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(57) Abstract: A system and method for non-invasively estimating an absolute blood flow of a vascular region in a subject using op-
tical data are provided. In some aspects, the method includes acquiring optical data from the vascular region using one or more op-
tical sensors placed about the subject, and determining, using the optical data, an index ot blood flow and. a blood volume associ-
ated with the vascular region. The method also includes computing a blood inflow and a blood outflow using the index of blood flow
and the blood volume, and estimating an absolute blood flow using the blood inflow and blood outflow. The method further includes
generating a report indicative of the absolute blood flow of the vascular region.
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SYSTEM AND METHOD FOR MONITORING ABSCGLUTE BLOOD FLOW

CROSS-REFERENCE TO RELATED APPLICATIONS

10001} This applcation is based on, claims the benefit of, and incorporates
hevein in its entivety, U.8 Provisional Patent Application Sevial No. 82/145,087
filed on April 8, 2015, and entitled "SYSTEMS AND METHODS FOR
MEASURING TISSUE PRESSURE"

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
{0002} This invention was wade with government support under P41
ERG15896, ROL-HDO42908, and ROL-EBOC1I854 awarded by the National

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

BACKGROUND

100631 The disclosure relates generally to systems and methods for
measuring tissue properties. Move particularly, the disclosure s directed to
gvatems and methode for determining absolute blood flow non-invasively unsing
physiological measurements.

F004] Physiological monitoring of oxygen consumpiion by organs as well
as deliverance of oxvgen through blood flow has great significance for many
applications, including healtheare, rehabilitation, performance monitoring, and
athletic {raining. For instance, cerebral monitoring can provide significant
improvement in the management of patients with brain injury, patients at risk
for brain imjury, and patients undergsing routine general anesthesia and
surgical procedures that alter cerebral oxygen delivery.

{O005] Near-infrared spectroscopy (NIRS) has been used for more than two
decades to monitor Hasue oxygenation {S0:) as a surrogate of bleed flow (BEF) and
oxygen delivery, While NIRS oximeters show significant correlation between
80 and arterial blood pressurs, oxygenation is not the same as blood flow or
metabolism. The SO:-BF relationship iz affected by changes n oxygen
consumption (i.e. the metabolic rate of oxygen, MRQOy), arterial oxygenation
{Sallg), hemoglobin in the blood (HGB), and in the velative volumes of the

arterial and venous compartments. It iz therefore highly desirable to measure



WO 2016/164894 PCT/US2016/026925

blood flow in tissues, either slone, or in combination with s measwrement of
oxygenation. Furthermore, it is desivable for these reasurersents to be made
a continual or continucus manner to snable applications such as monitoring
during intensive care or in the field. It is also highly desirable for these
measurements to be made non-invasively, for example with an instrument probe
external to the body for measuring bloed flow or blood flow and oxygenation of an
internal organ with minimal influence from overlying lavers of skin, muscle,
and/or bone, or minimally invasive, for example with a laparoscope or endoscope.
(00881 Although various methods for guantitatively measuring blood flow
have been utilized, most are etbher invasive and/or non-continuous. Modern
techniques for measuring cerebral blood flow in humsns include radiographic
clearance methods, magnetic resonance imaging (MRI)  spin-labeling,
transcranial Doppler ultrasound {TCI), thermal diffusion, and laser Doppler
flowmetry (LD},

{0007} Radiographic clearance methods are the oldest technigues and
generally involve measuring the rate of washout of a radicisotope tracer.
Radiographic methods have the advaniage of quantitatively measuring absolute
regional blood flow throughout the entire brain, including desp brain struchures,
However, they have the disadvantages of requiring radiation, being expensive
and slow, and cannot be performed continuously or at the bed-side or in the field.
MRI arterisl spin-labeling (ASL) 1s ancther non-invasive method fo measure
regional blood flow throughout the entive brain. However, the accuracy and
precision of the method is poor, quantitation ie difficult, and the dynamic range
of measurable flow rates are limited by the lifotime of the spin label. As with
radiographic methods, ASL cannot be deployed at the bedside or in the field.
§3G08] Transcranial Doppler ulirasound wmeasures cerebral blood flow
velocity in large cerebral arleries as a surrogate for global cervebral blood flow.
While TCD iz non-invasive, it cannot provide rvegilopal measures of
microcirculation and is confounded by changes in vessel caliber. TCD aleo
reguires significant expertise for proper use, and s diffieult to apply
continuously for extended periods of time as the ultrasonic probe must be

maintained in a proper orientation with the insonated cersbral artery, TCD also
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has difficulty measuring flow velocity in the anterior cevebral arterial which
supplies blood o the clinically irmaportant frontal region of the brain. Finally, due
to normal anatomical variations, skull thickness in about 18% of subjects is too
thick to allow blood flow measurements by TCD.

16009] The most clinically used invasive measures of cerebral blood flow
{CBF) are thermal diffusion flowmetry and laser Doppler flowmsiry.
Specifically, thermal diffusion flowmetry measures absolute blood flow in a small
region localized around a thermal diffusion probe fitted with a heated
thermistor. To measure UBF, the probe is inserted a few centimeters into the
brain, The power dissipated by the thermistor is then utilized to provide a
measurement for CBF.

0010} Laser Doppler flowmetry is similarly invasive, reguiring a hols
burred through the skull and a probe placed directly on the surface of the brain
itself. Since the LDF detection volume is small (~1 mm®), LDF flow values are
highly variable, with values dependent on slight differences in the local vascular
anatomy underneath the probe and not necessarily representative of the
microcirculation of the tissue of intersst, LDF has the further disadvantage of
not being calibrated to absolute flow.

{0011} Typically in LDF, a long coherence length source of light
tHuminates the specimen and backscattered light is measured from a location in
the immediate vicinity of the location where the llumination is directed onto the
sample. For example, a common LDF configuration uses a multimodal optical
fiber to deliver light to the subject and a second multi-mode fiber, latersily
displaced about (.25 mm from the source fiber, to receive light transmitted from
the source through the tissue. Other configurations use free space or single-
mode optical fibers or a combination of fiber optics and free-space. Regardless of
the means of delivering and detecting light, the close proximity of the light
source and detectors has the adventage of increasing the flux of light at the
detector, sincs the intensity of the scattered light decrsases voughly
exponentiaily with distance feom the ilhumination source. Furthermors, the
short distances increase the coherence area at the detector, allowing the use of

more =fficient multimode detectors. Thus, in LFD a relatively large amount of
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light is detected and analog detection schemes arve typically emploved. Light
scattering from particles moving in the specimen introduces a detectable flow-
dependent Doppler broadening to the scattered light. Although, the optical
spectra of the scattered light could be measured divectly, fuctuations in the
detected intensity are more commonly measured. The temporal power spectrum
oy sutoe covrelation is then computed fo guantify the dynamic scatfering.
Typically, LDF is realized in the single or fow scattering regime and often simple
moment analysis is used to quantify flow.

{60123 While thermal diffusion flowmetey and LDF can provide continuous
measurements, the invasiveness of these techniquee clearly limit their
application to severely {ll patients, or patients undergoing invasive procedures.
0013} Diffuse correlation spectroscopy (BCS), on the other hand, is non-
invasive optical measurement technique, In contrast to LDF, DOB is realized in
the multiply scattering regime that enables measurement of deep tissuss. In
DOS, source-detector separations arve typically more than a hundred-fold greater
than the separations used in LDF. The depth of sensitivity of the measursment
into the tissue is roughly approximately half the souvce detector separation
distance, sc & om separations are typically adequate for a non-invasive
transeramial measurement of cerebral blood flow in adults. Thus, BCS is an
improvement over LDF because DCS enables non-invasive measurement of
cerebral perfusion. Another advantage of DCE is that ite larger sensilive aves
provides greater spatial averaging over the tissue region of interest, feading
improved robustness of the flow measurement compared to LDF.

{33141 To quantify blood fow in a tissue of interest using DTS, a blood flow
index (BFi) is usually computed based on intensity autocorrelation functions
obiained from the detected light intensifies. Specifically, generated
autocorrelation functions are it to a correlation transport model from which the
BFi is extracted. However, at present, quantitative absolute measurements of
blood flow, which iz related to BFi, are difficult to obiain Therefore, mors
common approgches utilize a relative bleod flow (BF), which quantifies blood
fiow changes relative to a baseline. As such, cerebral blood flow is typically

quantified in terms of a relative cervebral blood flow FUBF).
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{00151 Previous attempts to measure absolute blood flow, which includes
the inflow and outflow of blood from a tissue of indersst, have been aimed at
calibrating DCH measurements against a measure of absclute flow obtained. In
particular, BFl measurements have been calibrated against changes in total
hemoglobin concentration. The latter provides an inflow of hemoglobin in units
of concentration per unit time, which when divided by the bleed hemoglobin
concentration (i.e. hematocrit), can give a volums of blood per unit time, which is
indicative absolute flow. However, these methods requive complete ceclusion of
venous outflow of blood, which can only be oblained by applying pressures cuffs
or other devices that modify or restrict normal phvsiclogical flow conditions.
Furthermore, as may appreciated, such approaches ave also lLimited to
measurement of body extremities, such as arms or legs, since using devices that
obstruct blood flow to the brain is not advised due fo safely concerns.

jon16] Consequently, considering the limitations of previous technological
approaches, systems and methods capable of non-invasively, continuously and
accurately measuring absolute blood flow, including absclute cersbral bleod flow,

are highly desirable.

SUMMARY

fO0L7E The present disclosurs overcomes the aforementioned drawbacks by
providing a system and method for accurately, nonninvasive'ﬂ.y and continuously
monitoring patients. More specifically, the gystem and method described herein
utilizes optical measurements, including diffuse correlation spectroscopy (BCS)
measurements, to estimate absolute bicod flow, and other quantities.

[0y} In one aspect of the disclosure, a system for non-invasively
monitoring absolute bleod flow of a vascular region in a subject using optical
data is provided. The system includes an optical coupling system configured to
transmit to and veceive light signale from one or more locations aboul a subject,
and an optical processing system configured to generate optical dafta using

revy

received light signals. The system also includes a computer programmed o
receive, from the optical processing svstem, optical data associated with a
vascular vegion, and determine, using the optical data, an index of bloed flow and

a blood volume. The computer is also programmed to compute a blood inflow and
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a blood outflow using the index of blood flow and the blood volume, and estimate
an absolute blood flow using the blood inflow and blood outflow. The computer is
further programmed to generate a report indicative of the absolute blood flow of
the vascular region.

00191 In another aspect of the disclosure, a8 method for non-invasively
estimating an shsolute blood flow of a vascular region in a8 subject using optical
data is provided., In some sspects, the method includes acquirving optical data
from the vascular region using one or morve optical sensors placed about the
subject, and determining, using the optical data, an index of blood flow and &
bleod veolume associated with the vascular region. The method slso includes
computing a blood inflow and 2 blood outflow using the index of blood flow and
the blood volumes, and estimating an absolute blood flow using the blood inflow
and blocd outflow. The method further includes generating a report indicative of
the absolute blood flow of the vascular region.

{00201 The foregoing and other aspects and advantages of the invention
will appear from the following description. In the description, reference is mads
to the accompanying drawings which form a part hereof, and in which there is
shown by way of illustration a preferred embodiment of the invention. Such
embodiment does not necssaarily represent the full scope of the invention,
however, and reference is made therefore to the claims and herein for

mberpreting the scops of the invention,

BRIEF DESCRIPTION OF THE DREAWINGS

j0021} FIG. 1 a diagram of an example monitoring eystem, in accordance
with aspects of the present disclosure.

FO022} FIG. 2 i3 a graphical illustration showing acguisition, gating and
average of photon count data, in accordance with aspects of the present
disclosure.

[0023] FIG. § 18 a flowchart setting forth steps of a process in accordance
with aspects of the present disclosure,

{06024} FIG. 4 iz 2 graphical illustration showing acquisition, gating, and
averaging of pulsatile diffuse corvelation spectroscopy (pDUS) data.

f0025] FIG. BA 1s 2 graph showing simultaneous electrocardiograph (EOG),
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near infrared speciroscopy (MIRE) and pulsatile DO data.

{00246} FIh 8B is anocther graph showing simultaneous BECG, NIES and
pDCE data,

0027} ¥143, 5C is graph showing asynchronous cardiac cyele averaging.
i0028] FIG. 64 is 8 graph showing measurement of both pBCS and NIRE

for estimating blood inflow and outflow.
(3629} FI(. 68 ie snother graph showing measurement of both plICE and

NIRS for sstimating blood inflow and ontflow.

DETAILED DESCRIPTION

B34} Blood flow or tissue perfusion moniloring is imporvtant for the
disgnosis and treatment of patients with a wide range of medical conditions and
disovdere, including traumatic brain injury, intracerebral and subarachnoid
hemorrhage, hydrocephalus, benign infvacranial hyperiension, meningitis,
stroke, acute liver failure, and so forth., In some cases, it is highly desirable to
absolutely quantify blood flow in order o provide accurate comparison from
subject to subject, so that normative bleod flow levels can be defined and
throsholds established for clinical intervention, for example,

fon31d Therefors, in accordance with aspects of the present disclosure, a
systern and a method for aceurate, non-invasive monitoring of blood flow,
including cerebral blood flow, are described herein.  In particulsr, the provided
system and method utilize optical messurements, including diffuse corvelation
speciroscopy (DU measurements, to estimate abeolute blood flow,  In some
aspects, optical data may advantageously generated at a temporal resclution
greater than a pulsatile frequency of a cardiac cvele. As a vesult, pulsatile blood
flow messurements can be obtained to determine an absolute blood flow.

[0321 Herein, blood flow may also refer to perfusion, tissue perfusion, and
the like. Therefore, an absolute blood flow may refer to an absolute perfusion, or
an absolute tiseus perfusion. Also, although the disclosurs makes reference o
cerebral blood flow, one of ordinary skill will readily appreciate that the
following discussion is not Hmifed to blood flow in cerebral tissues, and can
indesd be applicable fo other organsg and fissues, including organs and $issues

asacciated with the neck, arms, hands, fingers, tovso, chest, legs, feet, toes, and
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alsewhere.

(8033} As will be described, the present approach may not only provide
valuable blood flow information, on 3 continuous basis, for administering acute
care at a patient bedside or in an ambulance, but can also provide information
for analyzing complex pathophysiclogy, identifying new  therapsutic
gppovtunities, and, In general, substantially improving neurocritical cave
management. In some apphcations, the present approach may be used in the
diagnosis, monitoring and treatment of traunmatic brain injury or concuesions, as
other cardiovascular conditions. Alsc, in addition o huwman monitoring, the
present system and method may alse be with animal subjects for research,
commercial, and veterinary purposes,

(0034} Turning to FIG. 1, a block diagram is shown of an sxemplary
system 100 for non-invasive monitoring of a subject, in accordance with aspects
of the present disclosure. As shown, the systerm 100 generally includes a number
of sensors, including an optical coupling systern 102 and physiaiogical EENSOYE
104, to be placad at various locations about a subject’s body. The system 100 also
includes an optical processing system 108 and one o more sensor systemis) 108
in communication with the physiological sensors 104, The optical processing
system 108 and sensor systern(s) 108 are in communication with a controller 110
that is configured contyol operation of the systerm 100, and systems thersin,
including data acguisition and processing.

i0035] The system 100 may operate autonomously or serr1i—aut5ncsnmusly,
or in conjunction with other devices or hardware. The system 600 may also read
gxecutable 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 Instructions from a user, or any other source logically connected
thereto, such as another networked computer or server, database, internst,
cloud, and so forth.

f8036] The optical coupling system 102 may include a number of source
probes 108 and detector probes 105 forming one or more optical sensors,
including I3CS sensors, and near infra-ved speciroscopy (NIRS) sensors, In

particular, the source probes 1038 are configured to transmit light signals to the



WO 2016/164894 PCT/US2016/026925

subject, while the detector probes 108 are configured to veceive light signals
therefrom. The source probes 108 and detector probes 105 can include single-
mode and/or multi-mode optical fibers. The optical fibers may be straight fibers,
84° bent fibers, or side-firing fibers. The source probes 103 and detector probes
105 may be arranged in various configurations and separated by distances up to
several centimeters. In some implementations, the optical coupling system 102
is configured for measuring blood flow in the brain, and optionally, blood flow in
the skin, scalp, skull, and/or periphery.

6637} The physiclogical sensors 104, controlled by the sensor systems(s)
108, may include slectroencephalogram (EEG), electrocardicgraph (BCG), blood
pressure (BP), pulse oxymetry, and other sensors, configursd to measure
physiclogical parvameters, including, but not limited fo, hemoglobin
concentrations, changes in hemoglobin concentrations, oxvgen saturation,
CMEO», invasive blood pressure, non-invasive blood pressure, infracrantal
pressure, brain activity, elecirocardiogram, cavdiac oubput, stroke volume, and
combinations thereof, In some implementations, physiclogical sensors 104 and
respective sensor systera{s) 108 may be from g separate device from s different
manufacturer.

[0038] Various sensors described with reference to the oplicasl coupling
systern 102 and physiclogical sensors 104 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 integrated inte silicone assemblies, handages,
headbands, and any other assemblicas sscuragble to the subject. Also, various
sensors may be wearable or designed fo atiach to the subject divectly using an
adhesive,

j0039] Although FIG. 1 shows the optical coupling system 102 placed about
a subject's head, and physiclogical sensors 104 placed about the subject's torso, it
may be readily appreciated that the locations of the sensors can vary, in
accordance with the signals being induced and sensed. For sxample, varicus
physioclogical sensors 104 may be placed about the subject’s head, arms, legs, and

so forth, Similarly, optical sencors may be placed about the subject's arme, legs,
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torso, and so forth. As such, different sensors may be collocated, or mmdividually
placed at vartous positions sbout the subject.

{0040] The optical processing system 106 is in communication with the
optical coupling system 102 includes a scurce module 112 configured to generate
light using one or more Hght sources. The source module 112 may be configurad
to operate in the continuous wave, frequency domain, and time domain. To this
end, the source module 112 may be pulsed, sinuscidally modulated, step
modulated, triangularly modulated, and/or arbitrarily modulated,

(G041} By way of example, the source module 112 may include a transform,
or nearly-transform, lmited picosseond pulsed source or a non-transform Hmited
picoseconds pulsed source. As used herein, veference to "pivosecond” pulses or
pulsed source refers to pulses having s pulse width between 1 ps and 10 ns. The
source module 112 may also include a Bragg reflector laser, a distributed Bragg
feedback laser, a gain-switched distributed Bragg reflector laser, an exfernal
cavity laser, 8 gain-switched laser, a current pulsed laser, a mode-locked laser, a
g-ewitched laser, combinations thereof, and the like. The source module 112 can
also include a diode laser, a solid-state laser, a fiber laser, a vertical cavity
surface-emitting laser (VUSEL), a Fabry-Perot laser, a ridge laser, a ridge
waveguide laser, a tapeved laser, a master oscillator power amplifier (MOPA)
laser, or other type of laser. In certain aspects, the source module 112 can also
include a swept sourcs Light source.

{0042} The source module 112 can be configured to tranemit light into a
target meditm using wavelengths between 400 nm and 1500 nm, including but
not hmited to, a wavelength of between 00 nm and 1000 nm, or 8 wavelength of
between 690 nm and 900 nm. The source module 112 can also be configured to
transmit light into the target mediv using average power between 10 uW and
10 W, including but not lunited to, an average power of between 100 pW and 1
W, betwesn 1 mW and 500 mW, or between 10 mW and 200 mW. The source
module 112 can be configured $o transmit light pulses into a tavget medium
using pulse widthe between 1 ps and 10 ns, including but not limited to, a pulse
width of between 10 ps and I ns, or between 50 ps and 500 ps. Pulse widths

described herein refer to full-width at half maximum pulse widths,

10
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{8043} The optical processing systern 106 also includes a detector module
114 in communication with the optical coupling system 102 which s configured
o receive light signale from the subject and provids an output to a correlator 118
indicative of the received signals. For example, the detector module 114 may
include one or more photon-counting avalanche photodiedes (APDs) configured to
provide photon counts based on detected light.  As shown in FIG. 1, the optical
processing syster 106 may optionally include a number of optical elements 118
interposed between the optical coupling system 102, source module 112 and
detector module 114, Specifically, the optical elements 118 may be configured for
manipulating light signals transmitted to and received from the subject.
Example opfical clements 118 include lenses, prisms, holograms or diffractive
optical elements, diffusers, attenuators, filkers, optical fibers, and so forth,

[0044] In genersl, the controller 110 may be a computer, as shown in FIG.
1, that is programmed to carry out steps in accordance with aspects of the
present disclosure, as will be described. The contreller 110 may alse be a
workstation, a laptop, & mobile device, a tablet, a personal digital assistent
(PDA), a multimedia device, a network server, & mainframe or any other general-
purpose or application-specific computing device, Other examples for the
controtler 110 may also include system on a chip (SOC) a field-programmable
gate array (FPGA), a complex programmable logic device (CPLD), an application-
specific integrated circuit (ASIC), a Raspberry Pl controller, and the like,

[0045] In some aspects, the controller 110 may be configured to dirvect the
acquigition and processing of optical, physiclogical and other signal dats,
obtained from a vascular region, and cther tissues of a subject. In some
applications, data acquisition of the various signals may be performed
simultaneously, or synchronously. For example, DUS data may be acquired
concurrently, or at approximately the same sampling rate, as ECG data
However, this need not be the case. For example, DCS data may be acquired at
100 Hz whils the ECG data is acquired at a much higher frequency., Also,
various measurements may be made once, intermittently, periodicslly, or
continuously.

G046 In some sspects, the optical processing system 108 in cooperation
¥ & e A i

11
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with the controller 110, and methods of operation of the present disclosure may
be capable of acquiring and processing mulliple measurements per second to,
thereby, achieve a speed, or temporal resolution, to determine pulsatile
iformation and create accurate measures not achisved or recognized in non-
invasive systems previously. In some aspects, data may be acquired a tewmporal
regolution greater than a pulsatile frequency of cerebral and other blood flow in a
the subject., As an example, BUS data, may be sampled at frequencies of up to
BOO Hez, although higher freguencies may be possible, Such pulsatile DCS
{(pDCE) data stands in contrast {o traditional DBCS systems and methods that, for
example, have a sampling time for BCS measurements of approximately 1.5
seconds or longer. Other data may also be acguired at frequencies or sampling
rates consistent with providing pulsatile information,

{03471 The controller 110 may be configured to utilize measured signals to
construct various time series wavetorms, For example, FIG, 2 shows acquisition
of BCG data 208 and DCS data 204 as a function of time. The controller 110
may also be configured to assemble acguired signals inte a freguency
representation, ag power spectra. As such, the controller 110 may be configured
to apply a Fast Fourier Transform (FFT), for example, to the acquired signals,
Other signal representations may alse be generated by the controller 119,
including signal derivatives, differentials, differences, and so forth, The
contreller 110 may  also  determine signal amphitudes, timing, phases,
correlafions, and so forth. Processing of signals by the controller 110 may be
performed in real-time, near real-time, or by post-processing, either in the fime
or frequency domain or both.  In addition, the controller 110 may be configured
to up-sample, down-sample, differentiate, integrate, average, scale, amply, filfer,
and so forth, various measured signals,

(00481 In some aspects, the controller 110 may combine DCS data acquired
over a number of cycles, the DCS data heing acqguired at specific time points or
over a range of time points in the cardiac cycle. Individual messurements may
or may not have sufficient signsl to noise ratio (SNR) for analysis. As such, &
measursment taken from ons cardiac cycle can be averaged with a measurement

from a different cavdiac cyele, while ensuring proper gating of the signals. That

12
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is, individual measurements could be timed b0 exactly coincide with the same

portion of the cardisc cycle, or the measurements could be asynchronous to the
cyele resulting in an equivalent time average. Kquivalent time averasging hae
superior sampling of the cycle, but either method can be used. In addition o the
cycle average, the same data can be averaged over longer times, fnn this manner,

both pulsatile blood flow, average blood flow, and abeolute blood flow may bs-
computed. Aliernatively, or additionally, the controller 110 may integrate or
combine data acquired over an entive cavdiac cycle.

00491 In some aspects, the controller 110 of FIG. 1 may be configured to
cenerate, hy way of the correlator 118, correlation curves using acquired BCs
data, and mors specifically pDCS date. In this manner, various desirable
parvameters, blood flow, and more specifically absohute blood flow, may bis
determined, as will be deseribed. In particular, the correlator 118 may veceive

photon count data from the detector module 114 and caleulate intensity
autocorrelation funchions ab varicus time scales using the photon count data.

Although the correlator 118 is shown in FIG. 1 as separate from the controller
110, it may be readily appreciated that these could be integrated into one

system. For instance, the coniroller 110 may include various hardware and
software for directly calculating intensity autocorrelation functions.

0050} Referring again to FIG. 2, correlation curves 204, obtained at
different time scales using DCS data, are shown. Such coveslation curves may be

generated sither synchronously ov asynchronously along with other acquired
measurements, such as ECG and other physiclogical measurements. For
example, DTS measurements may be collected at multiple time points within a
cardiac cyele measured using BCG data, for instance.

[0051] The controller 110 may be further configured to analyze acguired
data, including optical dats and physiological dats, in order to provide estimates
of quantitiss, such as pulsatile blood flow, bleod inflow, bleod outflow, absolute
blood flow, and others, as will described, For instance, the controller 110 may be
configurad to analyze autocorrelation curves generated al various timescales to
determine pulsatile blood flow associated with one more points in a cardiac cycle.

[a0521 I accordance with the present disclosure, the controller 110 may be
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configaved to utilize blood flow measurements with NIES or oxymetry
measurements to determine an absolute blood flow, such as an absolute cervebral
blood flow. As such, the controller 110 may be programmed to estimate a change
ir total hemoglobin concentration from acquired DOS data, and use the change
in total herooglobin concentration to determine the blood volume. Using blood
flow and blood volume, a blood inflow and bloed cutflow may he determined, from
which absolute blood flow is computed. In some aspects, the controller 110 may
be confipured fo infegrate an absolute value of a first derivative or a second
derivative of the blood cutflow. The controller 110 may also be programmed to
determine a phase, or phase difference, between a determined blood inflow and
blood outflow.

{0053 In some aspects, the controller 116 may be programmed to
determine a phase difference between various computed guantities, including an
index of blood flow, a blood volume, a blood inflow, a blood outflow, a derivative
of blood volume, an integral of blood volume, a dertvative of the index of blood
flow, an integral of the index of bloed flow, or combinations therveof. For
example, the controller 110 may be programmed to detevmine a phase diffevence
between a cersbral blood volume (UBV) and an index of cerebral bloed flow
(CBFY), or between dUBV/dt, or derivative of CBV, and CBFi, or between CRY
and an integral CBF1, and other combinations.

[0054] The controller 110 may be further configured to dstermiune a
condition of the subject based on determined gquantities, such as absolute blood
flow, and others, For example, the contvoller 110 may be configured io
determine a risk of cerebral ischemia, blood clots, or a loss of autoregulation
and/or regulatory reserve, and so forth. In addition, the controller 110 may also
he configured to determine an effectiveness of an administered treatment using
determined, including absolute blood flow.

{3055 In some embodiments, the system 100 may also include capabilities
for generating optical data using ultrasonic tagged light. Specifically, the system
100 may include one or mors ultrasound probes or ulirasound senwors (not shown
in FIG. 1) configured to module light waves, produced using the source module

112 or another sourcs, using various ultrasound frequencies. Such uitrasound
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probes or sensors may be included in the optical processing system 106 or may be
a separate system. As such, the optical processing system 108 and controller 110
may be configurad to generate optival data by detecting ultrasonic tagged light in
aceordance with applied ultrasound frequencieg.

[0056] The controller 110 may be further configured to generate and
provide a report to a user. The report may include a variety of information
including, real-time or intermittent physiological signals or measured quantities,
such as absolute blood flow, blood inflow, blood cutflow, as well as other clinically
relevant  parameters, including  cerebral perfusion  pressure (CPM,
cerebrovascular resistance (CVR), vesse]l wall tone, cersbral blood flow-cershral
spinal  fluid  pulsatility coupling and cerebral complisnce, dynamic
autoregulation, cevebral perfusion reserve, and other parameters or guantities
generated therefrom. Provided signals may be in the time domain, as time
series, as well as the frequency domain, as power spectra,

{0457 The report may also indicate a condition of the subject being
monitored, as well as other information associated with the gubject. For
instance, the report may indicate a risk for a cersbral ischemia, blood clots, or a
loss of autorsgulation or regulatory reserve. The report may further include an
audio and/or visual alarm to indicate an acute condition, such as when one or
more estimated quantities exceed a safe threshold, or a risk for complications is
incressed. For example, an alarm may be provided when an absolute cerebral
blood flow exceeds or drops below a threshold value.

[OQ58] In accordance with aspects of the present disclosure, pDOS
measurements may be combined or correlated with NIRS or cerebral oximetry
measurements to obtain absclute blood flow. In particular, NIRS or cerebral
oxymetry measurements can provide veluable information sbout changes in
cerebral hemoglobin concentrations and changes in cerebral blood volume {CBV),
Changes in CBV are usually proportional to changes in fotal hemoglobin
concentration ({#bp]), which can be a proxy measure for OBV, Other NIRS
messures, such as A[Hb:], [Hb,], and so forth ave also usable as proxies for CRY
with varying degrees of accuracy.

[0059] Absolute cerebral blood flow, referred to heveafter as CBFE, and CRV
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are related to Bood inflow and blood outflow of a vascular network or vascular
cerebral region through complementary ways. In this context, the blood inflow is
usually arterial blood and blood outflow is uvsually venous return. Ae described,
discussion that follows is not Hmited to cersbral blood flow, and may readily be
generalized to other organs or fissues in a subject's anatomny.
{(3060] In one example, CBF may written to be proportional to a sum of
Hood inflow and blood sutflow, as follows:

CRF = %(Flawm + Flowe, ). {1)
However, more generally, CBF can be described by any weighted sum of Flowy,
and Flowg,;.
[0061] The derivative of OBV, or its proxies, ave proporiional fo the

difference of inflow and outflow:

(CBYY :
ka: Lz Flowy, —~ Floway: (2}
G062 (Hven measurements of CBRF and CBY, Eagns. 1 and Z can be used
3

to estimate Flowy and Flowes, snd hence asbsolute cersbral blood flow, as
detailed below.

{6063 As mentioned, DC8 measures an index of cerebral blood flow
(CBFY, which, for example, can be described as being proportional fo absolute

cerebral blood flow according to

{BYF =g O8BE, (3}
G464 where ‘@’ 18 a calibration constant. In other aspects, more general
k 3 g

relationships can velate CBFy and CBF. CBV can be estimated from NIRS
hemoglobin measurements given, for instance, the hemoglobin content of the
blood or the hematocrit. Thus the following equations ave obtained for the

specific examples above,

. 2 {BLCEY) .
Flow, = {35 + 2 CBF;) (4)
. o f  A{CBY . .
Flowpy = 2 (w-«a--l +a CBF). (5
{0065] Eguations 4 and 5 can be used to estimate the Flowy, and Flowsw

during a cardiac cycle. The sstimation of Flowy and Flowew depends on the CBF;
calibration constant &’

30661 Various consiraints mav be used to obiain a reasonable sstimate of
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€

a', such constraints being intended fo mimic physiclogicsl conditions. For
mstance, Flowew and Flow: may be consfrained o not become negative during

the cardiac cycle. Also, Flowow may be constrained to bs flat, namely:

A2 (Flowgye) ¢
de? 0 (©)
[0067] which places a lower Hmit on the value of 'a’. The value of 8" may

be further constrained by the Hmits on the magntidus of non-pulsatile {Jow.
Specifically, an upper limit for ‘e’ may be obtained by not permitting CBF to
become larger than a physiological reasonable valus. Note that in the case of 2
non-pulsatile ouflow, the cutflow is identically equal to:

Flowgy = {(Flowgearaiac cycle {h
{3068} the time average of inflow over the cardiac cycle plus polentially a
trival term accounting for any steady-state changes in average CBV,
(00691 With the assumption of non-pulsatile outflow, ‘s can then be
algebraically determined from the observed values of CBF and CBF,,

Flowgys = (Flowy, beardiac eycle {8)
[00783} it 18 alsc possible to determine ‘g independenily through
measurements by other CBF messurement modalities, such asg bolus tracking of
fluoresence indicators, arterial spin labeling, Xe clearancs, and so forth.
{0071} When CBF changes srise, a practically important question is
whether CBY changed due to changes in arterial supply or due fo restriction of
venous reburn, The inflows and outflows have diagnostic utility since they are
representative of the resistance to blood flow of different parts of the cerebral
vascular network., Inflows and inflow resistance ave dominated by vasomotor
tone of cerebral resistance vessels, functional hyperemia, and autoregulation,
Outilows and outflow resistance are dominated by venous resistance and are

-

sensitive o compression. Generally Fi, (8} = £, (1), howsver:

$ i L_wle(é}n(t} ~ Foe(£) Mt = ACBY ()
{0072} If there is no net change in OBV, then ACBY = and the first
moments are sgual:

(Flowgyrdcardiae cycie = FLOWindearatac evete {19
j0073] HACBY # 0, then there i3 simply an addition of a trivial ferm to
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account for the net change, Thus, changes to the inflows and cutflows are related
to changes in the shape of their curves. Specifically, since the pulse amplitude in
CBV is dominated by arterial inflow vesistance, changes in arierial inflow
vesistance will change the inflow pulse amplitude. Changes in venous resistance
will affect the phase between the pulsatile peaks inflow and outfiow.

[06074] The phase between Flow; and Flowgu can be preserved regerdless
of value of 'a’. Consequently, the‘ phase difference can be determined abeolutely
without performing an estimation of ‘@, Phase monitoring is especially
advantageous in hydrocephalus and venous refurn pathologies. Flow amplitude
trends may be monitored if ‘2’ s not estimated or measured absolute if ‘& s
determined by one of the means above,

fOD75} As appreciated from the above, the present disclosure provides a
substantial improvement over previous technologies by providing a novel
approach for non-invasively monitoring absolute blood pressure, In previcus
brain monitoring techniques, only inflows were measured and the measurements
could only be performed on large arteries which act to fsed many brain regions,
Inn contrast, the present approach utilizes pDCS o wmeasure both inflow and
‘outflow in the microvasculature of localized regional tissues, Furthermors, pDOS
can be combined with other hemodynamic messures, for example speciroscopic
measurements of CBV, which are aleo related o inflow and outflow, in the
microvasculature of the sams localized region.

{00761 In addition, prior to this disclosure, dynamic venous outflows in the
brain were very difficult to measure sincs the collector veins most accessible
were the sub-arachnoid veins. These veine ave very close fo the enfry into the
dural sinﬁses, which are large venous reservoirs which buffer flow and attenuate
the outflow profile. pDCS alone andfor in combination with NIRS or other
modalities, as described herein, enable non-invasive determination of inflow and
outfiow at the localized tissue level where inflows and oulflows are un-
attenuated and closely reflect vegional physiology.

{0077 Referring now to FIG.3, the steps of a process 300 in accordancs
with aspects of the present disclosure are described. The process 300 may be

carried out on any system or apparatus, such as the one described with reference
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to FIG, 1. As shown in FIG. 3, the process 300 may begin at process block 302
with acquiring optical data associated with one or more vascular regions or
tissues, by using various sensors placed shout a subject. In some aspects, optical
data associated with a subject's brain is acquirved at process block 302,

f0078] In general, optical data described hersin may refer to raw data
obtained using optical sensors, in the form of photon data, such as photon count
data, photon timing data, photon intensity data, and the like. In addifion,
optical data may also refer to processed data, such as corvelation data. Example
optical data may genevally include DCS data, and NIRS dats. In some aspects,
optical data may also include ultrasound tagged light data.

(3079} Other data, including physiological date, may aleo be acguired at
process block 302, Kxampls physiclogical signal data may include ECG data,
EEG data, blood pressure data, respiratory data, hemoglobin data, pulse
oxymetry data, and other data. As described, to acquire the data, one or more
sensors may be placed at various locations about a subject, including the skull,
forehead, neck, arms, hands, fingers, torso, chest, legs, fest, toss, and so forth.
{30807 The data obtained at process blocks 302 may be scquived in any
number of ways, as described, including  intermittently, continucusly,
synchronously or asynchronously. In some aspects, BUS data, and other data,
may be acquired or sampled using temporal resolution greater than a pulsatile
frequency of a cardiac cycle. In this manner, pBCS may be acguired, for
instance. Daia may also be scquived over multiple cardiac cycles,

0081 The acquired data may also be processed at process block 302, For
instance, depending upon the requisite signal to noise ratic (SNR}, data acquired
over a number of cardiac cycles may be combined, for instance by averaging or
integrating. For instance, photon data, whether a simiple number of counts per
time inderval or the nomber of time intervals between photon detection, can be
processed and averaged for cycles and events. For example, the photon count
data obtained over short periods within a cardisc cycle can be used to caleulate
correlation curves and perform cycle averaging, The same photon count data can
be used with other data over a fonger time to caleulate correlation CUPYES Ofn

diffsrent time scale or period of interest {e.g. steady-state average, respiration,
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ete.), This approach can be used for non-cyclical events as well. For exampie,
the blood flow associated with periods of time before and after a distinct BEG
svent such as a burst or selzure., In some aspects, gating and averaging can be
performed prospectively and/or retrospectively.

jsegzl Then, at process block 804, ascquirved optical data may be used fo
determine an index of blood flow. Advantageously, pulsatile data, such as pDCB,
is utilized fo determined the index of blood flow. As such, each determined index
of blood flow is representative of a time point in 8 cardiac cycle. Alternatively, a
determined index of blood flow is associated with a time perind in the cardiac
eyels, or a time point or time period from multiple cardiac cycles. As described,
determining the index of blood flow includes utilizing photon data from varicus
time scales to generate an autocorrelation function, which is then £t fo a
porrelation transport model to extract the index of blood flow.

jo083] Ag indicated by process block 304, a blood velume, and more
specifically a change in blood volume, may also be determined. Specifically,
using the photon intensity changes measured using IICS or NIRS sensors, total
hemoglobin concentration changes during the cardiac cycle may be estimated.
Measurement of blood hemoglobin concentration may then be used to convert
hemoglobin concentration changes during cardisc cycle to bleod vohune changes
during cardiac cycle,

{0841 Then, 8 blood inflow and a blood cutflow may be computed using the
determined index of blood flow and blood flow volume. As described, Egns. 4 and
& méy be solved to determine blood inflow and blood cutflow., The value of the
calibration constant ‘2’ in the above equations may be determinsed using various
constrainte, such as assumpiions about the f{latness of blood outflow, or
assumptions about the blood flow values. Specifically, the flatness of blood
cutflow may be quantified by simply considering the differsnce between the
maximum and minus value of blood outflow and minimizing this difference. An
absolute value of the firet or second derivate of cutflow may also be integrated
and the value mintmized. However a flatness of blood outflow need not be
asssumed, For instance, blood outflow may be move pulsatile, but a constraint on

total flow, or absohute blood flow may be placed. For instancs, an absolute blood
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flow may he smaller than a threshold or maximum physiclogically relevant blood
flow value,

{0085} As indicated by process block 308, the determined blood inflow and
blood outflow may then be used o estimate sbsclute blood flow, in accordance
with Hgn. 1. In some aspects, the determined absolute Bblood flow may be
corvelated with raw or processed physiological data, such as BECG data, EREG
data, blood pressure data, vespiratory data, hemoglobin data, pulse oxymetry
data, and other data. As such, other parameters may also be estimated ab
process block 410 ueing the acquired optical data and physiclogical data. For
example, cerebral perfusion pressure, vessel wall tone, cerebral blood Aow-
cerebral spinal fluid pulsatility coupling, cerebral compliance, dynamic
autoregulation, cerebral pevfusion reserve, cevebrovascular vesistance, DXygen
saturation, hemoglobin concentration, cardiac output, stroke volume, brain
activity, cardiac activity, and various combinations or changes thereof, may be
determined at process block 308 and correlated with absolute blood 8ow.

fogas6] in some aspects, a condition of the subject based on determined
parameters, such as absolute blood flow, and others, may be determined at
process block 308, For example, a visk of cerebral ischemia, or a loss of
avtoregulation and/or regulatory reserve may be determined. In othsr aspects,
an effectiveness of an administered treatment may be determined using
determined physiological parameters, including absolute blcod flow. Such
determinations may be made by comparing computed parameters with a
basaline, reference or database.

{0087} Then, at process block 310 a report, of any form, may be generated
and provided to a user. The report may inchude s variety of information
including, real-time or intermittent values of messured physiclogical parameters
or quantities, such as absolute blood flow, blood inflow, blood eutflow as well as
other clinically relevant parvameters, including EEG, EOG, hemoglobin
concentrations, changes therveof, and other parameters or quantities generated
therefrom. The report may also identify a condition of the subject being
monitored, as well ag other information associated with subject. For instance,

the report may indicate a risk for a cevelbral ischemia, or a loss of autorsgulation
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or regulatory reserve.  The veport may further include an audio and/or visual
slarm to indicate an scute condition, such as when one or more estimated
quantities exceed a safe threshold, or g risk for complications is incressed. For
example, an alerm may be provided when an absolute cervebral vlood flow
sxceeds or drops below a threshold value.

{0088} Process blocks 502 through 810 may be carried out once, or
repeated, either intermittently, or continuously, as desived.

{0089 As described, FIG. 2 shows an example of how the photon counts
can be correlated in veference fo another signal or event at one or more
timescales. Specifically, FIG. 2 shows ECG data 202 and DUS dala 204 as a
function of time. In particular, the DUS data 204, in the form of a stream of
photon counts, can be parsed, in either synchronous, partially synchronous, or
asynchronous manney, with vegards to ancther physiclogical signal, such as ECG
data 20%, to gensrate one or more correlations functione 206, Such parsing may
he achieved with reference to other physiological signals, including ECG, EEG,
NIRS, or other physiological signals. Thus, the same data could be combined
with regards to multiple events with the appropriate tires and duration for each
signal. For exawple, the same signal could process blood flow with regards fo
cardiac cycle from an BCG and flow before and after a seisure event recorded in
FEEG, Different time scales could be used between different signals or within the
same signal, including, but not Hmited to, determining both pulsatile and steady
flow.

{3090} In some aspects, intra-cardiac cycle and intra-respiratory cycle
flows, gated by appropriate cardiac and respiratory signals, may be caleulated at
two diffevent timescales within the ECG.  In others, cardiac eycle timing could
be determined from a blood pressure sensor or the optical signals themselves.
The timing and duration couwld be fixed or dynamically and/or algortthmically
determined, either in real-time, near-real time, or in post-processing. For
example, the DCS data 204 could be pavsed on a cycle-by-cycle basis, foilowing
the spontaneous changes in heart rhythm. The processing may include other
transformations, for example a temporal offset to account for the difference in

phase between an BCG signal and the CBF signal to account for the transit time
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of blood from the heart to the brain. The processing could be performed either in
software {for example, using FFTs, etc.), in hardware {(for example, multi-tau
algorithm, FFT, ete.), or any combination thereof,

00913 By way of example, FI3. 4 shows pulsatile hlood flow
measurements obtained from a human subject in accordance with aspects of the
present disclosure. In this example, flow measuremenis were acquired in an
integration time less than the period of a cardiac cyele with a hardware
correlator, as described with reference to FIG. 1. As described, in some aspects,
flow measurements may be intev-cycle combined, processed, and/or averaged
with equivalent intra-cycle measurements. In this menney, the signal-to-noise
ratic and/or infra-cyele time resclution may be increased. The amount of
combination can be set by a predeterminsd amount, such as time, number of

sawples and so forth, or determined dynamically and/or algorithmically, such ae

ones

(SNH, number of intracyele pointe, ete). Measurements may alsc be combined,
processed, and/ov averaged with or without regard to the cyele for the
determination of baseline, steady, ete. flow or flows.

{0092} Hy way of yet another example, FiGs. 5A and 5B demonstrates
simultansous measurements of pulsatile DCS with BECG and continuocus wave
(CW) NIES. As can be seen, the index of cerebral blood flow (CBFi) signal has a
resotution of 4-8 samples per second. The NIRS and DCS data were collected
from an integrated optical probe placed on the forehead to sample the same
tissue in the cortex. ECG was recorded from two leads placed on the chest of the
sulject. Although the data points are acquived asynchronously, the pulsatile
blood flow, hemoglobin concentration changes and cardiac electrical activity were
all physiologically synchronous. However, due to ifransit time difforences
between the heart beat and arrival of blood in the cortex, there was a phase
difference between the BCG/NIRS signals and the ECG activity. In general,
such phase difference can be accounied for by calibration andfor processing.
{30531 By vet anocther exaveple, FIG. B0 the results of cyele averaging,
Further processing can be performed o perform calibrations andlor extract
relevant paramebere from the data. Specifically, a portion of the signals from

FiGs. BA and BB was averaged over the cardiac cycle in an eguivalent time
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average.
{6094] As further examples, FiGs. 6A and 6B demonsirate the

measurement of both pDCS and NIRS, and calculation of blood inflow and blood
outflow, respectively, in accordance with aspects of the present disclosure.
Specifically, FIG. 6A shows tirae series of index of cerebral blood flow obtained
from pDCS data, and change in total hemoglobin concentration, and derivative of
the change in total hemoglobin concentration obtained from NIRS data. Using
acquired data absciute blood flow was determined, including blood inflow and
blood outflow, as shown in FIG. 6B, Specifically, the NIRS measurement of
hemoglobin concentration was the integral of the difference between inflow and
outflow., Differentiating the NIRS measurements resulted in the difference
hetween inflow and cutflow. As described, these were solved for the inflow and
outflow, Expectedly, the inflow exhibited a strong pulsatile component during
the cardiac cyvele while the outflow was lower in magnitude and broader.

{3095] As appreciated from FIGs. 8A and 8B the index of cevebral blood
flow, shown in units of em/s? | is utilized to obtain absclute blood flow, which is in
units mL/mind100 g Such callibrated cersbral blood flow is more intuitive and
hence clinically more relevant, allowing direct comparison with population data,
for instance. For instance, the mean value of the absolute blood flow shown in
FIG, 8B is sbout 51 ml/ min/ 100z of tissue, which agrees with typical values for
adult human values of cerebral blood flow measured using wmore invasive

technogues.

f0096] In summary, the present disclosure overcomes the drawbacks of
previous technologies by providing a system and mesthod for accurately and non-
invasively monitoring patients continuously, including monitoring absolute blood
flow for different vascular regions. More specifically, the system and method
described herein uiilize optical and physiclogical data to determine parameters
ueeful in the diagnosis and management of patisnis,

(0097} As may be appreciated from descriptions herein, the present
disclosure provides a wide range of applicability, For example, the system and

method described can be wused to monitor changes in blood How, and

24



WO 2016/164894 PCT/US2016/026925

autoregulation capacity with drugs or snesthetics, as well as provide monitoring
and/or diagnostics with pharmacological manipulations include bolus testing. In
addition, the present systermn and method may be applied to monitoring
vasospasm or the effect of vascspasm or vasoparalysis, as well as monitoring
cortical spreading depression or the effect of cortical spreading depression. The
present system and method may also be applied to wmonitoring hemorrhages,
including subarachnoid hemorrhages, and post- hemorrhage monitoring, tumors,
hemsatoma, hydrocephalus, edema, vascular engorgement, hypercapnia, hypoxis,
shock, sepsis. Furthermore, the present approach may be used to investigate
chronic diseases and conditions such as hypertension, sleep and other apneas,
etc. {measurement of pathological chronic changes in vascular toney, as well as
hydrocephalus.

{0098y The present system and method may bhe applied to monitor
congestive heart failure, blood flow in non-cevebral organs, peripheral vascular
disease. In addition, the provided system and method may be uillized in
perioperative, intensive and critical care, as well as goal-divected blood pregsure
support in patients with critical cavotid artery stenosis. Furthermeve, the
present system and method may be utilized in perioperative management of
patients  undergoing carotid  endarterectomy, and in patients  with
cardiopulmonary bypass, as well as optimization of blood pressure management
in patients with traumatic brain injury undergoing neurosurgical or non-
neurcsurgical procedures.

{6099} The present system and method may be further utilized to provide
physiclogical parameters and information useful for the diagnosis and
management of patients under a variety clinical situations, including but not
itroited to, critical care, such as infant, pediatric, or neuro intensive care units,
anesthesia and/or surgery, emergency and trauma wards, recovery wards, post
intensive care, battle fielde, spacecrafts, extreme environments, during sports or
on the sidelines, disaster or accident sites, and so forth.

00100} The present invention has heen desceribed in terms of one or more
preferred embodiments, and it should be appreciated that many equivalents,

alternatives, variations, and modifications, aside from these expressly stated, are
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possible and within the scope of the invention.
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CLATME
i A system for non-invasively estimating an absolute blood flow of a
vascular region in & subject using vptical data, the eystem comprising:
an optical coupling systern configured to transmit to and recsive light
zignals from one or more locations about a subject;
an opiical processing system configured o generate optical data using
received Hght signals;
a computer programmed to:
receive from the optical processing systewn optical data associated
with a vascular region;
deternine, using the optical data, an index of biood flow and a blood
volume;
egtimate an abeolute bloed flow using the index of blood fow and
the blood volurse: and
generate a veport indicative of the absolute hlood flow of the

vascular region.

2. The aystem of claim 1, wherein the vascular region comprises a

cerebral region,

a. The system of claim 1, wherein the opticel coupling system
comprises one or wmore optical sensors comprising diffusion  correlation
speciroscopy (DOB) sensors, near infrared spectroscopy (NIRS) sensors, or a

combination thereof

4, The system of claim 1, wherein the optical processing svetem is
further configured o generate diffusion corvelation spectroscopy (DCS) data,
near infrared epecirescopy (NIRS), ulirasound tagged light data, or a

combination thereof
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5, The system of cladim 1, wherein the optical processing system is
configured o generate the optical data at a temporal resolution greater than a

pulsatile frequency of a cardiac cycls.

8. The system of clair 1, whersin the computer is further programmed
to estimate a change in total hemoglobin concentration using the optical data,
7. The system of claim &, wherein the computer is further programmed
to use the change in total hemoglobin concentration to determine a change in

blood volume,

5, The systen of claim 1, whervein the computer is further programmed
to compute a blood inflow and a blood cutflow using the index of blood flow and a

change in blood volurae;

8. The system of claim 1, wherein the computer is further programmed
to integrate an absolute value of a first devivative or a second derivative of the

blood outflow,

10, The gystem of claim 1, wherein the computer is further programmed

to determine a phase between the blood inflow and blood outflow.

11, The system of claim 1, wherein the computer is further programmed

to determine a condition of the subjsct based on the absolute blood flow,

12, The system of claim 1, wherein the computer is farther programmed
to defermine a phase difference between the index of hlood flow, the blood
volums, the blood inflow, the blood ocutflow, a derivative of blood volume, an
integral of blood volume, & derivative of the index of bloed flow, an integral of the

index of blood flow, or 8 combination thereof.
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13. A method for nen-invasively estimating an absolute blood flow of a
vascular region in a subject using optical dats, the method comprising:

a} acquiring optical data from the vascular region using one or more
optical sensors placed about the subject;

b} detevmining, using the optical data, an index of blood flow and a blood
volume associnted with the vascular region;

¢} computing a blood inflow and a blood outflow using the index of blood
flow and the blood volume;

d) estimating an absolute blood flow using the blood inflow and bleod
cutflow computed at step ¢); and

e} generating a report indicative of the absoluts blood flow of the vascular

region,

14, The method of claim 18, whersin the vasenlar vegion COmprises a

cerebral region.

15, The method of claim 18, wherein optical data comprises diffusion
correlation spectroscopy (DCSY data, near infrared spectroscopy (NIRS), or a

combination thereof,

16, The method of claim 13, wherein the optical data is acquired at a

temporal resolution greater than a pulsatile frequency of a cardiac eyele,

17, The method of claim 13, wherein the method further comprises

using the optical data to estimate a change in total hemoglobin concentration.
18 The method of claim 17, wherein the method further COTRRTISes

using the change in total hemoglobin concentration to determine a change in

blood volume,
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18, The method of claim 13, where in the method further comprizes
tntegrating an absolute value of a fivst derivative or g second derivative of the

blood outilow.

20. The method of claim 13, wherein the method further comprises

determining a phase between the blood inflow and bleod outflow,

21, The wethod of claim 13, wherein the method further comprises
acquiring the physiological data from the subject using one or more physiclogical

sensors placed shout the subject.

22. The method of claim 21, wherein the physiological data comprises
at least one of electrocardiogram (ECQ) data, electrosncephalogram (ERG) data,
blood pressure data, vespiratory data, hemoglobin data, pulse oxymetry data, or

a combination thereof

23.  The method of claim 13, whersin the method further comprises
controlling an optical processing system fo generate optical data using an

integration {ime less than a period of a cardiac cycle.

24, The wmethod of claim 13, wherein the method further comprises
determiming an effectiveness of an administered treatment using the absclute

blood flow.

25, The method of claim 13, wherein the method further comprises

determining a condition of the subject based on the absolute blood flow.

26, The method of claim 13, wherein the method further comprises
determining a phase difference between the index of blood flow, the blood
volume, the blood inflow, the blood cutflow, a derivative of blood velume, an
integral of bleod volume, a derivative of the index of blood flow, an integral of the

index of blond Hlow, or a combination thereof.
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