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NON-INVASIVE HEMODYNAMIC ASSESSMENT VIA INTERROGATION OF BIOLOGICAL TISSUE
USING A COMERENT LIGHT SOURCE

CROSS REFERENCE
{6061} This application claims priority ic U.S. Palent Applicalion No. 15/488,283, filed April 14, 2017, the

spacification(s} of which is/are incorporaled herein in their entirety by referance.

FIELD OF THE INVENTION
{89621 Embodiments of the disclosure relate {6 noninvasive medical moniioring and metheds for obtaining
non-invasive measuremenis of physiclogical parameters, including hemodynamic pararneters such as

blood pressure and arterial compliance.

GOVERNMENT SUPPORT
{6063} This invention was made wilth governmeni support under Grant No. EBU15880 awarded by the

MNational institutes of Health. The government has ceriain rights in the invention.

BACKGROUND OF THE INVENTION

[60¢4] Noninvasive hermodynamic monitoring refers {o techniques that measure and characterize in some
way the physiclogical and pathological state of the cardiovascular system without cannulating a vessel or
introducing hammful radiation or subsiances 1o the subject. Examples include methods that aim {o
measure bleod pressurs, cardiac output, vascular ione, arterial stiffness or fluid status. These methods
have the potential to improve inpatient and outpatient healthcare, in addition to opening up new research

directions and revoliiionizing wearable devices for personal healih and fithess.

{3085} One method of noninvasive hemodynamic monitering is Photoplethysmography (PPG), which is an
optical technigue that measures microvascular expansion caused by the puisatile component of blood
pressure. This can be achieved by interrogating tissue with visible and near infrared light. PPG
instrumentation consisis of a light source {o illuminate the tissue and a photodetector 1o measure small
fluctuations in light intensity. These dynamics are then fransformed mathematically into the PPG signal
which is represeniative of blood volume expansion due {o the pulse. PPG is the base technology for
puise oximetry where the ratiometric comparison of PPG amplitude is compared at multiple discrele

wavelengihs in order {0 recover arterial oxygen saturation.

{0966} Despite the clinical success of pulse-oximetlry, PPG has not been successful in other aspecis of
hemodynamic monitoring. One technigue called vascular unloading applies PPG alongside a finger-sized
cuff 1o measure blood pressure nen-invasively, Although this device has achieved some level of clinical
dissemination, it is highly susceptible 1o changes in vascular {one in addition {o requiring calibration steps
to account for differences in central and peripheral biood pressure. Overall, its limited accuracy makes it
unsuited for ubiguitous use. Researchers have also used PPG pulse-wave analysis and characterization
sirategies for a wide variety of hemodynamic moenitoring applications including cardiac output, vascular
stiffness, venous asssessment, and microvascular perfusion, o name a few. There has been some

success in these ventures, but due 1o the limited signal quality inherent in the PPG they fail 1o surpass the
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threshold of clinical viability.

SUMMARY OF THE INVENTION

[0007] Lasser Speckie imaging (LS8!} is a nonconiact oplical imaging method that recovers relative blood
flow by imaging tissue being illuminated with a coherent light source. Red blood cells moving through the
vascular sysiem act as optical scatterers that modulale the spatial coherence distribution of photons
interrogating the tissue. in LS|, light remiited from the tissue is most often imaged using a CCD or CMOS
camera. Images recorded by the detecior contain a paltern referred 10 as speckle that is due o
construciive and destructive interference of coherent light on the detector. The speckle pattern fluciuates
at a rate dependent on the degree of motion of the scatllering objects. Hence, blood perfusion has g
direct effect on the spatial and temporal variance of remitied light. Over finite inlegration times, the tissue

perfusion can be calculated by measuring the level of the variance in one or more collected images.

[0008] If performed al a high enough frame-rale, LS8! is capable of sampling the heartbeat waveform in the
same manner as PPG. The main difference is that L3I is probing the pulsatile component of blood flow
velocity whereas PPG is sampling the pulsatile component of vascular volumetric exgpansion. The pulsatile
L3! signal, named here the Speckieplethysmograph (8PG), has several qualities that make it ideat for
noninvasive hemodynamic monitoring.  First, the signal quality is superior to thal of PPG. The total
volume modulation during the pulsatile cardiac cydle is relatively smalt {e.g., less than 2%) and
confounded by many variables (e.g., vasoconstriction/dilation, vascular stiffness, Reynold’s number, eic)
resulling in a PPG signal with limited physiclogical information. The small size of the signal also makes
the PPG signal especially vuinerable {o noise (i.e. a relatively small signal-lo-noise ratic). The SPG signal
is a physiologically larger signal and is less diluted by noise. For example, a clear SPG signal can be
acquired in patient groups where PPG tends {o fail, such as in individuals over the age of 50, subjects with
peripheral vascular disease, and those experiencing vasoconstriction. The SPG also maintains signal
quality during increased vascuiar tone such as during cold shock or dehydration. This is significant
because it is in these cases that the PPG signal becomes overwhelmed by noise. In addilion to being a
more robust signal than PPG, the SPG offers complimentary information since it is physically interrogating

a different phenomenon (PPG represents volumetric expansion whereas SPG represents blood flow).

[3689] Various embodiments disclosed herein relate {0 a new approach for the non-invasive measurement
and characterization of physiological parameters. These parameters may include but are not fimited {o:
blood pressure, vascular stiffness, microvascuiar funclion, hyper-/hypo- tension, oxygen metabolism,
cardiac function, fluid slalus, hemoglobin concentration, oxygenation, and biood viscosity. The
guantitative measurement and/or qualitative characterization of these or other physiological parameters
comprise the delermination of physiological parameters (i.e. physiological informaticn) about a subject

upen which the assessment is performed.

{30106} The principle behind embodimenis disclosed herein is thal the aforementioned physiclogical
parameters can be characterized by information relaled o the blooed flow and blood volume in a given

tissue, where the flow and volume may be determined using a coherent fight-based imaging system. The
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coherent light-based imaging syslem measures speckle signals afler interaction with moving scatiering
objects {i.e. blood cells), and relates the speckie signals io flow and velume.,  The flow and volume of
blood is pulsatile due {o the cardiac cycle, and thus is represented by a waveform. The flow and volume
waveforms contain valuable information about the hemodynamics of the sample. Embodiments relate o
systemns and methods for producing and analyzing said wavseforms, in order io characterize said

physiclogical parameters.

{8911} in one embodiment, coherent light from a light source interrogates a complex turbid medium. The
light remitted afler propagation through said medium is measured using a photodelector placed in either a
transmission or reflectance geomelry. Either the light scurce or detector (or both) may be making contact
with the tissue or may be in g noncontact configuration. Using a single fight source emitting at least
partially coherent light, at least iwo distinct signals, which are offset in tirne, may be acquired. One of
these signals is the periodic representation of blood flow, which utilizes spaticlemporally varying dynamic
scatiering information known as the speckie variance. From the variance information, metrics of contrast
can be derived and transformed info indices such as bul not limited to: speckie contrast and/or the
speckie flow index. The signal derived from metrics of conirast will be referred {0 herein as the
Speckieplethysmogram (SPG). A second signal can be oblained through a metric of total light intensity,
such as but not limited to the mean intensity of the sensor array. The signal derived from metrics of mean
photo-intensity will be referred io herein as the Photoplethysmogram (PPG), and is representative of the
volume of light absorbing blocd within the sample. The PPG can be derived from the same source of

coherent light as the speckle signal.

[B612] Within a single instrument, cormparisons may be drawn between the SPG and the PPG signals as
well as the characierization of each signal individually. For example, embedded within the waveforms are
both timing fealures with respect to each cother and inirinsically within the dynamics of the individual
signals. Additionally, timing fealures can be derived from one of many reference signals including but not
limited to the PPG and an electrocardiogram (ECG) signal. The SPG signal may be used 10 exiract these
timing features in addition io one of the aforementioned reference signals. In the absence of a quality
PPG signal or as g substitute for the PPG signal, an ECG signal may be used. Physiological parameters
can then be derived from fealures of the waveform or the comparison between said waveforms., For
example, by generating data descriptive of the timing offset between signals and/or by analyzing the offset
nature as well as the structure of the individual time-varying signals, one can recover parametlers

quantifying or characierizing vascular stiffness, blood pressure, and other features not limited to these.

[00313] As a non-limiling example, vascular compliance may be guantified as follows. A laser dicde
emitting near-infrared light may be directed into the finger or digit of a subject. Laser light entering the
tissue is scattered in part by moving red blood cells within the digit, and a CMOS camera may be used (o
collect images of the light leaving the digit. In this example, the laser diode and CMOS camera may be
contained within a digi clip as shown in FIG. 2, such thal the laser diode and CMOS camera are placed
oin opposite sides of the digit (Le. using a transmission gecomelry). Images may be collecled using the

CMOS camera at a rate of 80 images per seconds and transferred {0 g computer where they are stored in
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memory, for example. A processor may then use the images to compule a single speckle contrast
parameter from each image by calculating the standard deviation of the pixel values within each image by
the average value of all pixels. An SPG waveform may be generated by computing the speckie contrast
for each collected image and observing how the speckie contrast changes over tirne with each heartbeat.
Using the same collected images, a PPG waveform may be generalsed by using a processor to compute
an average pixel value in each collscted image and observing how this average pixel value changes over
fime with each heartbeal. A vascular compliance metric may then be eslimated using the computer
processor by cemparing the SPG waveform o the PRPG waveform. Specifically, the maximum value of
the SPG and PPG waveforms for {o each heartbeat may cocur at slightly different times, and this
difference may be comrelated to vascular compliance. As such, by computing the time delay between the

peaks of the SPG and PRPG waveforms, a relative metric of vascular compliance may be generaled.

{3634} in conirast with other methods, the disclosed sysiems and methods are based on content-rich
information reflective of the complexities of the cardiovascular sysiem. By analyzing the timing offset and
SPG waveform information, the methods presented herein gain access to highly informed signals
reflecting the complexities of the arterial network, Accordingly, the systemns and methods disclosed herein
have more polential for greater clinical applicability than cother hemodynamic maonitoring technologies

known inthe art.

{#915] Ancther advaniage of the disclosed systems and methods is their reliance on the SPG signal,
which possesses superior signal over the PPG signal. As mentioned earlier, the SPG maintains signal
quality in situations where the PPG concedes 1o noise such as in palient groups with exiensive
cardiovascular disease. imporiantly, patienis with cardiovascular problems are in grealest need of

effeclive monitoring.

{0036} A third advaniage is that the systems and methods disclosed herein may be practiced with
inexpeansive component devices that are simple to build and/or easy io operate. In contrast with other
methods that measure liming features of cardicvascular sysiem such as pulse-transit-time, embodiments

of the methods described herein may be performed with only a single light-source and a single deteclor.

{80171 in some embodiments, a system for delermining one of more physiological parameters in a subject
is disclosed. The system includes a light source, a photo-sensitive delector, and a processor. The light
souree is positionable along a first location culside of the subject, and is configured o direct light from the
first location toward a plurality of light-scattering particles flowing in pulsalile motion within a blood vessel
inside of the subject. The photo-sensitive detecior is positionable along a second location outside of the
stibject, and configured 1o detect light scatiered by the plurality of light-scattering panticles and generate a
signal related 1o the detecied light. The processor includes a program and a memory and is operably
coupled to the photo-sensitive detector. The processor is configured o receive and store i memory the
signals generated over a period of time. The processor is programmed {o derive contrast metrics from the
signals stored in memory over the period of tirne and calculate a waveform from the contrast metrics. The

processor is further programmmed to decompose the waveform inflo one or more characteristic features and

i
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make a comparison using the one or more decomposed characleristic features to delermine the one or
more physiclogical parameters. The one or more physiological parameters may relate to one or more of
atherosclerotic obstruction, vascular compliance, blood pressure, cardiac output, venous status, hydration

status or vascular tone,

{0018} The processor may be further programmed fo convert the conirast metrics into metrics of
volumetric flow. The one or more characleristic fealures may be amplitudes of a basis function. The
processor may be further programmed to generate a hisiogram based on a ratic of basis function
amplitudes. The one or more characleristic features may be amplitudes of a pericdic basis function, and
the decomposition may be equivalent to a time-frequency transferm. The one or more characteristic
features may be amplitudes of a wavelet basis function, and the decomposition may represent a wavelet
transform.  The one or more characleristic features may be abstract fealures. The one or more
characieristic features can describe the width of the waveform puise. The one or more characleristic
features may be the timing occurrences of local exdirema. The one or more characteristic features may be
amplitudes of local extrema. The one or more characleristic features may be magnitudes of slopes of the

waveform.

{#91%] in some embodiments, g method for determining one or more physiological parameters from light-
scaltering particles in pulsatile motion within a physiclogical system is disclosed. The method comprises
positicning a lght source at a first site outside of the physiological system and actualing the light source,
such that light is directed foward the light-scatiering particles. The method further comprises positioning a
photo-sensitive defector at a second site oulside of the physiological system, wherein the second site is
located along a path of light scatlered by at least some of the light-scatiering particles, and using the
photo-sensitive detector to detect Hight scattered by at feast some of the lighi-scaltering pasticles over a
period of time. The method further comprises communicating signals refated to the detected light o a
processor, deriving intensily values from the communicated signals, and caiculating a contrast metric by
comparing the intensily. The method further comprises producing a contrast waveform related to the
puisatite motion of the light-scattering particles based on a change in the conirast metric over time,
decomposing the contrast waveform into one oF more characteristic fealures, and making a comparison
using the one or more decomposed characteristic features. The method also comprises determining the
one or more physiclogical parameters based at least in part on the comparison. The one or more
physiclogical parameters may relale io one or more of atherosclerotic obstruction, vascular compliance,

blood pressure, cardiac cutput, venous status, hydration status or vascular tone.

{8626} The method may further comprise relating the contrast metric 10 a metric of volumetric flow. The
method may further comprise delermining a reference signal of a physiclogical origin distinct from the
contrast melric, wherein making a comparison comprises comparing the contrast waveform {0 the
reference signal. The reference signal can be a phole-intensity metric. The method may further comprise
converting the photo-intensity metric into a metric of absorption. Comparing the contrast waveform to the
reference signal may comprise comparing temporal locations of a characteristic feature found in both the

contrast waveform and the reference signal. The reference signal may be a reference waveform.
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Comparing the conirast waveform o the reference signal may comprise comparing pulsatile amplifudes of
the contrast and reference waveforms. Comparing the conirast waveform 1o the reference signal may
comprise comparing non-pulsatiie amplitudes of the contrast and reference waveforrns. Comparing the
contrast waveform 1o the reference signal may comprise determining a ternporal offset of one or more

characteristic fealures. The reference signal can be an electrocardiogram.

{8021} The method may further comprise decomposing the contrast and reference waveforms inie basis
functions and respective ampliiudes. Comparing the contrast waveform to the reference signal may
comprise comparing the decomposed contrast and reference waveforms.,  Comparing the contrast
waveform to the reference signal may comiprise comparing one or mere basis function amplitudes of one
decemposed waveform {o one or more basis function ampliiudes of the other decomposed waveform.
Comparing the contrast waveform 1o the reference signal may comprise comparing one or more ratios of
basis funclion amplifudes of one decomposed waveformn 1o one or more ratios of basis function

amplitudes of the other decomposed waveform.

{0922} Some of the unigue and inventive technical features of the present invention include generating a
waveform from the contrast metric, decomposing the waveform to determine one or more characieristic
features, and comparing using the one or more decomposed characierisiic features o determine
physiclogical parameters.  Withoul wishing io limil the inveniion {0 any theory or mechanism, i is
believed that the technical feature of the present invention advaniageously provides for using an optical
method such as laser speckle imaging to identify physiolegical parameters that may relate {c one or more
of atherosclerctic obstruction, vascular compliance, blood pressure, cardiac ouipul, venous siatus,
hydration status or vascular {fone, and the like. None of the presently known prior references or work has

the unique inventive technical features of the present invention,

{0923} Moreover, scientist, engineers, and other who are skilled in this field would even teach away from
assembling the technical features of the present invention as presented here. Traditionally, scientists
seek {0 use Laser Speckie Imaging 10 generate wide field surface biood flow maps, as one might
intuitively use a camera (namely, io generate photographs of the surface of objecis). Thus, scientific
research generally teaches fowards imnproving the accuracy and spatial resolution of the blood flow image
map. The blood flow at the skin surface is composed of small vessels such as capillaries, which contain
very little to no puisatile blood movement. In contrast, the present invention ulilizes Laser Speckle
imaging in a variety of unigue geometries, (i.e. as presented in FiGs. 1A-1D) that collect highly diffuse
lighi, which has penetrated more deeply intc the sample. The collection of diffuse light into the camera
systemn is counter-infuilive because diffuse light typically produces poorly focused and low-resoluiion
images. The present invention emphasizes generating a delalled waveform insiead of high-resolution
blood flow images, and thus prefers diffuse light because it aliows access ¢ desper blood vessels such
as arteries and artericles, with increased puisatile blood flow. Once the blood flow information from
deeper blood vessels is refrieved, the high resolution SPG pulsatile waveform becomes apparent for the
first time, and hence the present invention relating 1o the decomposition of said waveform, can be

performed.
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{024} Also, the informational resull provided for by the unique technical fealures of the present invention
is surprising. For example, features of the SPG waveform may be seen thal do not appear on other,
analogous waveforms such as PPG and EKG. One surprising feature is the time delay between SPG and
PPG, as iliustrated in FIG. 8A. Cther surprising and unigue fealures were also seen such as mulliple
secondary peaks, high frequency systolic injection spikes, large dichrotic notch, eic.  Furlher,
decomposing said waveform using FFT or Wavelet transforms, show frequency spectrum differing from
PPG. Perhaps the most surprising information found was that many of these unigue fealures were found
1o be relaled 1o physiological information.  Non-limiting examples are shown in FIGs. 8A-8C and 10, which
illustraie relationships between SPG features and physiological information, such as age and vascular

fone.

[6025] in a broad embodiment, the above referenced “confrast metric” refers fo an intet/intra pixel
contrast. A non-limiting example of a contrast metric is the speckie confrast (K), defined as sigma / <i>
where sigma is the standard deviation of the intensily and <I> is the average intensily. Various other

examples of the contrast metric are discussed thicughout the application.

{8026} in a broad embodiment, the above referenced “generating the waveform”™ may comprise generating
a single determinable value of the contrast metric for every sampled point of time across a continuous
sample of time. This example of the generating the waveform from the contrast metric is not limiting.

Various other examples of how the waveforms are generated are discussed throughout the application.

{3627} in a broad embodiment, the above referenced “decomposing the waveform {0 delermine one or
more characieristic features” may include decomposing the wavefonm into basis functions and respeclive
amplitudes. In a non-limiling example, decomposition may transform the waveform from being a lime-
dependent function inlo a frequency-dependent function, which can be described by the superimposition
of scaled frequency-dependent basis funclions {i.e. a time-freguency transformation). in such a manner,
the decomposition may be equivalent 1o performing a Fourler transform on the time-dependent waveform.
This example of decomposing the waveform is not limiling. Varicus other examples of the decomposing

are discussed throughout the application.

[6028] in a broad smbodiment, the above referenced “one or more characleristic fealures” may include
amplitudes of basis function or width of waveform, and the like. These examplss of the ‘one or more
characleristic features” are not limiting. Various other examples of “the one or more characteristic

features” are discussed throughout the application.

{30429} in a broad embodiment, the above referenced "comparing” step may include, but are not limited 1o
a determination of which basis function has the greater/lesser ampliiude, the difference in amplitudes,

and/or the ratio of one amplitude 1o ancther.

{6036} in a broad embodiment, the above referenced “physiclogical parameters” may include but are not
limited to blocd pressure, vascular stiffness, microvascular function, hyper-/hypo- tension, oxygen

metabolism, cardiac function, fluid status, hemaogiobin concentration, oxygenation, and blood viscosily.

~I
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These exampiles of the “comparing” step and the “physiclogical parameters” are not limiting. Various
other exampies of the “comparing” step and the “physiclogical parameters” are discussed throughout the

application.

{6031} Any feature or combination of fealures described herein are included within the scope of the
present invention provided that the fealures included in any such combination are not mulually
inconsisient as will be apparent from the contexd, this specification, and the knowledge of one of ordinary
skill in the arl. Additional advaniages and aspects of the present invention are apparent in the following

detailed description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

{8632} These and other features, aspects, and advaniages of the present disclosure will now be described
with reference o the drawings of embodiments, which embodiments are intended o llustrate and not o
limit the disclosure. One of ordinary skill in the arl would readily appreciats that the fealures depicted in
the illustrative embodiments are capable of combination in manners that are nol explicilly depicted, bul

are both envisioned and disclosed herein.

{3033} FiGs. 1A-1D schematically illustrate various system configurations. FIG. 1A shows the systemin a
reflectance, non-contact configuration. FIG. 1B shows the system in a transmission, non-contact
configuration. FIG. 1C shows the sysiem in a reflectance, contact configuration. FiIG. 1D shows the
system in a transrnission, contact configuration.

{#634] FiG. 1E schernatically illustrales an example of an aigorithm for determining one or more
physiclogical parameters from light scattering parlicles in a pulsatile motion within a physiclogical system.
[0035] FiG. 2 illustrates an exampile of an inlerrcgation device coupled to a processor.

{8036} FIG. 3 schematically #llustrates the componenis of a system including an inlerrogation device
coupled {0 a computer,

{8037} FiG. 4 schematically illusirales the interrogation of vascularized tissue comprising flowing red blood
cells.

{3038} FiG. 5 schematically illusirates an example of an algorithm for calculating descriptive statistics from
an SPG signal

[30439] FiG. 6 schematically illustrates an example of an algorithm for calculating the time delay between
an SPG and a PPG signal.

{3040} FiGs. 7A-7C illustrate the use of a wavelel transform on SPG signals. FiG. 7C lHustrates an
exampls of an algorithm for exdracting physiological paramelers from detector input using a wavelst
ransform. FIG. 7B depicts an example of a generaled SPG signal and scalogram atiained under normat
condilions., FlG, 7C depicis an example of a generated SPG signal and scalogram afiained under post-
exarcise vasodilation.

{3041 FiGs. 8A-8C depict data obtained by a comparison of PPG and SPG signals. FiG. 8A shows the
time delay between the signals. FIG. 8B shows the average time delay calculated for four subjects in
three different physiological siates. FIG. 8C shows the correlation between the measured time delay and

subject age.
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{3042} FiGs. BA-9E depict a method of deriving physioclogically relevant data from an SPG signal. FiG.
SA shows the identification of a single pulse from a raw SPG signal. FIG. 8B shows the exiraction of the
identified pulse from the raw SPG signal FIG. 8C shows the appending of the exiracted peak onlo iiself,
FiG. 9D shows the generation by a Fast Fourier Transform (FFT) of a frequency spectrum characierizing
ihe harmonic content of the extracted puilse. FIG. 2E shows the generation of a histogram characterizing
the distributions of harmonic ratios over a set of pulses extracted from the raw SPG signal.

[0043] FiG. 10 depicts data showing the correlation belween measured harmeoenic ratic and subject age.
{8044} FIG. 11 depicts a scalter plot resolving two groups of subjecis with different health statuses based

on a measured time delay and harmonic ratio of 8PG signals.

DESCRIPTION OF PREFERRED EMBODIMENTS

[6045] Referring now 1o FiGs. 1A-11, the present invention described herein enables the non-invasive
recovery of parameters relevant o subject physiology. These parameiers may be used along
mathematical models {o derive non-invasive hemodynamic parameters including but not limited 1o blood
pressure, cardiac output, venous status, hydration slatus, hematocrit, and vascular {fone. The systems
and methods disclosed herein may incorporate component devices, including a lighl source 100, a
photodetectior 200 (i.e. a pholo-sensitive detecior, such as an image sensor}, and a processor 580, which
may be operatively connacied ic one another to interrogaile a sample 306, in many embodiments, the
sample 300 may be a physiclogical sample, such as a region of tissue on subject, about which
physiclogical information is to be ascertained. The subject may be a living animal, such as a human. The
component devices may be standard devices emploved in new configurations, methodologies, and/or
systems or they may be devices specifically designed or adapied {o perform in the systems and methods
disclosed herein. The light source 100 may be configured 1o emil at least partially coherent light. The
light source 100 may be a laser, such as a diode {aser. in some embodiments, the light source 100 is a
VOSEL laser. The photodetsctor 200 may comprise one or more light-sensilive elements (e.g. pixels) for
detecling lighi recovered from the light source 100 after interaction with a sample 300. The pholodetecior
200 may, for example, be a silicon camera sensor. The camera sensor may be of any suitable type,
including but not limited 1o CMOS or CCD image sensors. The photodetacior 200 may comprise a siit or
aperiure for modulating the angle of light {i.e. the amouni of light) detecled. The photodetecior 200 may
be configured 10 generate one or more signals related 1o the delected light and to fransmit these signals to
the processor 500, The signals may comprise guantifiable information about the inlensity of light detected
at one or more pixels at a point in time or over a course of time. in some embodiments, the signals may
comprise information about the wavelength(s) of the delected light. The signals may be analog or digital.
if the signals are analog they ray be subsequently converied info digital signals either before or after

being transmitied from the photodetecior 200

{8046} The light scurce 100 and photodetector 200 may be positionable in any number of configurations
relative 1o the sample 300 including but not limied 1o being placed in contact or nonconiact geometries, or
in reflectance or transmission geometries, as seen in FIG.s 1A-1D. The devices are positicnable in that
they can each be maintained in a relatively constant spatial orientation relative 10 the sampie 300 during

the measurement so that changes in the detecled signal resulting from movement of the light source 100,
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photodetector 200, and/or sample 300 relatlive {0 one another are negligible relative to the informational
content attained from the sample 300. The positionable devices may be affixed {0 each other, part of an
integral device, or distinct structures. One or both of the devices may be removably atlached {o the
sample, such as affixed {o a surface of the sample, or they may be free-standing or affixed to a structure
independent of the sampls 300, Al least a poriion of the light emitied from a positionable light source 100
is able o reach a surface of the sample 300 and al least a portion of the light detected by a positionable
pholodetector 200 has conlacted the sample 300, FIG. 1A shows a non-contact reflectance geometiy
wherein the light source 100 and photodetector 200 are both positioned on the same side of the sampie
300, neither of which is in direct physical contact with a surface of the sampie 308, FIG. 1B shows a non-
contact transmission geomestry wherein the light source 100 and the pholodetecior 200 are positioned on
opposite sides of the sample 300 through which the light emitted from the light scurce 100 passes through
and in which neither the light source 100 nor the photodetector 200 are in direct physical contact with a
susface of the sample 300, The light source 100 and photodetector 200 may or may not be positioned
directly across from each other in a fransmission geometlry. FIG. 1C shows a contact reflectance
geometry wherein the light source 100 and the photodelector 200 are both positioned on the sarme side of
ihe sample 300, both of which are in direct physical contact with a surface of the sample 300, FIG. 1D
shows a conlact fransmission geometry wherein the lighi source 100 and pholodetector 200 are
positicned on opposite sides of the sample 300 through which the lighl emilted from the light source 100
passes through and in which both the light source 100 and the photodeiector 200 are in direct physical
contact with a swrface of the sample 300, Varialions are also possible for sach geometry wherein one of
the light scurce 100 and the photodetector 200 is in direct physical contact with a surface of the sample
300 and the cother is not. These geometries as described and illusirated in FIG.s 1A-1D are non-limiling
examples and the systems and methods disclosed herein may be practiced with any suitable

configuration of the system components.

{0647} During many embodiments, coherent light or al lsast partially coherent light is emitied by the Kght
source 100 and directed toward the sample 300. The photodsiector 200 is positioned to recover al least
somea of the light emilted by the light source 100 afier it has interacted with the sample 300, The light
emitied by the light scurce 100 may be emitied at a constant intensity over a lime sufficient for detection.
in other embodiments, the light may be emitied according to dynamic patterns. In many embodiments,
the light may be emitted and detected over a period of time sufficient {0 detect changes which occur in the
sample 300 and which aller the path of the emilted light and/or properties of the delected light. The
processor 500 may be used to record the signal(s) detected by the photodetecior 200 over time and/or
analyze the signals and/or the temporal changes in the signals over time to determine physiclogical

information about the sample 300,

{8048] FIG. 1E illusirates an example of an algerithm that may be performed by the processor 500 1o
determing one or more physiological parameters from light scatiering paricies in a pulsatile motion within
a physiciogical system. The algorithm instructs the processor 500 1o calculale a conirast metric from the
input received from the pholodetecior 200, The algorithm insirucis the processor 500 o generate a

contrast waveform from the conitrast metric and subsequently 1o decompose the conirast waveform inio
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one of more characteristic fealures. The algorithm additionally instrucls the processor to make a
comparison using the one of more decomposed characteristic features and determine the one or more
physiclogical paramelers based on the comparison. As such, the algorithm shown in FIG. 5A provides an
overview of the steps performed io determine the one or more physiclogical parameters, and the details of

each steps are discussed further below,

{8049} FIG. 2 Hllusirales an exampie of an interrogation device 400 operatively coupled 10 a processor 500,
The inlerrogation device 400 can include the light source 100 and photodetector 200 in an integrated or
joinable housing. As shown in FIG. 2, the interrogation device 400 may comprise a finger clip for
interrogating blood flow within the digit of a subject. The finger clip 400 may be configured {0 operate in
any configuration {(e.g., transmission or reflectance as well as contact or non-comtact), Some
embodiments of the inlerrogation device 400 may be configured to be wearable or altachable {0 a subject.
These may include, but are not limiled to, beils, wrisi-bands, skin palches, ear-clips, etc. The
interrogation device 400 may be operatively coupled to the processor 500 by a data cable 402, which may
ransfer data and/or power between the interrogation device 400 and the processor 500. The data cable
402 may be a USB cable or any other suitable cable. Inh some embodiments, the interrogation device 400
may include wireless functionality for operatively coupling to the processor 580, The processor 500 can
include a display 502 for displaying data, such as a detecied waveform, an image of a speciral patiern, a

histogram of data, eic.

{8030} FIG. 3 schematically Hllustrates the interaction of the componenis of an example interrogation
device 400 and a computer. The processor 500 can be part of a computer, a {ablet, or any other suilable
device. The computer may further include a memory, a display, audio devices, and/or other components.
The computer may comprise a PC USE hub for operatively coupling to the inlerrcgation device 400, In
some embodiments, a display 502 may be separate from the processor 500, in some embodiments, the
interrogation device 400 can include a display. The interrogation device 400 can include the light source
100 (e.g., a laser dicde) and/or the photodetecior 200, in the example shown in FIG. 3, the lighi source
106 and the photodetector 200 are configured in a itransmission geometry around a sample 300 of
physiclogical tissue. The processor 560 may both exchange information with the photodetector 200, such
as receive generated signals, and the light source 100, such as send instructions for controlling operation
of the light source 100, In some embodiments, the sysiems may incorporate feedback for modulating the
emission of light from the light source 100 and/or the detection of light by the pholodetecior 200 according

to an analysis of the delected light and/or generated signals by the processor 500.

[0031] FiIG. 4 schematically depicts the interrogation of a physiological sample 300 which comprises
vascularized tissue, accerding to an embodiment of the invention. In some embodiments, including those
related to the interrogation of physiological tissue, the light emitled from the light socurce 100 passes
through a turbid medium in which the light is scatlered one or more limes, causing the light {0 diffuse.
Within the path of the diffuse light as it {ravels through the turbid biological medium, there may be vessels
302 of many types. The dotied arrows in FIG. 4 indicate the direction of blcod flow. The solid arrows in

FIG. 4 represent the vascular expansion of the vessels 302, The vessels 302 may contain light scaltering
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particles (i.e. light scatierers) undergoing motion, such as a steady or puisatile flow. For example, the red
blood cells 310 flowing through blood vessels can scatter and/or absorb the light emitted by the light
source 100. Siatic scatterers 320 may also scatter light emitied by the light source 100, Light traveling
through the furbid medium therefore may interact with the both the siatic base tissue in addition o the
flowing blood, as illustrated in FIG. 4.

{8952} The flowing blood may impart two major changes on the photons travelling through the sample 300,
Firsi, hemoglobin contained within the red blood celis 310 is highly absorptive at a range of useabls
wavelengths which can be suitably emilted from the light source 100, and acls 1o atienuale the intensity of
the light. Second, the flowing scatterers cause decorrelation of the coherent Hght emitted by the light
source 100, The photodetecior 200 is positioned relative 1o the light source 100 and sample 300 such
that at least some of the light emitted by the light source 100 is recovered by the photodetector 200 afier
diffusing through the sample 300. The pholodetector 200 can measure the infensity of the delected light
at each of its one or more pixels. The processor 500 operatively coupled 1o the photodetecior 200 may be
used to measuie the attenuation and the decorrelation of the light traveling from the light source 100 {o
the pholodetecior 200, By performing the detection over a period of time sufficient to caplure a subject’s
heartbeat {.g., one or more cardiac cycles), puisatile changes in the attenuation or the decorrelation of

scatiered light associated with the subject’s heartbeal may also be measurad.

[#953] The pulsatile nature of blood pressure and cardiac output imparied by the bealing heart causes
there {o be pulsatility in the net altenuation and decorrelation of coherent light passing through the tissue.
The puisatile attenuation of the light is hypothesized fo represent increases in vessel diameter due o
increased pressure. The change in red blood cell volume as a result of the pulsatile pressure in the blood
vessels may modulale the absorpltion of light by the red blood celis. This is the source of the
Photoplethysmogram (PPG) signal, typically defined as C*Ln(1/l) where | is intensity, Ln is the natural
logarithmy and € is a mulliplicative coefficient used 1o account for path-length and the molar extinction
coefficient of blood. The PPG signal, however, can be calculated in many other ways and embodimenis

of the invention may use any suitable derivation of the PPG signal.

[6054] in addition to the PPG signal, the hearibeatl also produces puisatile fluctuations in blood flow
velocity that modulate the cormrelation of coherent light passing through the interrogaied tissue. The
scattering of coherent light causes mutual interference in the light waves which randomiy alters the
intensity {i.e. the amplitude) of the scaltered light and may result in observable spatial patterns (e
speckie patterns) in the inlensity of scatiered light, such as the light detected by the photodetector 200.
When the coherent lighi is scattered by moving lighl scalterers, such as the red biood celis 310
undergoing pulsatile flow, the intensity of observed light at any given point {(e.g., at a pixal of the
phoiodetector 200) may change over time as a result of the changing position of the moving light
scalterers. The faster the moving light scatierer moves, the guicker the intensity patiern changes and the
quicker the coherent light decorrelates. The decorrelation may be observed both spatially and temporally.
Because the pholodetecior 200 cumulates light at each pixel over g finlte exposure time (i.e. shutter

speed), the changes in intensity thal occur during that fime, such as the result of the moving scatierers,
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will blur the detected image. The blurring is analogous 1o the way in which a fast moving racecar may
appear blurry when caplured by g slow-speed camera whereas a slower moving pedestrian may appear
perfectly clear when captured by the same camera. Similarly, faster moving light scatlerers will reduce
the spatial contrast in an image detecled by the pholodetecior 200, more than slower moving light
scatierers. The exposure time of the photodetsctor 200 may affect the amount of blurring (i.e. reduction in

contrast) observed.

[0935] Faster moving light scatierers will also tend 10 cause more rapid fluctuations at a given point in
space, such as at a single pixel, over time. The temporal effecis of moving light scatierers may therefore
also be observable at individual pixels over pericds of time longer than the exposure time. During such
time frames, faster moving light scatterers will catise more rapid fluctuations in the deleclted intensity of a
single pixel than will slower moving light scalierers. Therefore, in some embodiments, the systems and
methods may comprise a pholodetector 200 with a single piel or single operative pixel.  in
photodetectors 200 with mulliple operative pixels, it may be possible {o altain mulliple measures of

decorrelation over the same time peried from multiple individual pixels or from multiple groups of pixels.

{8056} The correlation of the scatiered coherent fight emitted from the light source 100 can be measured
with the photodetecior 200 and exdrapolaled to blood flow in a number of ways. The processor 500 may
be configured according {o a programmed algerithm to derive a contrast metric based on the intensily of
light detected by the photodetecior 200 at one or more pixels al one point in time or over a period of time.
A contrast metric may comprise any suitable guantification of the decorrelation in the intensity of delected
light caused by the motion of moving light scatiers within the sample 300. As such, the contrast metric
may inciude any metric that measures confrast between pixels. in some embodiments, the contrast
metric may be an inter-pixel contrast. in some embodiments, the contrast melric may be an inlra-pixel
contrasi, without deviating from the scope of the invenlion. in some embodiments, the conirast metric
may include one or more of the inter and intra pixel contrast, without deviating from the scope of the
invention. One example of a contrast metric is the speckie contrast (K}, defined as sigma / <> whers
sigma is the standard deviation of the raw signal and <I> is the average intensity. The standard devialion,
sigma, and average intensily, <i>, may be calculated from a sample of pixels belonging fo the
photodetector 200 according 1o standard mathematical calculations. Sigma is the standard deviation of
the pixels in a single image formed by the pholodetecior 200, The sample of pixels may be a generally
contiguous arrangement of adjacent pixels. A pixel may be adjacent another pixel If i shares a common
border portion, including an edge or a comer. The sample of pixels may be of any suitable shape and/or
size for deriving the contrast metric. A size and/or shape of a sample of pixels may be suilable (e.g. large
enough) for a parlicular sample 300 or type of sample if a broad enough range of conirast is obseivable
over the sample of pixels, such that the contrast may be guantifiably corrslaled 10 measures of the moving
light scatierers’ motion with desirable precision. Fasier moving light scaiterers may increass the amount
of blurring of pixels, thereby causing the standard deviation of the intensity {o decrease, and consequently
the speckie conirast will be lower. On the contrary, slower moving light scatierers may decrease the
amount of blurring, thereby increasing the standard deviation, therefore increasing the speckie contrast

in this way, the speckie contrast may be exirapolated o blood flow.
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{3057} Other suitable contrast meitrics may be employed by the systems and methods disclosed herein,
including the speckle flow index (defined as 1/K* where K is the speckie contrast as described herein), the
mean percent difference between pixels of the photodetector 200, the magnitude of fluctuation in the pixel
intensities over time, reduction of the pixels {o local binary patiemns or local ternary pallemns, elc. An
autocorrelation performed on the signal generated by a single pixel over a period of lime may quantify the

temporal decorrelation in detected light inlensity as a result of the molion of the moving light scatterers.

{0938} The calculated speckie contrast relates, at least in part, to the velocity of the moving light scatierers
and may be coirelated 10 a flow rate of such light scatterers. The flow rale may be determinable through
calibration of a given system in g particular configuration with sampiles of known flow rates. The flow rate
may be a measure of the volume of fiuid {e.g., blood) transported per unil of time (i.e. volumetric flow) and
may be represented in any suilable units (e.g., miJ/s). In some embodiments, the flow rale may be
determined as the velocity, or average velocily (e.g., m/s), of the moving light scatierers within a sample
300. In some embodiments, the flow rate may be determined as a measure of volumetric flux (e.g., mL-s

‘g™ through the blood vessel(s).

{8059} When measured rapidly over time or multiple time points, periodic fluctiuations in the flow rate may
be observed which reveal the hearibeat {ie. the cardiac cycle). Despile the specific process or
formulation, the measurement of g speckie signal generated by the flow of light scatterers (a speckie flow
signal) may be derived from sampling the correlation of the coherent light emitted by the light source 100
and detecied by the photodelector 200, The systems and methods disclosed herein may use any form of
this speckie correlation signal, which may be used {0 interrogate blood flow and the pulsatility therein, and

will be referred {o herein as the Speckleplethysmogram (SRPG).

{8060} Embodimentis of the invention comprise systems and methods o produce and analyze a waveform
associated with blood flow (SPG) and vessel volume (PPG)Y during the pulsatile cardiac cycle. The
waveforms may be derived by the processor 500 from the signals generated by the pholodetecior 200,
and/or in some embodiments ancther detector, and may comprise a single determinable value for every
sampled point of time across a continyous sample of time. When values for adiacent time points of a
waveform are connected, a smooth, continuous, and substantially periodic curve paltern is formed. The
waveform may comprise a period, the inferval of tirne that elapses during a single cycle of the waveform
before it repeats itself, and a corresponding fundamental frequency — the number of cycles that occur over
a unit time {a.g., 57 or Hz). As a non-limiting example, the contrast melric may be measured about 30
times in 1 sec {0 generate the SPG waveform. In other non-limiting examples, the contrast metric may be
measured 250 limes in 1 sec o generale the SPG waveform. [n some embodiments, the contrast metric
may be measured over multiple time poinis. As a non-limiting example, the contrast metric may be

measured at five time points which are 1 second apart to generate the SPG waveform.

{3061} An additional non-limiting example includes using a CMOS camera as a photodelector which may
acquire images at a rate of 100 frames per second for 60 seconds. Each acquired image may be used {o

compute a single speckie contrast value by computing the standard deviation of the intensity values within
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each image by the average of the inlensity values within each image. The resuling speckie contrast
values, corresponding 10 an acquisition rate of 100 values per second, are then plotled against their
respective time of acquisition resulting in an SPG waveform plot where speckie contrast is plotied against
time for 60 seconds. A similar process may be followed {o create a PPG waveform by compuling the
average of the pixel intensilies within each image (rather than the speckie contrast), and then plotting the
average intensity within each image and their time of acquisition. Because the human cardiac cycle has a
period of approximately 1 second, approximaiely 80 oscillations will be visible in the PPG and SPG
waveform due o changes in blood flow that accompany each hearibeat. For each heartbeat, differences
in PPG and SPG waveform features may be analyzed. in some embodiments, SPG and PPG data from
several heartbeals may be used for fealure analysis where the results of such analysis may represent the
average of all the included waveform data. Addilionally or aliernatively, in the example above, speckie
contrast within the collected images may be compited by calculating the standard deviation of pixel
intensily within a single pixel over multiple images and then dividing the result by the average intensity of
that pixel over the same group of images. The singular speckie contrast rnay then be computed by, for
example, computing the average of the resulling array of speckie conirast values computed within each
pixel. Such temporal computations of speckle confrast may be combined with spatial computations of
speckie contrast by compuling the standard deviation of pixel intensilies within a group of pixels in a
single image, as well as the inlensity values of those pixels in other images, and then dividing this value

by average pixel intensity value within this same group of pixels over time.

{9621 A single cycle of the waveform may be considered a puise. The SPG signal may be analyzed
independenily or may be compared 1o the PPG signal, and then related to a physiclogical parameter. The
systems of some embodiments may comprise the coherent light source 100 which is configured to
ifluminate a turbid sampie, the pholodetector 200 which is configured 1o record the remilted speckle
pattern, and/or a processor 500 for analyzing the delected signal(s) and generaling physiclogical relevant
data. The speckie paltern may be used to determine blood flow and bleod volume during the pulsatile
cardiac cycle of an interrogated subject, which produces the SPG and PPG waveforms. The two distinct
signals - derived from the coherent light of a single light source 100 - may be acquired, processed and

analyzed to provide information relaled 10 the physiclogy and pathology of the subject.

{8963} in some embodiments, relevant physiological information may be oblained directly from the signals.
A signal may be decomposed into one or more of its characleristic features, which may be identified and
exiracied from the signal by the processor. Physiological parameters may be determinable by comparing
characteristic features of a waveform to characleristic features of the same waveform or another
waveform.,  Various features of the signals may comprise embedded information descriplive of
physiciogical parameters. A characterislic feature may comprise any determinable characleristic of the
signal which is related to or descriptive of some physiological information. These may include, but are not
limited to, the timing of peaks or other discernible shapes that are repetitive in the waveform, magnitudes
of siopes {&.g. of a peak), peak sharpness {(e.g. width or height-lo-widih ratio}, amplitudes of peaks,
differences in amplitudes between peaks, eic. Both pulsalile and non-pulsatile amplifudes of the

waveforms can provide useful physiological information. Pulsatile amplitudes can include any part of the
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waveform feature that originates from the cardiac pulse, while non-puisatile amplitudes may characterize
effects that do not originate in the cardiac pulse {e.g., motion ¢f the patient, ambient light interference,
etc.). For example, a non-puisatile amplitude may characlerize the flow amplitude afier purposefully

chstructing the pulse through arterial occlusion {e.g., via an inflatable arm cuff).

{0064} Comparisons of fealures can include, but are not limited to, comparisons of quantifiable values and
the relative timing of features. Comparisons may be guantitative or qualitative. Quantitative comparisons
may include, for example, the difference or ratio belween the magniiudes of features (e.g., peak
amplitudes} or the timing of features (e.g., a time delay). Qualilative comparisons may include &
determination of which feature has a grealer or lesser quantified value, which waveform has more or
fewer of a feature or type of feature, or which feature occurred earlier or later in time. For example, a
characteristic feature may be the number of occurrences of local exiremna or the timing occuirences of
local extrema. The local extrema may comprise time points in which the waveform experiences a relative
maximum or minimum value over a period of time. The local exirema may include any point where the
derivative changes from posilive 10 negative or vice-versa and is therefore zero {as best determinable by
the processor 500). The processor 500 may count the number of occurrences of a maxima, minima, or
both within one or more pulses of a waveform, which may be indicative of pulsatility of the waveform. The
processor 500 can also determine the timing of the exirema, which may be used to delermine time delays

within the signal or between two signals.

#0635}  in some embodiments, the methods of analyzing the waveforms generated by the photodetector
200 and/or other deteclors comprises a decomposition of the one or more of the waveforms into basis
functions and respective amplitudes. Each basis funclion may comprise a mathematical expression
refating a dependent variable {o an independent variable. The dependeni variables for each basis
function may be scaled (i.e. multiplied) by a single coefiicient {i.e. respective amplitude) s0 thal a linear
combination or supsrimposition of the basis functions scaled by their respective amplitudes approximaies
the waveform or a represantation of the waveform over a range of the independent variable. The basis
functions may be any generalized basis functions. Physiological parameiers may be delerminable by
comparing the amplitudes of the basis functicns.  As an example, the basis functions may include 3
periodic basis function, a wavelet basis function, and the like. As a non-limiting example, an SPG
waveform may be analyzed by performing a Fourier transform on the waveform. Using this method, the
waveform may be decomposed using a sinusoidal basis function. The Fourler transform of the SPG
waveform thus provides the amplitude and frequency of sinusoids needed {o construct the waveform. |f
SPG data is acquired over time, an increase in the ampiitude of relatively high frequencies within the
Fourier transformed SPG waveform may indicate increasing vasoconsiriction. This is because increases
in vaseular tone are ofien accompanisd by an increase in the systolic upstroke within a blood flow-based
derived waveform. In ancther non-limiting example, the Fourier fransform of continuously collecied SPG
data may be used o compute an amplitude ratic of one relatively low freguency {(e.g. 1 Hz) i one
relatively high frequency {(8.g. 50 Hz} from each pulse waveform o create a continuous relative measure
of vascular tone. As such, the comparisons may include, but are not limited {0, a determination of which

basis function has the greater/lesser amplitude, the difference in amplitudes, and/or the ratic of one

P
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amplitude {o another.

[#d66] in some embodiments, the basis functions may be selected so that the decomposition results in a
signal that is dependent on an independent variable other than time. For example, the decomposition
may transform the waveform from being a time-dependent function info a frequency-dependent function,
which can be described by the superimposition of scaled frequency-dependent basis functions {i.e. a lime-
frequency transformation). in such a manner, the decomposition may be equivalent o performing a
Fourier transform on the time-dependent waveform. In many embodiment methods, the basis functions
may be periodic (e.g. sinusoidal) and the frequencies of each basis function may be integer mulliples of a
fundamental frequency of the waveform (i.e. harmonics). The first harmonic can be defined as equivalent
1o the fundamental frequency. The waveforms may be decomposed into basis functions that define other

spaces as well (i.e., defined by independent variables other than time or frequency).

{0667} in some embodiments, the methods of analysis comprise various steps for analyzing the
decomposed SPG signal alone {o recover a physiciogical parameler. In other embodiments, the methods
of analysis comprise steps for comparing the SPG signal 1o a second signal, wherein the second signal is
of a physiclogical origin distinct from that of the contrast metric (i.e. the speckie flow signal). For exampls,
the second signal may relgte {0 a metric of phole-intensity, rather than a metric of contrast, such as the
PPG signal, which originates in the periodic velumetric expansion of the vasculature, rather than the
periodic change in flow rate. The detected photo-intensity metric may be converted info a melric of
absorption.  This conversion may be performed numerically using the radialive {ransport equation or
estimaled through one of various diffusion approximations. For exampie, the metric of absorption may be
approximated by using the Beer-Lambert law with a-priori estimate for mean path-length. The Beer-
Lamberl law stales thal the percent of intensily transmiting through a sample is inversely relaled 1o the
exponential of absorption coefficient times the path length. The melric of absorplion can alse be

approximated by the inverse intensity of the detected signal.

{968} The second signal may originate from any reference signal including but not limited {0 an ECG
signal, PPG signal, a blood pressure signal, other measures of cardiac output, etc.  In some
embodiments, the ECG signal or other reference signal may be used in the absence of, or as a substitute
for the PPG signal. The SPG signal and reference signal may each be thought of as modified carrier
waves, wherein the carrier wave is a simple waveform (e.g. a sinusoidal waveform) representing the
periodicity of the cardiac cycle and the modifications of the carrier wave comprise embedded physiological
information.  In some embodiments the reference signal may not be a waveform. For example, the
reference signal may be a single value, a collection of intermittently sampled values, or an average valus

over a continucus sampling period {(e.9., blood pressure readings).

{068} Some features may be intrinsic {0 the dynamics of each signal alone and other features may relate
to a comparison of the signals. Features that are intrinsic io each signal may be described by the
amplitudes of selected basis functions or by the ratios of the amplitudes {(i.e. coefficients) of selecied basis

functions. In the case of frequency-dependent basis functions, the ratios may be harmonic ratics. The
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ratics may be calculated by dividing the resolved ampilifude of one basis function by the resolved
amplitude of ancther basis function. In some embodiments, one or more ratios are calculated for each
pulse (i.e. cycle) in the recorded waveform over a sample period of time (e.g., 100 pulses, 500 puises,
1000 pulses, 5,000 puises, 10,000 pulses, etc). The ratios may be simple or complex and may include
sums, differences, products, and quotients of ampliludes or other suifable mathematical operations. The
variabilily across the distribution of pulses may relate {6 a physiclogical parameter. The method of
analysis may comprise determining a distribution of ratio values for the sample of pulses. In doing so, the
processor 500 may generate a histogram, in which a conlinuous range of ratio values are discretized and
the number of sampled pulses exhibiting a ratio value that falls within each discretized range are tabulaled

{a graphical representation of the histogram does not necessarily need (o be displayed).

[6076] FiG. 5 illustrates an example of an algorithm that may be performed by the processor 500 {o
calculate descriptive statistics on an SPG signal generated by the processor 500 from input received from
the photodetector 200. The algorithm instructs the processor 500 to exdract single pulses from the SPG
signal or SPG waveform, append the exiracted pulse to Hsslf 1000 limes, perform a Fast Fourer
Transform (FFT), use a peak-finding routine {o calculate a harmonie ratio, and repeat the process for each
sequertiial pulse identified in the data set derived from the SPG signal. Once every pulse is completed,
the processor 500 may generate statistics describing the distribution of calculated harmonic ratios within

the data set.

{3071} Features that take intc account both signals include, but are not limited to: timing differences
between distinct features In PPG signal and SPG signal (e.g., the signal peak, sysiolic peak, diasiolic
peak, dicrotic notch, the minimum (le. “fool”), elc), differences between the full-width-half-maxima,
differences between slopes, differences between peak sharpness, the phase difference of the carrier
wave, and the relative magnitudes (i.e. amplitudes) of carrier wave harmonies. For example, one or more
harmonic ratios of the SPG signal may be compared 1o the same harmaonic ratios in the reference signal
{e.g. a ratio of ratios). The harmonic ratios can characterize the pulsatility of a signal (i.e. {arger harmonic
ratios characterize more pulsatile signals) and the comparison of the harmonic ratios may be indicative of
fissue health. For instance, someone with advanced vessel disease may display a relatively pulsatile
SPG signal and a relatively weak PPG signal, with much smaller harmonic ratios. For example, the ralio
of the 3rd harmonic {o the 5th harmoenic may be used io characlerize pulsatility.  The methods may
comprise any useful comparison of the SPG signal 1o a reference signal for exiracting the timings of
features and/or comparing features, which are descriptive of physiological parameters. The embodimenis
disclosed herein generally relate o the structure and timing features of the SPG signal. These timing

features can be derived from one of several technologies including but not limited to PPG or ECG.

[0072] FIG. 6 iustrates an example of an algorithm that may be performed by the processor 560 to
calculate the time delay between a detecied SPG signal and a detected PPG signal. The processor 500
may generate the SPG signal and the PPG signal from the same raw input signal received from the
photodetector 200, The SPG signal can be generated by calculating a measure of inter-pixel contrast in

the raw signal delected by the pholodetecior 200. The PPG signal can be generated by calculating the
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DC-averaged infensity of the raw signal delected by the photodetector 200, Both signals may be
additionally filered by the processor 50¢. The processor 500 may employ a peak-finding algorithm io
locate peaks within the SPG and PPG signals and calculalte a series of time delays belween

corresponding peaks.

{8973} The SPG waveform decompaosition method may include but is not limiled to: Fourier decomposition
to determine harmonic ampiitudes, wavelet decomposition, decomposition infte non-continucus basis
functions {e.g., comb or reclangle functions), and absiract feature decomposition. Absiract feature
decemposition decomposes the waveform info absiract features (ie. one or more non-continuous
quantitative values, determinable and comparable by the processor 500, which describe one or more
characleristic features of the waveform). Abstract decomposition, for example, can include decomposition
of a waveform into characleristic features, including but not limited 1o, the timing of peaks, a count of the
integer number of distinclive peaks within a particular time period, the count of the integer number of
times thal the waveform breaches a particular amplitude, and/or other characteristic features described
herein. In some instances, the features may be a binary description of whether a certain criterion is met

{e.g., whether the systolic peak is 50% higher than the diastolic trough).

{974} in addition 1o decomposing waveforms, the precessor 500 may generate and/or display usefil
representations of the dala, such as histograms and scalograms. For example, the processor 500 may
generate a scalogram as a representation of the amplitudes of a wavelet fransform. FIG. 7A illustrates an
example of an algorithm that may be performed by the processor 500 {o extract physiclogical parameters
from SPG and PPG signals generated from detector 200 input using the processor 500 to perform a
wavelet fransform on exiracied subsets of data from the signals. Wavelel transforms advantageocusly
provide frequency information on all time points, withoui the need o select a section for analysis {(8.g., as
with a FET). FiG.s 7B and 7C illustrate examples of SPG signals (boltom) generaled by a processor from
detector inpul and scalograms {iop) generatad by a processor from the SPG signals. FIG. 78 ilusirates
baseline daia collected on a subject with normal vascular tone. FIG. 70 illustrales data collected from the
same subject post-exercise {vasodilation conditions). As shown in FiG.s 78 and 7C, increasing arterial
resistance may be correlated with decreased higher frequency arierial components, as indicated by the
lower scale values, generally at ali sampled time values, for higher frequencies {e.g., 5-6Hz) in FIG. 7C
refative {o FIG. 7B.

EXAMPLES

{8075} The following are specific examples of the systems and methoeds presenied herein.

Example 1. SPG-PPG fime delay

{3076} The example here demonstrates the exiraction the time-delay between the SPG and PPRG signals.
The SPG signal, which is representative of the blood flow velocily, has slightly different morphological
characleristics than the PPG signal, which is representalive of the lissue vascular expansion. One
contrasting feature between the PPG and SPG signals is that the PPG signal peak {(i.e. the maxima within

a puise) lags the SPG peak in time. Different repetitive features in each signal such as the peak or the
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trough (i.e. the minima within a pulse) can be used 10 measure this liming offsel between the peaks.

{6077} FiG. BA shows the raw detected SPG and PPG signals in blue and red, respectively, over the same
fime frame. The slight timing offset belween the two signals in this example (indicated by the black lines)
is visually discernible. Measurement of the timing offsel provides meaningful physiclogical information.
FiG. 8B shows the average lime-delay of four subjects in three different physiclogical conditions. The
sguares were acguired post-exercise, the diamonds were acguired at a baseline, and the circles were
acquired during a coid-pressor challenge (the cold pressor challenge consists of submerging the subject’s
hand in ice water for around 30 seconds). This data demonstrates that the timing offset fealures are
related to vascular tone. Vascular tone may refer {o the degree of constriction experienced by a blood
vessel relgtive to its maximally dilated siale. Exercise relaxes vasculature 1o increase blcod flow while the
cold-pressor constricts vascuiature {o reduce blood-flow. The data shows that larger timing offsels are
experienced for all subjects when the blood vessels are relatively constricted. The increase in vascular
tone (i.e. arterial sliffness) may cause a delayed and/or an atienuated elastic expansion of the vessel.
The result can be detectad in the timing offsel and/or peak sharpness of the detected PPG signal relative
to the SPG signal. Finally, FIG. 8C shows the corelation belween the average time-delay and subject
age. In this siudy, a baseline signal was recorded and signals were then continually recorded as the
subjects underwent arterial occlusion and recovery by applying a blood pressure cuff 1o the subjecis’ arms
and cyclically pressurizing the cuff {s.g., 100-220 mmHg for ne more than 3 minules) and then quickly
depressurizing the cuff {e.g., 3-5 minute recovery). in doing so, the subjects’ interrogated biood vesseals
are expected to cycle belween vasoconstriclive and hyperemia-induced dilated conditions. The time
delay for each subject in FIG. 8C was averaged during post-hyperemia vasodilation. The data shows that
the timing offsel tends {o increase with age. The r-squared coefficient of this correlation is 0.8 and
indicates that time-delay may be a sensitive measurement for atherosclerosis assoclated with the aging
process. Atherosclerosis can reduce blood vessel compliance and, like vascular tone, may delay and/or
atienuate the filling of the inlerrogated binod vessel. Therefore, the measursd time delay belween the

delected PPG signal and SPG sighal may be predictive of atherosclerosis.

Example 2: PG Harmonic Content

{30478} This exampile demonstirales the recovery of physiological information from independent analysis of
the dynamics of the SPG signal. As pulsatile flow travels from the heart {0 the exiremilies the input
impuise is distorted by several vascular characteristics that include the atheroscierctic obstruction, arterial
branching, vascular compliance and blood pressure. By analyzing the frequency content of the SPG
waveform on a pulse-by-pulse basis i is possible to recover these characieristics quantifatively. FiGs
9A-9E demonstrates a method for extracting the frequency domain harmonic content from a detected
SPG signal. A single pulse is first identified within time-series data by the processor 500 (FIG. 2A},
extracted by the processor 500 (FIG. 88), appended to #iself numerous times such as, for example, 1000
times {(FIG. 9C), and then frequency transformed via FFT in order {o produce a harmonic specirum that
approximates a Fourler Series Expansion (FiG. 8D). This specirum is then used 1o calculale a harmonic
ratio based off any two harmonics. This process is then repeated for every single puilse within a given

data set producing a distribution of harmeonic ratios, as illustrated in FIG. 8E. The harmeonic ratio may be

20
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defined relative 1o the fundamenial frequency (e.g., the second harmenic ratio, Harmonic Ratio 2
(SPGHR2), is the ratic of the second harmonic to the fundamental frequency and so on) or between each

other (e.g., Harmonic Ratio 3-2 is the ratio of the third harmonic 1o the second harmonic and so on).

{8079} FiG. 10 depicts the correlation between the third harmonic ratio of the SPG sighal (SPGHR3) and
subject age. It shows a sirong inverse correlation beiween the third harmonic ratio and age, indicating
that freguency content, as derived by the disclosed systems and methods herein, decrease as individuals
get older. Frequency content (i.e. harmonic conieni) can generally be described as the frequency
components of a waveform. Harmonic conlent may be correlated with overall vascular health. It has
been shown in the liferature that the pulsatile frequency content (relatively higher frequencies) decreases
with age due o index mismaich at arterial branches that altenuates high frequency signal componenis,
The refractive index between the liguid and vessel influences the propagation of a velocity wave down a
vessel and can be affected by the cross-sectional area and elastic composition of an arery. Healthy
vasculature is generally well-matched in the refractive indexes between parent and daughter vessels at
vessel branching poinis. Atherosclerosis can affect bolh the elasticity and cross-sectional area of blood
vessels and therefore the refraclive index of biood vessels. As the refraclive index is dependeni on the
cross-sectional area of the blood vessels, atherosclerosis can affect the refractive index of larger parent
vessels differently from how it affecis the refractive indexes of smaller daughter vessels. Atherosclerosis
may result in index mismatch between parent vessels and daughier vessels. The systems and methods
disclosed herein may be used o quantify harmonic content and/or characlerize vascular health of a
subject. The determined physiclogical information may be indicative of index mismaich at sites of arlerial

pbranching, which may be predictive of atherosclerosis.

Example 3: Further Evidence of Clinical Utility

{0080} Using both the timing comparison belween the two signals as well as the frequency conient derived
from the structure of the SPG, # was possible 10 separate two distinct patient groups. The first group
consisted of individuals aged 50+ who have some combination of cardiovascular risk faclors. The second
aroup consisted of healthy conirols under the age of 35. FIG. 11 depicis a scalter plot of the subjects (the
first group indicated by trangles and the second group indicated by circles) with respect {0 their timing
offset (i.e. time-delay) and their measured third harmonic ratic, as determined by the systems and
methods disclosed herein. As shown in FiG. 11, the two groups can be discermnably separated within the
scatier piot based on the time-delay and the third SPG harmonic ratio. In general, the first group, which
comprises older subjects with cardiovascular risk factors, tend to have larger timing-offsets and lower third
harmonic ratios than the second group, comprising vounger healthy subjects, which generally positions
the first group in the upper feft portion of the scatter plot and the second group in the lower right portion of
ihe scatter plol. The combined timing-delay and third harmonic ratic may therefore be a useful faclor
{along with age) in diagnosing cardiovascular disease. The sysiems and methods disclosed herein may

have other potential clinical applications as well,

{3081} While the present invention has been described in iferms of particular embodimenis and

applications, in both summarized and detailed forms, it is not intended that these descriptions in any way

)
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limit s scope fo any such embodiments and applications, and it will be undersicod that many
substitutions, changes and variations in the described embodiments, applications and details of the
method and system Hlusirated herein and of their operation can be made by those skilled in the art without

departing from the spirit of this invention.

{0982} Various maodifications of the invention, in addilion 10 those described herein, will be apparent o
those skilied in the arl from the foregoing description. Such modifications are also inlended o fall within
the scope of the appended claims. Each reference cited in the present application is incorporated herein

by reference in its entirety.

[6083] Although there has been shown and described the preferred embodiment of the present invention,
it will be readily apparent {o those skilled in the arl that modifications may be made therelo which do not
exceed the scope of the appended claims. Therefore, the scope of the invention is only to be limiled by
ihe following claims. Reference numbers recited in the claims are exemplary and for ease of review by
the patent office only, and are not limiting in any way. The figures presented in this patent application may
or may not be drawn to scale, including the angles, ratios of dimensions, efc. in some embodiments, the
figures are representative only and the claims are not fimiled by the dimensicns of the figures. In some
embodiments, descriptions of the inventions described herein using the phrase “comprising” includes
embodiments that could be described as “consisting of, and as such the writlen description requirement

for claiming one or more embodiments of the present invention using the phrase “consisting of’ is met.

{30684} The reference numbers recited in the below claims are solely for ease of examination of this patent
application, and are sxemplary, and are not intended in any way to limil the scope of the claims to the

parlicular features having the corresponding reference numbers in the drawings.

0D
N



WO 2018/191745 PCT/US2018/027769

WHAT IS CLAIMED 1S:

1. A system for determining one or more physiological paramelers in a subject, the system
comprising:

a Hght source positionable along a first location ouiside of the subject, and configured to
direct light from the first location ioward a plurality of light-scattering panticles flowing in puisatile
motion within a blood vessel inside of the subject;

a photo-sensitive delector positionable along a second location outside of the subject,
and configured to detect light scaliered by the pluraility of light-scatiering particles and generate a
signal related {o the detected light; and

a processor comprising a program and a memory, wherein the processor is operably
coupled {o the photo-sensilive detecior and configured 1o receive and store in memory the signals
generated over a period of time;

wherein the processor is programmed 1o:

derive contrast metrics from the signals stored in memory over the period of time, whersin
the conirast melrics comprise inter-pixel and/or intra-pixel eontrast information;

calculate a waveform from the contrast metrics;

decompose the waveform infe one or more characieristic features; and

make a comparison using the one or more decomposed characieristic features o
determing the one or more physiological parameters.

2. The system of Claim 1, wherein the processor is further programmed to converl the contrast
metrics info metrics of volumetric flow,

3. The system of Claim 1, wherein the one or more characleristic features are amplifudes of a basis
function and wherein the processor is further programmed to generate a histogram based on a
ratic of basis funetion amplitudes.

4, The sysiem of Claim 1 or 3, wherein the one or more characleristic features are amplitudes of a
perindic basis function, and the decomposition is equivalent to a lime-frequency fransform.

5. The system of Claim 1 or 3, wherein the one or more characleristic features are amplitudes of a
wavelet basis function, and the decomposition represents a wavelet transform.

6. The system of Claim 1, wherein the one or more characteristic features are abstract features.

7. The system of Claim 1 or &, wherein the one or more characteristic features describe g width of the
waveform pulse.

&. The sysiem of Claim 1 or 6, wherein the one or more characleristic features are timing occurrences
of jocal extrema,

9. The system of Claim 1 or &, wherein the one or more characleristic features are ampilitudes of local
axtrema.

10. The system of Claim 1 or 6, wherein the one or more characteristic features are magnitudes of
slopes of the waveform.

11. The system of Claim 1, wherein the one or more physiological parameters relates to one or mors

of atherosclerctic obsiruction, vascular compliance, blood pressure, cardiac oulput, venous

[
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12.

13.

17.

18.

19.

20.

21.

status, hydration status or vascutar fone.
A method for determining one or more physiological parameters from lighi-scatiering particles in
puisatile motion within a physiological system, the method comprising:

positioning a light source at a first site cutside of the physiclogical system;

actuating the light scurce, such that light is directed toward the light-scattering particles;

positioning a photo-sensitive deteclor at a second site ouiside of the physiclogical
system, wherein the second site is located along a path of light scatiered by at least some of the
light-scattering particles;

using the photo-sensitive detector to detect light scatiered by at least some of the light-
scatiering particles over a period of time;

communicating signals related {o the detecied light to a processor,

deriving infensity values from the communicated signals;

calculating a contrast metric by comparing the intensity;

producing a contrast waveform related {o the puisatile motion of the light-scattering
particles based on a change in the contrast melric over time;

decomposing the contrast waveform inlo one or more characleristic features;

making a comparison using the ons or more decomposed characterislic fealures, and
determining the one or more physiclogical parameters based at lsast in part on the comparison.
The method of Claim 12, further comprising:

determining a reference signal of a physiclogical origin distinct from the contrast metric,
wherein making a comparison comprises comparing the contrast waveform 1o the reference

signal.

. The method of Claim 12 or 13, further comprising relating the conirast metric to a metric of

volumetric flow.

. The method of Claim 13, wherein the reference signal is a pholo-intensity metric.

. The method of Claim 15, further comprising converting the phote-intensity metric into a metric of

absorption.

The method of Claim 13, 15 or 16, wherein comparing comprises comparing lemporal locations of
a characteristic feature found in both the contrast waveform and the reference signal.

The method of Claim 13,15 or 16 wherein the reference signal comprises a reference waveform
and comparing comprises comparing pulsatile ampliiudes of the conirast and refersnce
waveforms.

The method of Claim 13, 15 or 18, wherein the reference signal comprises a reference waveform
and comparing comprises comparing non-pulsatite ampiitudes of the contrast and reference
waveforms.

The method of Claim 13, wherein the reference signal comprises a reference waveform, and the
method further comprises decomposing the conirast and reference waveforms into basis
funclions and respective ampiffudes, and wherein comparing comprises comparing the
decomposed contrast and reference waveforms.

The method of Claim 13, 15 or 18, wherein comparing comprises delermining a temporal offset of
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22.

23.

24,

. The method of Claim 12, wherein the one or more physiological parameters relaies io one or morse

25.

27.

29,

30.
3t

32.

one of more characteristic fealures.

The method of Claim 20, wherein comparing comprises comparing one or more basis function
amplitudes of one decomposed waveform to one or more basis function amplitudes of the other
decomposed waveform.

The method of Claim 22, wherein comparing the one or more basis funclion ampliiudes comprises
comparing one or more ratios of basis function amplitudes of one decomposed wavsform to one
or more ratios of basis function amplitudes of the other decomposed waveform.

The method of Claim 13, whersein the reference signal is an electrocardiogram.

of atherosclerctic obsiruction, vascular compliance, blood pressure, cardiac ouiput, venous
status, hydration status or vascular tone.
A method for determining one or more physiciogical parameters from light-scatiering particles in
puisatile motion within a physiclogical system, the method comprising:

generating an image of the physiclogical system using a coherent light source, wherein
the image comprises a speckie pattern;

calculating a contrast metric by calculating inter-pixelor intra-pixel contrast in the image
or over mutftiple images;

producing a contrast waveform related o the pulsatile motion of the light-scattering
particles based on a change in the conirast metric over muitiple time points;

decomposing the centrast waveform inio one or more characleristic features;

making a comparison using the one or more decomposed characteristic fealures, and

determining the one or more physiclogical parameters based at least in part on the
comparison.
The method of claim 26, wherein generating the image comprises;

actuating the light scurce positioned at a first site outside of the physiological system;

detecting light scattered by at least some of the light-scattering particles from a second
site ouiside of the physiclogical sysiem, wherein the light is detecled by a photo-sensitive detecior
posiliocned at the second sile, wherein the second site is located along a path of light scatisred by
at least some of the light-scaltering parlicles; and

generating the image from the delected fight.

. The method of Claim 27, further comprising:

determining a reference signal of a physioclogical criginn distinct from the contrast metric,
wherein making a comparison comprises comparing the contrast waveform {0 the reference
signal.
The method of Claim 286, 27 or 28, further comprising relating the contrast metric o a metric of
volumetric flow.
The method of Claim 28, wherein the reference signal is a pholo-intensity metric.
The method of Claim 30, further comprising converting the photo-intensity metric infe a meltric of
absorption.

The methed of Claim 28, 30 or 31, whersin comparing comprises comparing temporal locations of
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33.

34.

35.

]

37

38.

40

g characterisiic feature found in both the contrast waveform and the reference signal.

The method of Claim 26, 30 or 31, wherein the reference signal comprises a reference waveform
and comparing comprises comparing pulsatife amplitudes of the contrast and reference
waveforms.

The msthod of Claim 26, 30 or 31, wherein the reference signhal comprises a reference waveform
and comparing comprises comparing non-puisatile amplitudes of the contrasi and reference
waveforms.

The method of Claim 28, wherein the reference signal comprises a reference waveform, and the
method further comprises decomposing the contrast and reference waveforms info basis
functions and respective amplitudes, and wherein comparing comprises comparing the

decomposed contrast and reference waveforms.

. The methed of Claim 26, 30 or 31, wherein comparing comprises determining a temporal offset of

one or more characieristic features,

. The method of Claim 35, wherein comparing comprises comparing one or more basis funclion

amplitudes of one decomposed waveform 1o one or more basis funclion amplitudes of the other
decomposed waveform.

The method of Claim 37, whersin comparing the one or more basis function amplitudes comprises
comparing one or more ratios of basis function amplitudes of one decomposed waveform {o one

oF more ratios of basis function ampliiudes of the other decomposed waveform.

9. The method of Claim 28, wherein the reference signal is an electrocardiogram.

. The method of Claim 28, wherein the one or more physiclogical parameters relates to one or more

of atherosclerciic obstruction, vascular compliance.
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