventricle, via a small hole burred through the skull, and connected to an external
pressure  transducer. This method is accurate and low-cost, and also
accommodates therapeutic cerebrospinal fluid drainage and administration of
drugs. However, it is an invasive procedure that can be associated with
complications, including hemorrhage and infection.  Moreover, in some

situations, such as patients having idicpathic intracranial hypertension,
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anticcagulation, sepsis, liver disease, or aevospace travel in microgravify
environments, this invasive procedure is not appropriate.

{06012] Development of non-invasive monitoring of infracranial pressure is
recognized as an urgent need to aveid the complications of invasive procedures
and to extend diagnostics to patients whose risk may be substantial but not
enough to justify an invasive procedure. In addition, non-invasive intracranial
pressure measurements could be used o identify patients needing invasive
procedurss, as well as to provide important information in the critical periods, In
some applications, a combination of non-invasive snd invaeive intracranial
pressure monitoring could also be beneficial, This is because often the reliability
of invasive monitors is impaired for structural reasons, such as the presence of &
ventricular drain, or due to artifacts like sensor fouling., As such, redundant
non-invasive senacrs would be a valuable adjunct. A non-invasive monitor of
ICP and related cercbral measurss, such as cerebral vascular resistance, cersbral
perfusion pressure, vesssl wall tone, cevebral blood flow-cerebral spinal fhuid
pulsatility coupling and cevebral complisnce, dynamic autovegulation, cerebral
perfusion reserve, and others, would also create many new applications in areas
where tnvasive monitoring 18 not appropriate.

(0613} As a result, significant research efforts have been aimed towards
the development of noninvasive methods to measure intracranial pressure using
transcramal Doppler uwltrasonography, tympamic membrane displacement, optic
nerve sheath diameter, fundescopy, computed fomography and magnetic
TOSONANGCe imagiﬁg, However, none of these technigues can be performed
continuously at the bedside, and none have yet achieved the accuracy required to
become routine clinical practice.

[0014] One widely used approach for estimating ICP has included
detsrmining a pulsatility index using transcranial Doppler ulfrasonography
measurements., The principle behind it is that the pulsatility of blood flow
velocity through cerebral arterial vessels reflects distal cerebrovascular
resistance, and hence intracranial pressure, As such, many have suggested
utilizing the pulsatility mndex to estimate the intracramal pressure and cerebral

perfusion pressure. However, the pulsatility index is not dependent solely on

e
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cerehrovascular resistance, but is dependent on the interplay betwsen cerebral
perfusion pressure, pulse amplitude of arterial blood pressure, cerebrovascular
resistance, compliance of the cerebral arteries and heari vate. As such, the
pulsatility index is not an accurate estimator of intracranial pressure due to the
confounding contributions,

{00151 Also, the accuracy of the pulsatility index defermined using
transcranial Doppler ultrasonography also strongly depends on ultrasound probe
position and uniform insonation of the middle cerebral avtery. In addition, in
approximately 10-15% of patients, ultrasound cannct penetrate the skull., In
these cases, transcranial Doppler ultrasonography cannot provide usable
measuremsnts. Furthermore, transcranial Doppler ultrasenegraphy cannot be
used as a continuous monitor because of the rigid and bulky transducer utilized.

(0016} Near-infrarved spectroscopy, on the other hand, can ronifor regional
cerebral blood volume and hemoglobin oxygenation {80z continucusly at the
hedside, As a result, near-infrared spectroscopy has been ussd o estimate
cerebrovascular reactivity indices, which correlate with intracranial pressure,
However, these messurements are not sufficiently independent from other
hemodynamic parameters to provide accurate measures of intracranial pressure.
[0617] Conseguently, considering the Hmitations of previous technological
approaches, systerns and methods capable of non-invasively and accurately
measuring intracramial pressurs, due to pathological and other medical

conditions, are highly desirable.

SUMMARY

{3018} The present disclosure gvercomes the aforementioned drawbacks by
providing a system and method for accurately and non-invasively monitoring
patients. More specifically, the system and method described herein ufilizes
diffuse corvelation spectroscopy to measure pulsatile, as well as steady, cevebral
blood flow for determining parameters useful in the diagnogis and management
of patients. In particular, the system and method provided herein can be used to
measure intracranial pressure, and other parameters, such as cerebyal periusion
pressure, vessel wall fone, cerebral blood flow-cersbral spinal fluid pulsatility

coupling and cershral compliance, dynamic auforegulation, and cerebral
5.
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perfusion reserve,

{0019} As will be described, the present approach may not only provide
valuable information, on a continucus basis, for administering acute cars at o
patient bedsids or in an ambulance, but also provide information for analyzing
complex pathophysiclogy, identtfying new therapeutic opportunities, and, in
general, substantially improving neurccritical care management. In some
applications, the present approach may be used in the diagnosis, monitoring and
treatment of traumatic brain injury or concussions, as well as other brain
conditions.

{30207 In one aspect of the disclosure, a system iz provided for non-
invagively monitoring intracranial pressure. The system includes an optical
coupling system configured to transmit and receive light signals from one or
more locations about a subject and an optical processing syatem configured to
generate diffuse corvelation spectroscopy (DCS) data at a temporal resolution
greater than a pulsatile frequency of cerebral blood flow of the subject using the
transmitted and received light signals. The systern also includes a computer
programmed o recetve the DCS data, analyze the DUS data to determine a
pulsatile cevebral blood flow, and corvelate the determined pulsatile cerebral
blood flow with physiclogical data acquired from the subject. The computer is
alao programmed to estimate an intracranial pressure based on the corrvelation
and generate a report indicative of the estimated intracranial pressure.

jsezil In another aspect of the disclosure, a method for non-invasively
estimating intracranial pressure ie provided. The method includes acguiring
diffuse corvelation spectroscopy (DOS) data at a teraporal resolution greater than
a pulsatile frequency of cersbral blood flow of a subject using one or movre optical
sensors piaced about the subject, and determining s pulsatile cerebral blood flow
using the acquired data. The method alse includes corvelating the determined
pulsatile cerebral blood flow with physiclogical data acquired from the subject,
and estimating an intracranial pressure based on the correlation. The method
further includes generating a report indicative of the estimated intracranial
pressure.

[0022] In yet another aspect of the disclosure, a method for non-invastvely
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monitoring a subject using a monitoring system 18 provided, The method
includes acquiring diffuse corvelation spectroscopy (BUS) dafa at a temporal
resolution greater than a pulsatile frequency of cersbral blood flow of a subject
using one or more optical sensors placed about the subject, and determining a
pulsatile cersbral blood flow using the acquired data. The method also includes
correlating the determined pulsatile cerebral blood flow with physioiogical data
acquired frov the subject using physiclogical sensors, and estimating at least
one parameter based on the correlation. The method further includss gensrating
a report indicative of the at least one parameter estimated,

{0023} The foregoing and other aspects and advantages of the invention
will appear from the following description. In the description, reference is made
to the accompanying drawings which form s part hereof, and in which there is
shown by way of illustration a preferred embodiment of the invention. Such
embodiment does not necessarily rvepresent the full scops of the invention,
however, and reference is made therefore to the claims and herein for

interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] FIG., 1 is a graph showing a relationship between intracranial
volume and pressure.

[0025] FIG. 2A is a graphical illustration showing clinical zones of cerebral
perfusion relative to intracranial pressure,

(0026} FIG. 2B is a graph showing changes in the optimal perfusion due o
certain medical conditions,

(0027} FIG. 3 is a graph illustrating the relationship between pulsatile
blood flow and arterial blood pressure.

[6o28} FIG, 4A is an illustration showing transmural pressure across a

blood vessel wall

[0029] FIG. 4B is an iHustration showing perfusion pressure along & blood
vessel,

(60301 FIG. 4C 18 an dllustration showing tension around a blood vessel
wall, |

0031} FIG. B8 is a schematic diagram of a modsl indicating vascular

-7



WO 2016/164891 PCT/US2016/026920

elements affecting cerebral perfusion.

[0032] FIG. 8 is a diagram of an example monitoring system, in accordance
with aspects of the present disclosure.

j0033] FIG. 7 is a graphical dlustration showing acquisition, gating and
averaging of photon count data, in accordance with aspects of the present
disclosure.

{00341 FIG. 8 i1s a flowchart seiting forth sieps of a process in accordance
with aspects of the present disclosure.

[0035] FIG. 9 1s a graph showing how the critical closing pressurs is
mfluenced by wall tension,

[00346] FIG, 10 is a graphical ilhustration showing acquisition, gating, and
averaging of pulsatile diffuse correlation speciroscopy (pDCS) data.

jo037] FIG. 11A is a graph showing simultaneous electrocardiograph

{(BOG), near infrared speciroscopy (NIRS) and pDCS data.

{00387 FIG. 11B is ancther graph showing simulianeous ECG, NIES and
pDUS data.

[0039] FIG. 110 is graph showing asynchronous cardiac eycle averaging.
[0040] FIG. 12 are graphs showing arterial blood pressure, intracranial

pressure, and blood flow based on DCS data, simultaneously measured in an

anesthetized rat,

DETAILED DESCRIPTION

10041} The brain is enclosed in o rigid skull, and as a result, changes in
intracranial pressure QUP) affect cercbral blocd flow (CBY), which can lead to
serious medical conditions, such as cersbral ischemia. Therefore, intracranial
pressure P monitoring is highly desirvable for the diagnosis and treatment of
patients with a wide range of medical conditions and disorders, including
traumatic brain injury, intracsrebral and subarachnoid hemorrhage,
hvdrocephalus, benign intracranial hypertension, meningitis, sfroke, acute hiver
failure, and so forth.

(0042} Therefore, in accordance with aspects of the present disclosure, a
system: and a method for asccurate, non-invasive monitoring of ICP based on

diffuse correlation spectroscopy (DCS), are described herein. In particular, the
-8
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system and method can measuve CBF and more specifically pulsatile cerebral
blood flow (HUBF) to determine ICP, as well as other clinically relevant
parameters, such as cerebral perfusion pressuve (CPP, cevebrovascular
vesistance (CVR), vessel wall tone, cerebral blood flow.cerebral spinal fluid
pulsatility coupling and cevebral compliance, dynamic autoregulation, cerebral
perfusion reserve, and other parameters. This approach recoguizes that the
pressure-axis intercept in the pulsatile pressure-flow relationship curve (FH:. &),
namely the critical closing or zero flow pressure (CeCP}, is divectly related to
iCP.

jG043] In particular, FI3. 3 is a graph showing an index of pulsatile
carebral blood flow (pCBFD from cercbral vessels versus arterial blood pressure
(ARP). Ae labeled, this graph shows that CrUP is present at zero pCUBFi and
that the pulsatility of bleod from the diastolic o systolic results in a
corresponding variation in pressurs (APY and variation in flow (AF). As will be
described, the systern and methed of the present disclosure are able o acquire
DS data st a speed, or termporal resclution sufficient to detevroine pCBF and
use pCUBF and other measures to non-nvasively determine clinically-useful
information with an accuracy asnd precision that has not previously been
available using non-invasive systems. For example, as will be described, the
systemn and method of the present disclosure are capable of acquiring and
processing multiple DCS measuvements per second to, thereby, achisve a speed,
or temporal resolution, o determine pulsatile information and create accurats
measures not achieved or recognized in non-invasive aystems previously. This
stands in contrast to traditional DOS systems and methods that, for example,
have a sampling time for DCS measurements of approximately 1.5 seconds or
longer,

[0044] Also, the present approach can be used for non-invasive continuous
monitoring over extended peviods of time with éninimized interference or
discomfort to a patient. As such, the provided system and method may be
suitable for continuous or discrets measurements in a much larger population
inchuding adults, children, infants, neonates, and premature infants. This

includes patients not undergoing invasive procedures or those for whom an
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invasive procedure might not be worth the risk. In addition, using the sysiem
and method described, measurements can be made on patients whils conscious
ar unconscious, awake or sedated or anesthetized. In addition to humans, the
provided avetem and method may be used with animals for research, commercial,
and/or veterinary purposes. Furthermore, the present approsch may aleo be
used to measure perfusion pressure of other organs besides the brain.

Eﬁﬂ@S] Previous non-invasive  technigues, such  as  near-infrared
spectroscopy and transcranial Doppler ultrasonography, measure blood volame
or blood flow velooity measurersents, vespectively, to estimate ICP. As described,
these approaches rely on surrogate measurements, and include a variety of
confounding factors that prevent accurate determination of ICP, For example,
transcranial Doppler ultrasonography utilizes the middle cerebral artery, which
averages the blood supply of many anatomically distinet regions, including those
with less sensitivity to ICP.  Accordingly, these systews are not able o
accurately sesess pulsatility and, theveby, are not shle to provide accurate
determinations of 1CP.

[(3346] By contrast, the present approach utilizes DOS o messure blood
flow divectly. In particular, DCE can be used to measure CBY in cortical
microvessels, which have lower tension and are mors sensitive to cranial
pressure changes covapared with larger arteriss. Also, BOUE can be used to
measure UBF specifically within brain tissue, and overcome confounding factors
of middle cerebral arviery measurements. Furthermors, BCS provides a robust
average of CBF over cm®-sized cortical volumes, without being sensitive to probe
placement or orientation, as transcranial Doppler ultrasonography. Thus, the
systevns and methods are able to perform absolube calibration of blood flow,
unlike other non-invasive systems and methods,

F0047] Primarily, two types of nressures act upon the cerebral vasculsture
o influence blood flow, namely transmural pressure and perfusion pregsure, as
illustrated in Flds. 44 and 48, Referring parvticularly o FIG. 44, transmural
pressure is the net pressure acting across the wall 402 of a blood veseel 400
resulting from an internal hvdrostatic transmural pressure 404 and an external

hvdrostatic transmural pressure 408, Specifically, the internal hydrostatic

~18-
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transmural pressure 404 is an cutward pressure as a result of blood pressure,
Cm the other hand, in the skull, the external hydrostatic transmural pressure
406 is primarily the intracranial pressure.

(0048} Claggically, transmural pressure gives rise fo Starling forces and
drives transudate and exudate transport through blood vessel walls throughout
the organs of the body. Transmural pressure is less associated with tissue blood
perfusion. However, within the rigid confines of the skull, ICP-dominated
transmural pressure can couple o the flow of blood through vessels via the
elasticity of the vessels themeelves.

{0049} When the transmural pressure is great enough to compress the
flexible vessels, their intermal diameters eoffectively decrease, and flow is
impeded through the well-known Starling resistor phenomenon (FIG, 5. In the
extreme, when transmural pressure becomes negative, the vessel will collapse
and close entirely o flow., For example, externally generated nsgative
transmural pressures are the basis for well-known sphygmomanometer
measurements of blood pressure.

{30507 Perfusion pressure, on the other hand, is directly related fo fissue
perfusion and is defined as the difference in pressure between the vascular
inflow and outflow within the vessel or vascular network., Heferring specifically
to FIG. 4B, the perfusion pressure across the blood vessel 400 ig the difference
between the inflow pressure 408 and outflow pressure 410, PFurthermore,
perfusion pressure s related to bloed flow through the vascular resistance in a
relationship with blood flow that is similar to Ohw's law., Under normal
circumstances, vascular resistance is regulated under physinlogical control,
including functional hyperemia, in response to FaCQOs levels, and autoregulation.
Pharmacological agents, injury and disease can also impact vascular resistance
and its physiclogical control mechanisms.

(6051} The properties of blood vessels affect blood flow therethrough.
Referring specifically to FIG. 4C, the wall tension 412 of a blood vessel 400 is
shown g civeurnferential force within the wall 402, Wall tension 412 is related to
the transmural pressurs and the ratic of the internal radius 414 to the thickness

418 of the blood vessel 400. The wall tension 412 niust be overcome for the blood

~11-
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vessel 400 to close. For vessels with the ability to actively dilate and contract,
the vessel diametsr ie under physiological control. Thus, the wall tension 412 1s
also referved to as vessel tons.

00521 Sinee the cevebral vasculsture is enclosed by the rigid confines of
the skull, ICP applies a transmural pressure external to the blood vessels, as
shown in the diagram of FIG. 5. Under normal conditions, the outflow pressure
is dominated by central venous pressure (CVP) and the transmursl ICP has Httle
effect on CPP. Howsver, when TP excesds CVP, the transmural pressure acts
to constrict the vessels at flexible sites, such as bridging vessels on the surface of
the brain and arterioles, as indicated by the arrows shown in FIG. B, In this
case, these sites act as Starling resistors, rvestricting flow and reducing CPP.
Under these conditions, the zere flow pressure guantifies the magnifude of ICP.
{3053 Conceptuslly, perfusion pressure is both a divect measure of the
adequacy of tissue perfusion and, via the limits of autoregulation, an estimate of
the amount of perfusion reserve available to maintain homeosiasis. However, in
practice, CPP is a quantity inferred from other measursments since if is typically
not practical to measure outflow pressure directly. Thus, guantities such as ICP
have been preferred for clinical use, although their relationship to patholegy,
namely the risk of ischemis, is indivect.

[(3054] Measurements of CPP and CBF both provide information on the
amount of tissue perfusion and the risk of ischemia. However, UBF can vary
physiologically over two fold without injury. For example, if cerebral vessels
dilate, CBF will increase. At the same time, cerebral vascular resistance would
decrease correspondingly. In the relationship for CPP, under physiclogical

conditions these two factors will tend to cancel, leaving CPP relatively

unchanged. Thus, PP may have greater sensitivity to pathological conditions
with less influence from normal physiclogical variations, Furthermore, UFF and
CRF can be combined with other measures, such as oxygen saturation (80},
oxygen extraction fraction (OEF), cersbral blood volume (CBV), cerebwal
metabolic rate of oxygen (CMROg to further gquantify ischemic risk and
perfusion reserve,

[0055] Under normal conditions, cercbral perfusion pressure can be

“17.
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approximated as the difference betwesn arterial pressure and central venous
pressure. However, when ICP 1s sufficiently elevated, vascular resistance
hecomes dominated by Starling resistor effects and the effective outflow pressure
is no longer CVP but ICP. Thus, ICP couples to OBF and measurements of CBE,
either alone or in conjunction with other physiclogical measurements, can he
ased fo determine ICP, risk of ischemia, loss of auwtorsgulation and/or regulatory
vegserve, and/or other parameters.

00561 Turning to FIG. €, a block diagram is shown of an exemplary
system 800 for non-invasive monitoring of a subject, in accordance with aspects
of the present disclosure. As shown, the system 600 generally includes a number
of sensors, inchuding an optical coupling system 602 and physiclogical sensors
604, to he placed at various locations about a subject’s body. The system 800 also
includes an optical processing systern 608 and one or more sensor system(z) 608
in communication with the physiclogical sensors 604. The optical processing
system 606 and sensor system{s) 808 are in communication with a controller 610
that is configured control operation of the system 600, and systems therein,
including data scquisition and processing.

{395’?] The system 600 may operate autonomously or semi-autonomously,
or in conjunction with other devices or hardware. The system 600 may also read
executahle software instructions from a non-transitory computer-readable
medium (such as a hard drive, a CD-ROM, flash memory and the like), and may
also receive instructione from a user, or any other source logically connected
thereto, such as another networked computer or server, database, internet,
cioud, and so forth.

00581 The optical coupling system 602 may include a number of source
probes 603 and detector probes 608 forming one or more optical sensors,
including DCS senwovs, and near infra-red speciroscopy (NIRS) sencors. In
particular, the source probes 803 are configured to tranewit light signals to the
subject, while the detector probes 605 aye configured to receive light signals
therefrom. The source probes 608 and detector probes 605 can include single-
mode and/or multi-mode optical fibers. The optical fibers may be straight fibers,

90° hent fibers, or side-fiving fibers. The source probes 603 and detector probes
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605 may be arranged in various configurations and separated by distances up fo
several centimeters., In some implementations, the optical coupling system 602
is configured for measuring bleod flow in the brain, and optionally, blood flow in
the skin, scalp, skull, and/or periphery.

[059] The physiclogical sensors 604, controlled by the sensor systems(s}
608, may include electroencephalogram (EEG), slectrocardiograph (BCG), blood
pressure (BF), ICP, pulse nxymetry, and other sensors, configured to measurs
physiclogical pavameters, including, but not limifed to, hemoglobin
concentrations, changes in hemoglobin concentrations, oxygen saturation,
CMRO», invasive blood pressure, non-invasive blood pressure, intracranial
pressure, brain activity, electrocardiogram, cardiac outpud, stroke volume, and
combinations thereof. In some implementations, physiclogical sensors 604 and
respective sensor system{s) 808 may be from a separate device from a differend
manufacturer,

{0060} Various sensors described with rveference to the optical coupling
systern 802 and physiclogical sensors 604 may be incorporated into, or be part of,
one or more items or units designed to engage with or couple to a subject at any
number of locations, in any number of geometrical configurations. For example,
various sensors may be Infegrated into silicone assembliss, bandages,
headbands, and any other assemblies securable to the subject. Also, various
sensors may be wearable or designed to attach to the subject directly using an
adhesive.

{0061} Although FIG. 6 shows the optical coupling system 802 placsd about
a subject’s head, and physiclogical sensors 604 placed about the subject’s forso, it
may be veadily appreciated that the locations of the sensors can vary,
accordance with the signals being induced and sensed. For example, various
physiclogical sensors 804 may be placed about the subject's head, arms, legs, and
so forth. Similarly, optical sensors may be placed about the subjsct's arms, legs,
forso, and so forth. As such, different sensors may be collocated, or individually
placed at various positions about the subject.

j0062] The optical processing systern 608 is in communication with the

optical coupling system 802 includes a source module 812 configured to generate
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light using one or move light sources. The source module 612 may be configured
to operate in the continuous wave, frequency domain, and time domain, To this
end, the source module 612 may be pulsed, sinusoidally modulated, step
modulated, triangularly modulated, and/or arbitrarily modulated.

(00631} By way of example, the source module 812 may include a fransform,
or nearly-transform, limited picosecond pulsed source or a non-transform limited
picoseconds pulsed source. As used hersin, reference to "picosecond” pulses or
pulsed source refers to pulses having a pulse width between 1 ps and 10 ns. The
source module 612 may also include a Bragg veflector laser, a distributed Bragg
feedback laser, a gain-switched disiributed Bz‘.‘égg reflector laser, an external
cavity laser, a gain-switched laser, a current pulsed laser, 8 mode-locked laser, a
g-switched laser, combinations theveof, and the like. The source module 812 can
aleo include a diode lasser, a solid-state laser, a fber laser, a vertical cavity
surface-emitting laser (VUSEL), a PFabrv-Perot laser, a ridge laser, a ridge
waveguide laser, a tapered laser, a waster oscillator power amplifier (MOFPA)
laser, or other type of laser. In certain aspects, the source moduls 612 can also
include a swept source light source,

f3064] The source module 612 can be configured to transmit light into a
target medium using wavelengths between 400 nm and 1500 nm, including but
not lirnited to0, a wavelength of between 800 nm and 1000 nm, or a wavelength of
between 890 nm and 900 nm. The source module 812 can also be configured to
transmit light into the target medium using average power betwesn 10 pW and
10 W, including but not limited to, an average power of between 100 pW and 1
W, betwsen 1 mW and 500 mW, or between 10 mW and 200 mW. The sourcs
module 6812 can be configured to transmit light pulses info a target medium
using pulse widths between 1 ps and 10 ns, including but not limited to, a pulse
width of between 10 ps and 1 ns, or between 80 ps and 500 ps. Pulse widths
described herein refer to full-width at half maximum pulse widths,

[0065] The optical processing system 806 alse includes a dstector moduls
814 in communication with the optical coupling system 802 which is configured
to receive light signals from the subject and provide an ouiput to a corvelator 618

indicative of the received signals. For example, the detector moduls 814 may
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include one or more photon-counting avalanche photodiodes (APDg) configured to
provide photon counts based on detected light. As shown in FIG. 6, the optical
processing'system 808 may optionally include a number of optical elements 618
interpossd between the optical coupling system 802, source module 612 and
detector module 614. Bpecifically, the optical elements 816 may be configured for
manipulating lght signals transmitted to and received from the subject.
Exarnple optical elements 8186 include lenses, prisms, holograms or diffractive
nptical elements, diffusers, attenuators, filters, optical fibers, and so forth,

[3066] In general, the controller 610 may be a computer, as shown in FIG,
6, that is programmed to carry out steps in accordance with aspecis of the
present disclosure, as will be described. The controller 610 may also be a
workstation, a laptop, s mobile device, s fablef, a personal digital assistant
{(PTIA), 2 multimedia device, 2 network server, a mainframs or any other general-
purpcse or apphication-specific computing device., Other examples for the

N
1!

controller 810 may also include system on a chip (800) a fisld-programmable

N
H

gate array (FPGA), a complex programinable logic device (CPLDY), an application- |
specific integrated circuit (ASIC), a Raspberry Pl controller, and the like.

(3067} In some aspects, the controller 610 may be configured to acguire
and process optical, physiological and other signals induced or generated by a
subject, to estimate desived physiological parameters. Specifically, the controller
610 may be configured to receive and utilize DCS measurements to determine a
pulsatile, as well as steady, cershral blood flow from which a number of
physiological paramsters, including ICP, CPP, CRV, and so forth, may be
gstimated.  In some aspects, the controller 810 may utilize charactevistics of a
pulsatile pressure-flow relationship curve, as described with reference to FIG. 3
to determine desired physiclogical parameters. For example, the critical closing
or zero flow pressure (CrOP), or intercept may be used to is directly related to
ICP. Additionally, a slope of the pulsatile pressure-flow relationship may also
be utilized by the controller 610, as well as any other information obiained
therefrom.

[6068] In some aspects, the coniroller 810 may be configured fo acquire

simultaneous or synchronous measurements, as well as separate measurements,
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using various sensors placed on the subject, as described. Also, measurerments
may be made once, intermittently, periodic, continual, or continuously. The
controller 610 may be configured to utilize signals from such measurements o
construct various time seriss waveforms. For example, FIG. 7 shows acquigition
of BCG data 702 and DCS data 704 as a function of time. The controller 810
may also be configured to assemble acquived signale into a frequency
representation, as power spectra. As such, the controller 810 may be configured
to apply a Fast Fourier Transform (FFT), for example, to the acquired signals.
Other signsl representations may also be generated by the controller 610,
including signal devivatives, differentials, differences, and so forth. The
controller 810 may also determine signal amplitudes, timing, phases,
correlations, and so forth. Processing of signals by the controller 610 may be
performed in real-time, near veal-time, or by post-processing, either in the time
or frequency domain or both.

{3069] In some aspects, the controtler 810 of FIG. 8 may be configurad fo
generate, by way of the correlator §18, correlation curves using acquived DOS
datz., In this manner, varicus desivable parameters, such as bleed flow, and
more specifically pulesatile blood flow, and others may be dsterwined, as will be
described, In particular, the corvelator 818 may receive photon count data from
the detector module 814 and calculale intensity autocorrvelation functions at
various time scales using the photon count data, Although the correlator 618 is
shown in FI{. 6 as separate from the controller 610, it may be readily
appreciated that these could be integrated into one system. For instance, the
controller 810 may include varicous hardware and software for directly
caleulating intensity autocorrelation functions.

(6070} Referring again to FIG. 7, correlation curves 704, obiained at
different time scales using DUS data, arve shown. Such correlation curves may be
generated sither synchromously or asynchronously along with other acquired
measurements, such as ECG and other physiclogical measurements, For
example, DCS measurements may be collected at multiple times relative to the
cardiac eyele measured using BCG data.

(8071} In some sspects, the optical processing system 608 in cooperation
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with the controller 610, and methods of operation of the present disclosure ave
capable of acquiring and processing multiple DCS measurements per second to,
thereby, achieve a speed, or temporal resolution, to detevmine pulsatile
information and create accurate measures not achieved or recognized in non-
invasive systems previously. By way of example, data, including DCS data, may
be sampled at frequencies of up to 500 He, although higher frequencies may be
possible. Again, this stands in contrast to traditional DUS systems and methods
that, for example, have a sampling time for DCS measurements of approximately
1.5 seconds or longer. As described herein, the systems and methods of the
present disclosure acquire DCS measurements al a temporal resolution greater
than a pulsatile frequency of cerebral blood flow of the subject. As such, the
pulsatile information can be determined from the DCS data,

[00721 The controller 810 may be further configured to analyze acquired
data, ineluding DCS data and physiclogical data, in order to provide estimates of
gquantities, such as ICP, and others, as described. For instance, the controller
810 may be configured to analyze auwbocorrelation curves at various timescales to
determine a blood flow, at various peints within a cardiac cyele. In addition, the
confroller 610 may combine DCS data acquived over a number of cycles, the DCS
data being acquired at specific time points or over a range of time points in the
cardiac cycle.

{3073 Individual measurements may or may not have sufficient signal to
noise ratio (SNR) for analysis of desived parameters such as CrCP, 1CP, CPP,
CVR, and others. As such, a measurement taken from one cardiac cyels can be
averaged with a messurement from a different cardiasc cycle, while ensuring
proper gating of the signals. That is, individual measurerents could be timed to
exactly coincide with the same portion of the cardiac cycle, or the measurements
could be asynchronous to the cycle resulting in an equivalent fime average.
Equivalent time averaging has superior sampling of the cycls, but either method
can be used. In addition to the cyvele averags, the same data can be averaged
over longer tivses. In thie manner, both pulsatile and average blood flow, for
example, may be provided. Alternatively, or additionally, the controller 610 may

integrate or combine data acquired over an entive cardiac cycle.
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(0074} In some aspects the controller 610 may be configured to determine
a condition of the subject based on determined parameters, such as intracranial
pressure, and others. For example, the controller 810 may be configured to
determine a risk of cerebral ischemia, or a loss of autorsgulation andfor
regulatory reserve. In addition, the controller 810 may also be configured to
determine an effectivenscss of an administered treatment using defermined
physiclogical parametsrs, such as infracranial pressure.

[0075] The controller 810 may be further configured fo generate and
provide a report to a user. The report may inchlude a variety of information
including, real-time or intermitient physiclogical signals or measured quantities,
such as ICP, as well as other clinically relevant parameters, including cerebral
porfusion pressure {{PP), cerebrovascular resistance (CVR}), vessel wall fone,
cerebral blood {flow-cerebral epinal fluid pulsatility coupling and cervebrsl
compliance, dynamic autoregulation, cerebral perfusion rveserve, and other
parameters or quantities generated therefrom. Provided signals may be in the
time domain, as time series, as wall as the frequency domain, as power spectra,
[0076] The report may also indicate a condition of the subject being
monitored, as well as other informatfion associated with the subject. For
instance, the veport may indicate a risk for a cerebral ischemia, or a loss of
autoregulation or regulatory reserve. The report may further includs an audio
andior visual alarm to Indicate an acute condition, such as when one or more
estimated quantities exceed a safe threshold, or a visk for coroplications is
increased. For example, an alarm may provided when an estimated ICP igin a
range between 11 and 20 mmHg, between 21 and 40 raomHg, and greater than 40
mmHg. The alarm signal may also adapt depending on the severity of the risk or
the magnitude of the quantity.

[0877] Referring now to FIG.8, the steps of a process BOC in accordance
with aspects of the present disclosure are described. The process 800 may be
carried out on any system or apparatus, such as the one described with reference
to FIG. 6. As shown in FIG. 8, the process 800 may begin at process blocks 802
and 804 with acquiring DCS and physiclogical data using various sensors placed

about a subject. The data acquired at process blocks 802 and 834 may be
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obtained in any number of ways, as described, including intermiffently or
continuously. For instance, in some aspects, DUS data may be acquired at
multiple times within a cardiac cyels. Example physiological data includes
electrocardiogram (KCG) data, electroencephalogram (EEG) dafa, near nfrared
apectroscopy (NIRS) data, blood pressure data, respivatory dats, hemoglobin
data, pulse oxymetry data, and combinations thereof

{0078) The data scquired at process blocks 802 and 804 may also be
processed in any number of ways, For instance, depending upon the requisite
signal $o notse ratio (SNE), data acquived over a number of eardisc cyeles may be
combined or averaged. In particular, the acquisition and averaging of DCS data
does not need be limited to fixed correlation curves. Specifically, photon count
data, whether a simple number of counts per time interval or the number of time
intervals between photon detection, can be processed and averaged for cyeles and
evenis, For example, the photon data over short periods within the cardiac cyele
can be used to calculate corvelation curves and perform cyvels averaging, The
same photon datas can be used with data over a longer time fo caleulate the
corvelation curve on the time scale of another period of interest {e.g. steady-state
average, respiration, ete.). This approach can be used for non-cyelical events as
well, For example, the blood flow associated with periods of time before and
after a distinet EEG event such as a burst or seizure. Gatfing and averaging can
be performed prospectively and/or retrospectively,

j0079] At process block 808 a pulsatile cerebral blood flow may be
deternined using the acquired DS data. In particular, this step may inchide
generating autocorrelation curves at various timescales using obiained photon
counts and analvzing such curves to determine a blood flow, af various points
within a cardiac cycle. In some aspecis, a steady cersbral blood flow may also be
determined at process block 8086,

[0080] Referring again to FIG, 8, the determined cerebral blood flow may
then be correlated with acquirved physiclogical data, as indicated by process block
808, In some aspects, the determined pulsatile cerebral blood flow (pCBF) can be
correlated with pulsatile arterial blood preseure (pABP). Other correlations may

also be determined at process block 808,
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(0081} Then, as indicated by process block 810, an intracranial pressure
may then be estimated based on corvelation. As such, a eritical closing pressure
may be computed to estimate the intracranial pressure. OGther paramsters may
also be estimated at process block B10 using the DCS data and physiological
data, as described. For example, cerebral perfusion pressure, vessel wall tone,
cerebral blood flow-cersbral epinal fluid pulsatility coupling, cerebral comphiance,
dynamic autoregulation, cerebral perfusion reserve, cerebrovascular resistance,
oxygen saturation, hemoglobin concentration, cardiac outpus, stroke volume,
brain activity, cardiac activity, and various combinations or changes thereof
may be determined at process block 810, In some aspects, the characteristics of
a pulsaiile pressure-flow velationship curve, as described with reference to FIG.
4, for instance, may also be used to determine desired physiological parameters.
fo082} In some aspects, a condition of the subject based on determined
parameters, such as IUP, and others, may be determined at process block 810
For example, a risk of cerebral ischemia, or a loss of autoregulstion andior
regulatory reserve may be determined. In other aspects, an effectivencss of an
administered treatment may be determined using determined physiological
parameters, such as intracranial prassure.

[0083] Then, at process block 812 a veport, of any form, may be generated
and provided to a user. The repowt may include a variety of information
including, real-time or intermittent values of measured physiclogical parameters
or guantities, such as ICP, blood flow, as well as other clinically relevant
parameters, including cerebral perfusion pressure (CPP), cerebrovascular
resistance (CVR), vessel wall tone, cerebral blood flow-cerebral spinal fluid
pulsatility coupling and cerebral compliance, dynamic autoregulation, cerebral
porfusion reserve, and other parameters or quantities generated therefrom. The
report may alse identify a condition of the subject being monitored, as well as
other information asscciated with subject. For instance, the report may indicate
g visk for a cersbral ischemia, or a loss of autoregulation or regulatory reserve.
{0084} As described, FIG. 7 shows an example of how the phofon counts
can be corrvelated in reference to another signal or event at ome or more

timescales. Specifically, FIG. 7 shows HCG data 702 and DOCS data 704 as a
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function of fime. In particular, the DCS data 704, in the form of a stream of
photon counts, can be parsed, in either synchronous, partially synchronous, ov
asynchronous manney, with regards to ancther physiclogical signal, such as BCG
data 702, to generate one or more corvelations functions 708. Such parsing may
be achieved with reference to other physiclogical signals, including ECG, EEG,
NIRS, or other physiclogical signals, Thus, the same data could be cowbined
with regards to multiple events with the appropriate tirae and duration for each
signal. For example, the same signal could process blood flow with regards to
cardiac cycle from an BECG and flow before and after g seizure event vecorded in
EEG. Different time scales could be used between different signals ov within the
same signal, including, but not limited to, determining both pulsatile and steady
flow.

{0085] In some aspects, intra-cardisc cycle and intra-respiratory cycle
flows, gated by appropriate cardige and vespiratory signals, may be calculated at
two different timescales within the ECG. In others, cardiac cyele fivning could be
determined from a blood pressure sensor or the optical signals themselves, The
timing and duration could be fixed or dynamically andfor algorithwically
determined, either in real-time, near-real fime, or in post-processing. For
example, the DCS data 704 could be parsed on a cycle-by-cycle basis, following
the spontaneous changes in heart rhythm. The processing may include other
transformations, for example a tewaporal offset to account for the difference in
phase between an ECG signal and the CBF signal to account for the transit {ime
of blood from the heart to the brain, andfor other instrument factors The
processing could be performed either in software (for example, using FFTs, efe.),
in hardware {{or example, multi-tau algorithm, FFT, efc.), or any combination
thersof.

6086 By way of example, FIG. 10 shows puisatile blood flow
measurements obtained from a human subject in accordance with aspects of the
present disclosure. In this example, flow measurements were acquired in an
integration time less than the perviod of a cardiac cycle with a hardware
correlator, as described with reference to FIG, 6. As described, in some aspects,

flow measurements may be inter-cycle combined, processed, andior averaged
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with equivalent intra-cycle measurements. In this manner, the signal-to-noise
vatio (SNR) and/or intra-cyele time resolution may be increaged. The amount of
combination can be set by a predetermined amount, such as time, number of
samples and so forth, or determined dynamically and/or algorithmically, such as
when a desired SNR is achieved, or when nuwmber of intra-cycle points are
acquired. Measurements may also be combined, processed, and/or averaged with
or without regard to the cyele in which they were acquired, and may be used for
determining a baseline.

{6087} As ancther example, FIGs. 114 and 11B demonstrate simultaneous
raeasurements of pulsatile DCS with ECG and OW NIRS. As can be seen, the
DCS data has a teroporal resclution of 4-8 saroples per second., The NIES and
TGS data were collected from an integrated optical probe place on the forshead
to sample the same tissue in the cortex. ECG was recorded from fwo leads
placed on the chest of the subject. Although the data points were acquired
asynchronously, the pulsatile blood flow, hemoglobin concentration changes and
cardiac electrical activity were all physiclogically synchronous. However, due to
sransit time differences between the heart beat and arvival of blood in the cortex,
there was a phase difference between the BECG/NIRS signals and the ECG
gotivity, In general, such phase diffevence could be accounted for by calibration
and/or processing,

[o8s8} As yet another example, FIG. 11U chows the results of cycle
averaging. Specifically, a portion of the data from FiGs. 11A and 11B was
averaged over the cardiac cycle in an equivaient time average., Further
processing can be performed fto pevform calibrations andfor extract relevant
parameters from the data.

{36E9] In vet another example FIG. 12 shows a segment of data acquired
from an anesthetized rat.  Specifically, artervial blood pressure, intracranial
pressuve {acquired with a fiberoptic transducer inservted in a raf's brain), and
blood flow measured with DCS were simaulianeously measured. In this example,
flow messurements were acquired from a stream of photons and correlated using
software, as described with reference to FIG. 6. These results demonstrate that

the present approach can resolve the faster pulsatile flows of small mammals,
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This fast speed is important because it enables: 1) use in animal models for
biomedical research, 2) better temporal resolution of the cardiac cycle in adults,
3) sufficient resolution for prewabure and full-term infants, 4) resolution for
patients with cardiac defects. Furthevmore, the data in FIG. 12 shows
sensitivity to pulsatile and respivatory variations in cerebral blood flow,

{3090 As described, the ICP can be derived by estimating the critical
closing pressurs (CrCP). That is, the ICP can be derived by estimating the valus
of arterial blood pressure at which cevebral blood flow approaches zero, such as
can he derived as detailed with reference to FIG. & The use of OrlP as a
substitute for I{P is based on the fllowing concept.  Specifically, the
velationship between flow and pressure in a uniform cylindrical veasel of length
L and radius r, is given by Poiseuille’s law, which by analogy with Ohm's law,

can be writien as:

{(Pi—Fp)

F=5z @)
F0911 here Fis flow, P and o are the inflow and outflow pressures, and
the resistance is
. BuiL y
VR = ”;;"47 i\f-i)
160921 - with blood viscosity, 2. In a simplified model of a collapsible cortical

vessel with zevo active tension, P is equal to ABP, and at equilibrium, if the
intracranial pressure is greater than the venous pressuve, P is equal to ICP.
When ABP approaches P, blood flow ceases, implying CeCP is equal to ICP. Ina
more realistic description of the flow-pressure relationship, one needs to include

the affacta of active wall tension and vessel elasticity:

CrlF = [CF 4+ Twa!l (5)
0093} Models based on Laplace’s law, including 2 non-linear elastic eurve

and g radius-dependent active tension, show that Cr{P depend both on ICP and
on the vasomotor tone, and that ICP is lower than the (r(P estimates that use g
simple linear regression of the pressure-axis inercept (FIG. 8). From either the
non-Hnear, linear Cr{P, or 8 combination of the two, the wall fension can be
determined and provide information about chronic and acute vessel physiology

and pathology.
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{30947 CrCP can provide s superior estimate of ICP compsared with
traditional pulsatility index (PI) computations, because CrCP is determined from
measurements of both the d.riiring arterial blood pressure and the flow response.
By contrast, PI is estimated purely from flow velecity, Thus, the present
disclosure allows for some of the physiclogical factors influencing PI o be
eliminated in determining CrCP. This makes OrCP a more robust measure.
[0095] As  described, blood flow velocity measuwrements based on
transcranial Doppler ultrasonography have been used fo estimate CrOP,
However, while these estimates can correlate with invasive ICP values, they do
not reach an acceptable confidence interval to be clinically useful. In fact, whils
theovetically estimated CrCP should be higher than ICP according to Hgn. B
ahove, both higher and lower values were measured by transcranial Doppler
ultrasonography, Since in these experimenis arterial blood pressure {(ABP)
rmeasurements are performed using standard arterial lines, the variability in the
transcranial Doppler ultrasonograph estimation of ICP is hence driven by the
known issues with this approach.

{0096} Moreover, transcranial Doppler ulirasonography measures flow
velocity and not blood flow, which depends on the cross-sectional avea of the
imaged vessel. Also, flow velocity is measured on a section of the middle cerebral
artery, which is a large vessel with high wall tension and elasticity that is only
indirectly imnpacted by changes in 1CP.

{0097} By contrast, the present approach utilizes DOS data, providing a
better estimate of CrCP compared to previous techniques. This is because DUS
measures blood flow and not blood flow velocity. In addition, measurement of
pulsatile cercbral blood flow using DOCS, in accordance with the present
disclosure, is divectly sensitive fo small cortical arterioles, venules and bridging
vessels, which due to their small transmural pressure determine the vasomotor
tone of the cerebral cireulatory system, and hence are critically impacted by
changes in {CP.

[3098] In addition to ICP, other parameters may also be estimated. One
non-limiting example includes UPP, defined as the mean arterial pressure minus

the critical closing pressure;
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CPP = MABP + Crip (8}
00991 Autoregulation maintains constant CBF across a large range of CPP

(60 to 150 ramHg). Reductions of CPP below the lower Hmit of autoregulalion
causes OBF to become pressure passive and arteries and arterioles to passively
vasodilate. The present approsch can hence detect and warn of visk of this
condition. Hypotension has adverse consequences for patients with $raumatic
brain injury and guidelines ave to maintain UFP above 50-70 mmHg. Currently,
CPP is estimated from invasive ICP measures as a proxy for CrCP in the
equation above. The ability to continucusly and noninvasively monitor CPP at
the bedside would impact the management of a larger number of patients than
currently done with invasive measures.

(601001 As another example, since blood flow, rather than flow velocity is

measured in arterioles, cercbrovascular resistance can be estimated (FIG. 3):

s ApABP )

it o7

4 ApCERF ")

(001611 By simultaneously and continucusly measuring both changes in

CPP and VR, cersbral sutoregulation can be non-invasively monitored af the
bedside. Failure of auloregulation is associated with a worse outeome in various
acute newrnlogical diseases,

00104} As may be appreciated, CrCP, ICP, CPP and OVR are tremendously
important psrameters for the diagnosis and management of patients under
many clinical situstions, including but not limited o, critical care such as infant,
pediatric, or neurs intensive care units, anesthesia and/or surgery, emergency
and trauma wards, recovery wards, post infensive care, battle fields, spacecrafts,
extreme envirenments, during sports or on the sidelines, disaster or accident
aites, ete. The present approach of measuring pulsatile flow allows estimation of
thess parameters continucusly and non-invasively at the bedside, on an
outpatient and/or home care basis, [nformation generated from such moniforing
can be used fo understand, for example, the complex pathophysiology after
traumatic brain injury, better target cave, identify new therapeutic
opportunities, and, in general, substantially improve neurccritical care
management.

00103} Several approaches can be used to estimate autoregulafory
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capacitance. A moving correlation coefficient between CBEF; andfor OVE and
PP andior AP can quantify autoregulation status, with a corrvelation near one
during impaired autoregulation during pressure passive hypo- or hyperemia and
near zere for intact autoregulation. Ancther approach may include, but is not
limited to, directly measuring changes in CBF and/or CVR with changes in AP
andior CPP, sither spontaneously or induced corvelation of CBF andior OVR
fluctuations and changes with CPP and/or AP, correlation of the variances of
CBF and/or CVR with PP, cross-spectral coherence and gain analysis between
CBF and/or CVR and CPP andior AP, phase shifts between CBF andior CYR
with changes in AP, CPP, and/or CBY. In some aspects, a change in blood
pressure can avise spontaneously, or be inducsd by sxternal means such as leg-
culf relsase, or other means.

001041 in some aspecks, the PI may be computed. In particular, the Pl s
proportional to IUP and can be used to monitor changes in ICP. The PI can be

calculated from pCBF; dirvectly using the following equation:

systolic U8F;—diastolic CBF .
Pl = - (8}
mean C8F;
{00105] Pl ¢an also be determined in the frequency domain using the

harmonic components of CBFL. In some implementations, pulsatile DCS (pDCS)
Pl can be used when measurements of blood pressure are not available, Pl may
also have greater sensitivity to ICP changes at low intra-cranial pressures, even
when blood pressure signals are measursd,

f00106] When blood pressure megsurements ave gbiained in conjunction
with pDCS measurements, a pressure-flow relationship, as described with
reference to FIG. 8 can be obtained. Such a pressure-flow velationehip may then
be analyzed to generate a wide variety of information, including but not Hmited
to, a zevo flow pressure or CrCP, COFF, CVER, wall tension, and so forth. Ii is
estimated that approximately 11 million photons would provide a precision of +/-
5 mmHyg in measurement of CrCP using the linear modsl The photon flux in the
adult measurement described with reference to FIGs. 11A and 1IB was
approximately 200,000 counts per second, and included an integration time of
about 1 minute. The required integration time could be further decreased with
the use of additional detectors. Thus, the present approach is feasible from a
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practical standpoint, However, this disclosure is not limited to a specific number
of detected photons. Other criteria for precision, accuracy or quality can be used.
These metrics can be caleulate online or in post-processing. They could also be
used to dynamically adjust the measurement process, optimizing signal guality
and dynamic response.

[OB1071 In some implementations, CrCP, and other parvameters can be
estimated by other analysis methods, including, but not Hmited fo the
application of transfer function, correlation, coherence, frequency, or time-
domain analyses of pl3US. These analyses may be performed individually or
together, in whole or in part, with or without taking into consideration other
physiclogical measurements such as BP, ICP, ECG, BEG, and othere,

301081 For example, CPP can be estimated using an analysis of the
frequency spectra of blood pressure and CBF.  Specifically, from the first

harmonics, CPP can be estimated according:

Al - o

PP e BF, 9

PP e ® mean CRF; )

001069 where Al and CBFil are the first harmonics of artervial pressure

and pCBHY, respectively. From PP, CeCP can be approximated using:
Al
CBe

{rfP = BP — X mean CBE, (10}

[60116] Also, CPP can also be approximatad by

cpp = pMap x Z28UEEH L conatant (11)
meon CBE; )
00111} Furthermorve, CCP may be estimated using a linear inferpolation

from diastelic and systolic values of CBE and BP. Many other such
combinations can be utilized.

{00112} In some aspects, CrCP can be estimated from pDCE and diffevent
types of blood pressure monitors. For example, arierial pressure can be
measured invasively through sensors with an invasive arterial line. (r(P
estirnated in this way is semi-invasive because, while the blood pressure
measurernents are invasive, the pDCS messurement remains non-invasive. In
this nase, although the BF measurement iz invasive, this approach is still a
significant improvement compared to current technigues, since an arterial line is

considerably less imvasive than a cranial bolt or burr hole, as required for
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conventional ICP sensors, In addition, the risk of complications for an avterial
line is low and they are routinely used in critical care situations. Furihermore,
use of ICP monitoring is much more restricted than arferial lne due fo the
higher visks of invasive intracranial probes, Thevefore, it may be appreciated
that the present approach provides a considerable advancement over the current
state of the art because it allows, for the first time, routine measurement andfor
monitoring of ICP in 2 large population of patients receiving arterial lines,
[00113] In other aspects, the present approach can also be utilized entively
non-invasively in patiente and subjects in general by corshining pBCS with non-
invasive means to measure blood pressure. For exawmple, absolute pulsatile
blood pressures can be measuved non-invasively using devices such as the
Finapres monitor. Ancther example includss combining a relative pressure
tranaducer for pulse measurement (for example a simple transducer wrapped to
s finger with a bandage) with intermittent absclute measurements by non-
invasive means via a sphygmomanometer. This approach provides a considerable
advancement over the current state of the art because it extends measurement
and/or monitoving of ICP to anyone, In addition, this approach enables
measurements in patients whose perceived risk of abnormal ICP does not
currently justify messurement by invasive means. Furthermore, patients
belisved not to be at risk for abnormal ICP, or even with healthy subjects in
nabural environments, may also be monifored.
(001141 There is a consensus that clinically useful ICP weasurements are
preferred to have an accuracy of at least 10 mm Hg, or less. The precision of BF:
in a DOS measurement is determined by photon statistice. Thus, with a few
assumptions and simplifications, an estimate can be obtained for how long the
DCS measurements must be integrated to determine the critical closing pressure
{(CrCP) to within 10 mm Hg. |
{00115] Assuming a lnear relationship between pulsatile blood flow and
pressure during the cardiac eycle, namely:

Fe=qg+bP {12
[30116] Real measursments may use more complicated models for the flow-

pressure relationship (Le. with wall fension, etc.) but the linear model is
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sufficient for estimating integration times. Analysis with more realistic models
will not require significant differences integration times.

{01471 {Observations are pairs (P, F}) representing instantaneous blood
pressure and flow, with the instantaneous flow measurement having a variance

1

of o7 for each ohservation. For DOS, o is known from photon statistics and the
total number of detected photons integrated in a measuremend, For ICP
determinations, flow can be measured 2 number of times within the cardiac
cvele, with multiple cardiac cycles integrated to achieve sufficient accuracy. In
this case, total number of photons refers to the number of detected photons for a
measurement within the cardiac cvele after integrating one or wmore cardise
cyeles

60118} The uncertainty of the masimum likelihood estimation of o and &

are then:

of =3 5es (13)
af = iﬁbf? (14
where & is defined as:
2
=555 - (2L 15
30119 and the uncermin‘ty in P is negligible. For the linear model, the
critical closing pressure (CrUF) may be approximated as:
Crip = -2 (16)

b
f00120] Then the wvariance of the CrCP can be propagated from the

variances in ¢ and b

Z 2 Z s 2 2
2 o reep?{fE T o) {2 {2 S "
Firce = LTCP (a Tl ab) - (b) (a? + b) {(an
{00123} where ¢, is assumed = (.
[00122] For a simple estimate, o can be approximated as s constant opm for

all measurements. This is reasonable because the uncertainty in CBE; depends
primarily only on the detected photon flux and very weakly on the value of UBF,
Then, the variances simplhify to;

A= N E PR - (T PO (18)
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4}”’2 - 65::{ TP (18
. .2
oy = N (20)
(00123} where N is the number of (#,F) pairs determined within the

cavdias cycle.

/‘ s 24 . 22
2 faN“i 1} I98F, 2 1 TgF,
T orep & {;} -3 2 Py \} Tt N5

a? & b2
7
U.“JF’- - az } -
oy % : >-Z bl :Z]
( 4'5° ) (E‘ XBE pe N, @1
[G03241 S, solving for oasgives
g . S,
i 2 - L’ﬁvbz 2
Tgey =TS G crep
-2-"41 TE;Z'N/

- ﬂ’b 2 3 EE
W ( W;;w) I cror @2

PR OrCPEN,

[60125] Thus, if thers is a specific requirernent for the accuracy of the zern
flow pressure, a physiologically reasonable b and CrCP may be assumed, and a
measurement acquisition rate through parameter N can be chosen to estimate
the accuracy raquired for the blood flow measurement, The blood flow accuracy
can then be used to determine the minimum number of photons required per
blood flow messurement and estimate the vequired fotal infegration time,

[00126] Setting N to be the number of flow determinations through the
cardiac cvele allows us to estimate the uncertainty from the extremes of the
systolic and diastolic pressurss and CBF. Replacing P with a linear model of

pressure ranging through systolic to digstolic (P to Fay

b o p (P - Py}
P = Pty
N periods during # Nperipds during 2
POy cardiac cycle ( Fs—Pg) Pa) ) ' car(’iaa. cyeie ( {By~Pygl } o
A= N Zi Py . it By +M(N~1)- { (23}
01271 Using {where i and N are consistent with model for xih;
N
Z NN~ 1)
[ 55 e
. 2
i
N

LN - DN - 1)
Za = 5

i
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{243
100128} & simplifies to:
s LR N N N
&= () (B~ 7’ @)
{60129] and agp to;
R 2 -’ﬁibz : 2
gB’?' S v . S - ¢ Crep
o S N{2N — 1) . o 3y
l;”%’f:”di + (mY> (P — Pyt + NEJE - Py + ﬂ?”fpzf’v’fv
{26)
f0130] From these two equations and assuraptions of P, Po, b, and a

nominal value of CrCP, the required accuracy for the DOS measurement (@gi}
can be estimated from the specified accuracy of the ICP determination (¢ crep).
For P, and Fs, 8 normal systolic blood pressure of 128 wmum Hg and diastolic
pressurs of 40 mm He is assumed.

0131 In preliminary pDCS measurements, CBF; ranged from 7.1x10% to
1.32107 through the cardise cyele. The ratio of pesk flows appears o bs
underestimated due o the limited DCS acguisition rvate achieved with
instrumentation utilized. Thus, the ratio of peak flow in preliminary
measurements was only 1.8x, while values of 2.9x were reported in the Hterature
for ratics of peak flow velocities in transcramial Doppler ultrasonography.
Presumably, the pDOS8 peak flow rafio can inerease with a faster DUS
acguisition.

[30132] However, the transcranial Doppler ulirasonography ratin will
remain larger since pulsatility is larger in the larger arfery measured by
transcranial Doppler ultrasonography than in the downstream smaller veseels
measured by DTS and because DCE alse megsures the out flow which s lsss
pulsatile than the inflow. Regardless, the underestimated flow ratios makes this
error sstimation a worst cass condition and the actual acouracy would be
expected to be better than this prediction. Using the peak flows from the

preliminary measurement, b can be approximated:

1.3 X 1077 — 7.1 % 1078 . CBF
T e z= 10 X 107 mee
(120 — 80} wmm Hyg BP
001331 MNormal CeCP values range from 5 o 10 mum Hg and can elevate o

-~ A~
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over 50 mm Hg under pathological conditions. Henece CrCP can be estimaded

with 10 mm Hg as a vegsonable nominal value, A DS gequisition rate of 25 Hz

can then be chosen, making & approximately 25

331341 To mest the clinical target OrlP accuracy of within 10 wmHg, o

99% confidence interval to be +/- 5 mmHg is selected. Thuse, the required o pppp 18
SmmHg

spacified o be ¢ opop = T 1.94 mmHg., Utilizing the assumed valves info

the equations for 4'and Gg;.ideteﬂnines that a total SNE of approximately 42 is
required for each of the 25 flow determinations within the cerdiac cyele. From
the measuved DCS SNER curve, about 440k photons are needed {o achieve g BE,
SNR of 42. Thue, approximately 11 million detected photons are vequired o be
integrated across the entive cardiac cycle. In the preliminary measuvements, the
detected photon flux was about 200 kcps per detector, so BB seconds of
integration would be sufficient for a single dstector, or only 18 seconds if all
three detectoras are averaged fogether. Thus, though this model does not take
into account ofther scurces of errow, such as the accuracy of the pressurs
measurement, it does show that pDCE measurements and CrOP determinations
are fundamentally practical from a DCS 8NR standpoint.

j00135] In suromary, the present disclosure overcomss the drawbacks of
previcus technologies by providing a system and method for accurately and non-
invasively monitoring patients.  Morve specifically, the eystem and mesthad
described herein utilize diffuse correlation spectvoscopy to measure pulsatile, as
well as steady, cevebral blood flow for determining parameters useful in the
disgnosis and management of patients,

(001361 As may be approciated from descriptions herein, the present
disclosure provides a wide range of applicahility. For sxample, the system and
method described can be used o monitor changes in ICP, COVER, CPP, WT, and
autoregulation capa'city with drugs or anesthetice, as well as provide monitoring
and/or disgnostics with pharmacological manipulations incinde bolus festing. In
addition, the present system and wethod may be applied to moniforing
vasospasm or the effect of vasospasm or vasoparalysis, as well as monitoring
covticsl epreading depression or the effect of cortical spreading depression. The
present system and method may alse be applied to monitoring hemorrhages,

33



WO 2016/164891 PCT/US2016/026920

including subarachnoid hemorrhages, and post- hemorrhage monitoring, tumors,
hematoma, hydrocephalus, edema, vascular engorgement, hypercapnia, hypoxia,
shock, sepsis. Furthermore, the present approach may be used o investigate
chronic diseases and conditions such as hypertension, sleep and other spness,
ste. (measurement of pathological chronic changes in vascular tone), as well as
hydrocephalus.

(001371 The present system and method may be applied fo monitor
congestive heart failure, blood flow in non-cevebral organs, peripheral vascular
disease. In addition, the provided system and method may be utilized in
perioperative, intensive and critical care, as well as goal-directed blood pressure
suppord in patients with critical cavotid avtery stenosis. Furthermore, the
present system and method wmay be utilized in perioperative management of
patients  undergoing carctid endarterectomy, and in  patienis with
cardiopulmonary bvpass, as well as optimization of Blood pressure management
in patients with travmatic brain injury undergoing neurosurgical or non-
neurasurgical procedures,

30138 The present invention has been described in tervos of ons or more
preferred embodiments, and it shouwld be appreciated that many equivalents,
alternatives, variations, and modifications, aside from those expressly stated, are

possible and within the scope of the lnvention.
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CLAIMS
1. A system for non-invasively monitoring intracranial pressuve, the
system comprising:
an optical coupling system configured o transmit and recsive light signals
from one or more Iocations about a subject;
an optical processing system configured 1o generate diffuse corvelstion
spectroscopy {(DC8) data at a temporal resolution greater than a pulsatile
frequency of cevebral blood flow of the subject using the transmitted and received
light signals;
g computer programmed $o:
receive the DCH dats;
analvze the DCS data to determine a pulsatile cerebyal blood flow;
correlate the determined pulsatile cerebral blood flow with
physiological data acguired from the subject;
estimate an intracranial pressure based on the correlation; and

generate a report indicative of the estimated intracranial pressurs,

. The system of claim 1, wherein the system further comprises one or

move physiological sensors for acguiring the physiological data fromw the subject.

3. The system of claim 1, whersin the optical coupling comprises DOB

sensors, and near infrared spectroscopy (NIES) sensors,

4, The system of clairn I, wherein the physiological data comprizes at
least one of slectrocardiogram {(ECG) data, electrosncephslogram (BEG) data,
near infrared spectroscopy (NIRS) data, blood pressure data, respirvatovy data,

hemoglobin data, pulse oxvmetry data, or a combination thereof.

&. The system of claim 1, wherein the computer is further programmed
to determine, using the DCS data and physiological data, at leagt one of a
cerebral perfusion pressure, a vessel wall fone, a cerebral blocd flow-cerebral

spinal  fluid pulsatility  coupling, a cerebral compliance, a dynane
35
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autorsgulation, a cersbral perfusion reserve, a cerebrovascular resisiance, an
oxvgen saturation, a hemoglobin concentrafion, a cardiac oufput, a stroke

volume, a brain activity, a cardiac activity, or a combination thersof,

8. The system of elaim 1, wherein the computer is further programmed
to control the optical processing syvstem o generate DS dafa using an

integration fime less than a period of a cardiac cycle.

7. The system of ¢laim 1, wherein the computer is further programmed

compute a critical closing pressure to estimate the intracranial pressure.

8. The system of claim 1, whersin the computer is further
programimed to combine DCS data scquired over a plurality of cardiac cycles, the

DCS data being acquired during a portion of each cardiac cycle.

a, The system of claim 1, wherein the computer is further configured
to determine an effectiveness of an administered treatment using the estimated

intracranial pressure.

10, The system of claim 1, wherein the computer is further configured
to determine s condition of the sulpect based on the estimated intracranmial

presguye,

¥
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11, A method for non-invasively monitoring intracranial pressure using
a monitoring syvetem, the method comprising:

acquiring diffuse correlation spectroscopy (DUS) data at a femporal
resolution greater than a pulsatile frequency of cevebral blood flow of a sulject
using one oy more optical sensors placed about the subject;

determining a pulsatile cerebral blood How using the acquired data;

correlating the determined pulsatile cevebral blood flow with physiological
data acquired from the subject;

estimating an intracranial pressure based on the correlation; and

generating a report indicative of the estimated intracranial pressure,

12. The method of claim 11, wherein the one or more optical sensors

comprises DTS sensors, and near infrared spectroscopy (NIRS) sensors,

13, The wmethod of claim 11, wherein the method further comprises
acquiring the physiclogical data from the subject using one or more physiclogical

sensors placed about the subject.

14,  The method of claim 1Z, wherein the physiclogical data comprises
at least one of electrocardiogram (ECG) data, clectroencephalogram (EEG) data,
near infraved spectveoscopy (NIRS) data, blood pressure data, respivatory data,

hemoglobin data, pulse oxymetyy data, or a combination thereof.

16,  The method of claim 11, wherein the method further comprises
deterroining using the DUS data and physiclogical data at least one of a cerebral
perfusion pressure, a vessel wall tone, a cerebral blood flow-cersbral spinal fluid
pulsatility coupling, a cevebral compliance, a dynamic sutoregulation, a cerebyral
perfusion reserve, a cervebrovascular resistance, an oxygen saturation, a
hemoglobin concentration, a cardiac cutput, a stroke volume, a brain activity, a

cardigc activity, or a combination thereof,
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16. The method of claim 11, wherein the method further comprises
controlling an optical processing svstem to generate DOCS data using an

integration time less than a period of a cardiac cycle,

17,  The method of claim 11, wherein the method further comprises

computing a critical closing pressure to estimate the infracranial pressurs,

18, The method of claim 11, wherein the method further comprises
combining DUS data acguired over a plurality of cardiac cycles, the DCS data

being acguired during a portion of each cardiac cyele.

18, The method of claim 11, wherein the method further comprises
determining an effectivencss of an administered treatment using the estimated

intracranial pressure,

20. The method of claim 11, wherein the method further comprises
detevmining a condition of the subject bazed on the estimated intracramial

presguye,

21, A method for non-invasively monitoring a subject using a
monitoring svstem, the method comprising:

acquiring diffuse correlation speciroscopy (MOS) data at a temporal
resolution greater than a pulsatile frequency of cerebral blood flow of a subject
using one or more optical sensors placed about the subject:

determining a pulsatile cerebral blood flow using the acquired data;

correlating the determined pulsatile cerebral blood flow with physiological
data acquired from the subject using physioclogical sensors;

estimating at least one parameter based on the correlation; and

generating a report indicative of the at least one parameter estimated.

2%,  The method of claim 21, wherein the at least one parameter

comprises at least one of an Intracranial pressure, a cerebral perfusion pressure,
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a vessel wall tone, a cerebral blood flow-cerebral spinal fluid pulsatility coupling,
a cerebral compliance, a dynamic autoregulation, a cerebral perfusion reserve, a
cersbrovascular resistance, an oxvgen saturation, a hemoglobin concentration, a
cavdiac cutput, o stroks volume, s brain activity, a cardiac activity, or a

combination thereof

23, The method of claimn 21, wherein estimating the at least one

parameter comprises analyvzing a pulsatile pressure-flow relationship curve,
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