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(57) Abstract: One aspect of the invention provides a method
for assessing peripheral arterial function in a subject. The
method includes: conducting diffuse correlation spectroscopy
on a local region of the subject; applying pressure to restrict
blood flow to the local region for a period of time; conduct-
ing diffuse correlation spectroscopy on the local region while
the pressure is applied; releasing the pressure; and conducting
diffuse correlation spectroscopy on the local region after the
pressure is released. Another aspect of the invention provides
a system including: a diffuse correlation spectroscopy device
and a pressure cuff.
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METHODS AND SYATEMS FOR ASSESSING PERIPHERAL ARTERIAL FUNCTION

CROSS-REFERENCE TO RELATED APPLICATION
This application claims priovity to U8, Provisional Patent Application Serial
No. 81/946,826, filed Mareh 2, 2014, The entive condent of this application is hereby

incorporated by reforence herein

BACKGROUND

PFAD affects 10 mitlion Americans and adds $4.4 billion to snnual US healtheare costa.
In aeldition o the direct costs, as the leading cause of amputation, peripheral apterial disease and
its associated co-morbidities cost Americans npwards of $130 billion cach year. Unfortunately,
PAD i3 under-diagnosed and undertreated for the 16.5 million asymptomatic Amerieans, The
narrowing or blocking of arteries van cause pain in the legs (called lntormittent claudicationy,
tead fo strokes, or result In complete loss of cirenlation in limbs causing gangrene and loss of
fimb.

Cligaretie smoking i the most timportani visk factor for development of PATY Forfy-fowr
mitlion American's smoke, which resulis o impaired arferial health, cosling the United States
over $139 hillion (396 billion 1o healtheare costs and $97 billicn in lost productivity). It hag been
well decumented that cigavetie smoking, even passive (secondhand) tobacco exposuie 20 yoars
later, can lead fo endothelial cell dysfunction, diagnosed as an impajrment of the vessels ability

to expend during veactive hvperemia,

SUMMARY OF THE INVENTION

One gspect of the invention provides a method for assessing peripheral arterial function
in a subject. The method includes: conducting diffuse correlation specirpscopy on a local region
of the subject; applving pressure (o restrict bood flow to the focal region for a petiod of time;
conducting diffuse correlation spectroscopy on the local region while the pressure is applied;
releasing the pressure; and condueting diffuse correlation spectrogcopy on the local region alier
the pressure ig released.

This aspect of the investion can have g variety of embodiments. The local vegion ean be
a ball of the subject’s foot. The pressure can be applied by a blood pressure cuffl The pressuze

can be equal 1o or greaier than the subject’s systolic blood pressure, The pressure can be

R
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about 35 mm Hep greater than the subject’s systelic blood pressure, The method can farthey

include ealonlating a spike between blood flow while the pressure {s applied and blood flow after
the pressure 15 relegsed. The method can further include caleulating & durgtion befwoen release
of the pressure and a peak of the spike.

The method can further include calenlating g duration between release of the prossure and
areturn of blood flow to g pre-pressnre fevel,

The period of tine can be selected from the group consisting ofk belween about T ntute
ansd about 2 minutes, befweent ahout 2 minutes and about 3 mioutes, between about 4 minuies
and ahont 5 minntes, and greater than about $ minutes,

The siep of conducting diffuse correlation spectroscopy can include: applying lighito a
first Jocation of the subject’s sking detecting photons resuliing from injeractions between the light
and moving objects under the subject’s skin; correlating arrival times of the phetens with lght
scattered intensity: and calealating s diffusion coctficient based on andocorrelation of the light
scatiered intensity.

The light applied to the subject's skin can be near-infrared light, The light applied to the
subject's skin can have a wavelength between about 830 mn and abowt 1,000 nor. The hight
applied to the subject's skin e have a wavelength of about 785 iy, The light can be generated
by along-coherence laser. The laser can bave g coherence of ghout 10 m, The light applied o
the subject’s skin can be conveyed to the subject’s skin by a multimade optical {iber,

Light can be detected on a surface of the skin at a second location between about T nu
and abiout 6 om from the first location, The second location can be about 1.1 om from the first
lncation.

The correlating step can utilize g mulii-tan autocorrelation algorithm,

The photons can be defected via one or more single mode optical fibers. The ong or more
single mode optical fibers can gach have a diamater of about § microns.

The steps of condueting diffuse correlation speciroscopy gan Rather include generating a
transistor-fransistor logie (TTL) pulse cach time a photon is detected.

The steps of vonducting diffuse correlation spectroseopy can farther inclnde pedforming
diffuse near-infrared spectroscopy (DNIRS) to determine the skin's optical scaitering and

absurption coetlivients.
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The steps of condusting diffuse corvelation spectrescopy ean further include solving the

sRgr aKara

equation g, (7, 7) ”m( b \} whersit! g4 15 an infeusity adocorrelation Tunction; p
3 S

represents a distance between a light source and g Hghi detector; T represents delay tmey g§ s
reduced seattering coctlicient; &p is a loss term related o photon absorption, seattering, and

dynanie loss related to mean-squars-displacement of seattering pariicles; ry =

VOR(Z =gy = pt (B gy + 2505 kp = \j S s A+ S RET T T = oDy Dy isa

red blood cell diffusion coefficient; « s proportional 10 a volume of ved blood cells in the local
ropion; and &, 13 & photon wave number 2a/3.

Another gspect of the invention provides a system including » diffuse correlation
speotroscapy device and a pressure cudll

This gspect of the invention can have a variety of embodiments. The system can further
inchude a Qomr:a?si}w programmed to confrol eperation of the diffuse correlation spectroseapy
devies and the pressure cudl in order {o; conduet diffuse corvelation spectrascopy on a loval
region of the subject: apply pressure to restrict blood flow to the local region for g period of time:
conduct diffuse carrelation spectroscopy on the loead reglon while the pressure is applied; release
the pressure: and vonduct diffuse correlation spectroscopy on the local region after the pressure
is redeased,

The system can further include & diffuse near-infrared speciroscopy devies.

BRIEF DESCRIPTION OF THE DRAWINGS
v a faller inderstanding of the nature and desived objeots of the present invention,

reference is made to the following detsiled deseription faken in conjunction with the figures
wherein:

PG, 1 depiets a DCS systen in accordance with embodiments of the invention;

FIG, 2 depiets autocorrelation plois in sccordance with embodiments of the invention;

FIG. 3 depicts g eross-sectional model of a silicone flow phantorn inehuding small {<3mm
funer diameter) clear rubber tubing in & coil shape within a silicone phantom used to fest
enrbodituents of the Invention;

FIG. 4 depicts a plot of diffusion coeffivients against the known {flow rates to determine

the Hincarity of smbodiments of the mvention;

<3
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FIG, 3 depiets an integrated DUS/DNIRE probe in accordance with embodiments of the
mvention,

FIG. & depicts ¢ method 600 of assessing poripheral srterial function in accordance with
embodiments of the mvention;

FIG. 7 depiets a systen 700 for assessing peripheral arferial funetion In accordance with
an stvbodiment of the nventio;

FIG. 8 is a plotof blood flow tdices (BFL) over time during conpression and following
release as measwred by embodimends of the nvention;

FIG, § depicts experimental autocorrelation curves during basehing, during compression,
and following release produced in accordance with embodiments of the invention;

FIG, 10 depiois a 31 plot of BE obtained following changes in absorplion and seattoring

cefficients in accordance with embodiments of the invention;

FIG. 11 depicts an example of collegted BFls over time during a compressicen protocol in
aceordance with embodiments of the invention:

FIG, 12 provides a chart of fime-delay-tosreperfusion spike based upon peripheral artery
discase severity as measured in gccordance with embodiments of the tvention (bars represent
standard error, ¥p<0.02);

FIG. 13A deplets a capillary reperfusion spike relative to basehine values based on
tobaceo use ag megstred in accordance with embodiments of the Invention (p<0.32);

FIG. 13B depicts capillary oxygen safurgtion based on tobaceo nse as measursd in
gecordance with embodimenis of the invention (=002} and

FIG, 14 depicts hemoglobin concentrations of smokers and nom-smokers as measnred in

accardance with embodiments of the investion,

DEPINITIONS
The instant invention Is most clearly understood with reference o the following
definitipns.
As used b the specification and claims, the singolar form “a,” “an,” and “the” include
plural references nnless the context clearly dictates otherwise,
Unless speciffvally stated or ebvious from condext, as used herein, the term “about”™ is

understood as within @ range of normad tolerance B the ant, for example within 3 standard
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devigtions of the mean. About can be understood as within 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%,
3%, 194, 0.5%, 0.1%, 0.05%, or 0.01% of the siated value, Unless otherwise clear from context,
all numerical values provided heredn ave modificd by the term about,

As used in the specification and claims, the terms “comprises,” “comprising,”

“comtaining,” “having,” and the Hke can have the meaning ascribed to them in LLE, patent law
and can mean Vlachades,” “including,™ and the like.

Ranges provided herein are understood {0 be shorthand for all of the values within the
range. For example, a range of 1o 30 is anderstood to include any number, combination of
numbers, or sub-range from the group conststing 1, 2, 3,4, 5,6, 7.8, 9, 10, 1L 12, 13, 14 15,
16, 17,18, 19,20, 21, 22, 23,24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41,
4243, 44, 43, 48, 47, 48, 49, or 5O (as well 95 fractions thereaf unless the context clearly
dictates ctherwise}.

Unless specifically stated o obvious from context, a8 used heveln, the term “or™ s

understood 1o be nclusive,

DESCRIPTION OF THE INVENTION
e aspect of the invention utilizes Diffuse Correlation Spectroscopy {(DCS) and
opticnally Diffuse Near Infrared Spectroscopy (DNIRS) to assess microciroulation i a subject.
Embodiments of the invention are particulasly useful for detecting andfor assessing the severity
f Peripheral Arterial Discase (PAD) and/or vaseular effects of smoking in adults,
The cureent diagnostic testing for Peripheral Arterial Discase, which uses Doppler
ultrascund to assess the flow of blood throngh arferies, involves ultrasound examunation and

requires trained professionals to read the dota, but also use subjective assessments of polse

volume recordings and patient history to ulimately diagnose the disease and it severity.

Therefore, there Is a clinical need for o puantitative sssessment of arterial health that i

independent of, and actually provides additional information tewards, the patent’s medical
history (speeifivally smoking).

Diffuse Cotrelation Spectroscopy 18 a tool for assessing microvaseular flow in deep (up

to several centimetors) tssues, DCS utilizes the fluetuations i temporal intensity of mudtiply-

scattored Hght to noninvastvely quantify the movement of scatterers in the tissue (predominantly

red blood cells). DCS has been validated apainst other modalities (namely arterial spin labeled
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MRI and Doppler Ulttasound), Similarly, DNIRS noninvasively assesses conpentrations of oxy-
and deoxy-hemoglobin, the two primary absorbers i the vear tnfrared window (typically 650nm
0 B30nm)

Optical Technologiey

Diffuse Correlation Spechroscopy is an optical technology based upon the principles of
photon correlation spectroscopy, which analyess the temporad fluwewmations of speckle light
atensity due to interactions with moving pacticles, namely red blood cells. Dynamic light
scaltering or photon correlation spectroscopy 18 8 method that has been used to study the
dynamics of small (<10um) paricle motions In solutions, blopelymers, and liguid oryetals

among others, FiG, 1 de.pic.ts a DUS sysi‘:’:z‘n i,z‘i.iﬁzing a 783, icu‘x.g,vf:nhﬁ:m‘me tfwwn'l} laser,

The @p{icaﬂ fiber that ﬁeiivs‘:m the li gh.t {0 the tissue is a muliimode (tspl‘icaﬁ hber? while the
aptical fiber which detects the Hght (eg, 1.1 cm away) and connects to the detector (the next
component to be deseribed) is a sogle mode fiber (core diameter ~Spum), resulting i a
penetration depth of approximately 5 mm inte the tissue, A single-mode {iber fe preferable as 1t
can detect infensity fluctuations in a single speckle area, The detector for the DCS syster can be
a single photon connting module (SPCM) (Pacer, Palm Beach Gardens, FL), Each time a photon
is detecied, a 30 ns wide iransistor-transistor logic (TTL) pulse (minimum of 2.5 volis} is
outputied via @ BNC connection,

The outpat of the SPCM is connected to a multisan autocorrelator {Correlator.com, Shen
Fhen, China). The autocorrelator iy argnably the center of the DCS system, converting the
photoss arrival times into the temporal correlation function of light scattered infensity used io
caleulate the diffusion coefficient,  The multi-au autocorrelator, separaied Into bins of sizes
from 16 ns to several minutes, I8 desipned to allow measwremnent times ranging from
nanoseconds to howrs, giving the system a dynamie femporal resoluation while reducing the
computational load of other autocorrclation systems, A complete description of how the

autocorrelator operates can be found in €. Zhou, fn-vive optical imaging and spectroscopy. of

cerebral_hemodynamics (2007 (Dissertation),  In the vanonnalived intensity autocorelation

function, the vumber of photons amived inthe ¥ Bin i multiplied by the photons from the 0
3 3 i
(first) bin, as shown in equation (1)
G2{ry) = {ny e ng) (1)

e
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whete < > is used o denote averaging, which (¢ pecforned thvonghout the entive acquisition
time, The oversl] awtocorrelation function, G20y, s constantly updated and pormalized before
being passed  the computer,

The DCS sysieom way validated using both single and pmltiple scatiering regime
techiiques,  Partivles of koown sizes ranging from 200-300 am were measured in single
seattering mode (7.5 parts per million), The DUS caleulated size was determined using the

caleulated diffusion coefficient, Dy, according o Equation (2}

e?s. bS] T :
8= sunr )

The computed sives were atatistically similar {p>0.08) io the sizes calonated by a

N

cenruntercial particle sizer (Malvern, Westhorongh, MA), which operates off the same principle
of dynamic light scatiering, In o muitiple scatiering regime, diffusion coefficients were
aleulated with source detector separgtions ranging from 10-23 mum in a beaker of 1%
INTRALIPIDR fat emulsion used in optical testing az it has the absorptive propurties of water
and the scattering properties of human tissue. In this test, # was expected that all fheee distances
would yield the same diffusion cocfficient, but greater sourcedeteetor sepavations would
manifest as shifts in the autocorrelation fimetion fo the left, representative of the increagsed
munber of scattering events experienced during the path length of the photon compared i
shorter separations, The autocorrelation function plots can be seen in FIG, 2, and the diffusion
coefficients caleulated hiad less than 4% standard deviation (7959 cin™s to §.58-9 cna™/a),

Finally, a flow phantom was ereated by inseriing a small (<3mum inner diameter) olear
rubber tublng in a coll shape within g silicons phantom {meodeled in PH3. 33 A controlled How
in 0.4% INTRALIPID® faf emiadsion passed through the fubing at speeds ranging frowm 0.5-4
mi/min, The diffusion coefficients were plotied against the known flow rates to determine the
linearity of the systom, resulting in an® of 1,00 48 seen in FIG. 4,

For in-vivo work, the effective tissue blood flow can be charscterized by using the red
blood cell diffusion coefficient By and 8 parameter I = iy, where e i3 proportional to the
volwms of red Bood cells in the tssue, The expression for the intensity autocorrelation function
# asan exponential function is provided in Bquation (3) depending on the exponent, &p and the
ferms 1y and 1, related © the root mean squared displacement of the Hight, and k. the photon

wave nomber (J/d),

3
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S ferhete grleTa |
] ‘AE) = T m— ) 3’)
1o T, %n’( oy . &)
rmpt (- 2g)? R gy + 220, Ky = j*% Lt o+ bgzs kit {4

It shonld be noted that the solutions listed above solve for the ¢ aulocorrelation curve,
The ¢y antocorrelation cwrve is based o fields, which cannot easily be direcily measured,
However, the & autocorrelation fonction, which is based on Hght intensity, can be measured,
Since the scatiered field is Gaussian, the Siegert velation (Galr, t=1+Ble 1, DF) can be used to
gonvert (s to Gy and enable dats filting and gventual bleod flow caloulation, An example of a &
autocorrelation function can b ssen tn FIGL 2.

The 75 solution requires the knowiadge of the Gssue's opticad scattering and absorption

oefficionts, A Diffuse Near Infrared Spectroscopy (DNIRS} device can measure these

goefficienis and is deseribed in M8, Weingarten et al., “Diffuse near-infrared spectroseopy
prediction of healing in diabetic fool ulcers: A hynan study and cost analysis,” Wound Repair

and Regeneration (2012 E. Papazoglou et al., *Assessment of diabetic foot uleers with diffuse

near infrared methodology™ (2008); E. Faparoglou et al, “Noninvasive agsessment of diabetic
foot ulcers with diffase photon deastty wave muﬁmﬁ‘oiuwy pilot human study,” 14 1, Biomedical

Qptics 064032 (2009): MUK, Weingarten, et al,, “Prediction of wound healing in humman diabetic

foot nleers by diffuse near infrared spectroscopy: A plot study,” 18(2) Wound Repair and
Regeneration 180-85 (2010,

Bricfly, the DNIRS svstem includes six source fibers which deliver 70 MH2 intensity
modidated light from Jaser-diodes at 685 nm or &30 nm wavelengths, The Hght passes through a
MEMs optical switch that allows the transmission of one wavelength of Hght af & time through
one souree fiber, The Hpht is then sent through the subsequent soutee fibers before the
wavelength is changed and the process repeats for all source fbers and wavelengths, The
hackscattered Hght then is collected by two detector fibers located in the experimental probe
betwoen 4-16 mm from the varions source fibers and is registered by avalanche photodiodes,
The device then uses & quadrature demodulator to meastee shifts n phase and changing
ampliinde in the scattered Heht compared to incident light, both as g function of source-detecior

separations,
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This dats was then fit into the diffusion spproximation medel and the opiical absorption

{1a) and reduced @pi‘i :al seattering (us'y coefficients were calenlated. The optival scatteriug and
absorption coefficients can be used to then caleulate the oxvgen saturation and hemoglobin
concentrations of the capii.iar}-’ beds in the measured tissue,

The BICS and DNIRS systems can be integrated such that all optical fibers connect to &
single (PTFE) TEFLONM® probe, shown in FIG. 5. Tt should be noted that the DNIKS system
doey not include & 785 am wavelength laser, so the optival absorption and scattering coctlicients
are estimated using the 685 nm and 830 wn coefficients caleulated by the DNIRS

Methods of Assessing Peovipberal Artorial Funetign

Referring now to FIGL 8, o wethod 800 of assessing peripheral avterial function is
provided. This subjeet can be any animal, sach as & huma.

o step 8602, diffuse correlation speciroscopy s performed on a lozal region of the
subject, In one preferred embodiment, the local region is the ball of the subject’s foot.

In step 8602y, DNIRS iy optionally performed to obtain the tissne's optical seattering and
absorption coefficients, The optional DNIRS steps can be performed in between DCS
measurements (e.g, about every 4 seconds, about every 8 seconds, and the like).

In step $604, pressure is applied to resivict blood flow w the local region for period of
time. For example, a blood pressure cuff can be applied 1o the subject’s calf and inflated o a
pressure preater than the subject’s systolie blood pressure (e.g., abont 28 mm Hy greater than the

subject’s blood pressurg). The period of time be can be, for example, between about 1 minute
and ahout 7 minates, betwesn about 2 minutes and about 3 minutes, between about 4 mimues
and sboni 5 minuies, or greater than abowt § minutes.

T step 8606, DOS s performed on the tocal region while the pressure is applied and
blood flow to the tocal reglon 18 restricted.

In step 8608, the pressure ts released.

T step 8610, DOS is performed on the local region after the pressure is released,

Tn step S612, one or more results are calvulaied. These results can include: the
magnitude of a spike between blood flow while the pressure 15 applied and blood fow after the
prossuee §s released, a duration beiween release of the pressure and a peak of the spike, and a
duration between release of the pressure and a return of blood How toa prespressure level.

Rystems of Assessing Peripheral Arterial Function

G
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Referring now to FIG, 7, a system 700 Tor assessiog periphoral arterial function iy
provided, Systens 700 can nclnde a DCS device 702 and a blood pressure cuff 704, DOS

device T02 can optionally alse perform DNIRS ax described herein, Alfernatively, o separate
DNIRS device 700 can be provided, A controller 708 (eg., a general purposs computar
prograsamed with appropriate softwarg or a specially configured hardware device can
comnnnicated with DICS deviee 702 and/or TINIRX device 706 to obigin appropriaie
sreasuraments and perfornt one or more the caleulations discussed herein, Additionally or
alternatively, controlier 708 can communicate with and/or control operation of blood pressure
cuff. Snch an ewboediment weuld cnable a completely automaied devige,

Workine Example— Haman Study

Twelve patients who were preseribed g segmental arterial study with pulse volume
recording were recrutied from the Drexel University Depariment of Surgery Vascular
Laboratory, The study protocol was reviewed and approved by the Drexel University College of
Medizine Institntional Review Board. Eligible patients were between the ages of 18 and 80 and
had no keown acute deep vein thrombeses, Patients underwent, and completed, a routing
segmental study, sdministered by a skilled vltrasound fechnologist and as preseribed by the
treating physician, For the optical study, one blood pressure cuff was placed on the calf of one of
the patient’s syimptomatic legs. This location was chosern as it was far enough away from the
optival probe 1o not cause motion artifacts, yei was not too far up the leg to cause,

The optical probe was then placed on the ball of the foot and secuved with silk medical
tape. Baseling blood Hlow measurcments were taken for 2 minutes (~4 second temporal
resohution), then the remaining ouff was inflated to 25 mm Hg higher than the ultrasounds
determined sysiolic pressare, The cull remained inflated for ~4 minutes while continnous optical
measurements were taken after which the pressure was released and the blood flow was
monitored for an additional 2 minptes. Al cach individual measurement time poin, the DS
device collected a single blood flow index with an averaging time of 1.5 seconds. Following
this, the DNIRS device completed a single measurement (involving the scanning 4 separate
wavelengths through & optical fiberg). The INIRS measurcment took ~2.5 seconds.

The blood flow index (BFD) at each ftme point was caleulated and specific markers of
disease wore quantified, including the delay before a reperfusion spike occotred (interval A dn

FiGh. 6) and the magnitude of the highest post-telease How recorded (relative to the patient's

<JQ-
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baseling flow, interval B in FIG. 6). Data values were collected using a lab-desizned
LABVIEW® (Natioual Instraments, Austin, TX) software interface and analyzed using
MATLAB®R (MathWorks Inc., Natick, MA) software. The patient dizgnoses, aud brief vascular
madical history (including tobaceo use, dinbetes status, and use of high blood pressure or
cholesterol medications), were gathered and then compared fo the caloniated optical valnes and
time points monfioned above, Student’s T-fests were ysed as they are the typical statistival fest
for defermining differences between two groups.

A typical experimental antcorrelaiion curve is shown in FIG. 9, The data show that when
the blood flow s compressed, the autocnrrelation curve shifls to the right (representing longer
time delays and conyequenily slower blood Hlow), and following refease, where blood flow is
fastost {see maxinuny value of FIG, §), the curve shifts to the loft and exbibits a steeper
exporential decay compared to baseling, ag expected. Az the DCX solution is predominanily
dependent upon the scattering coeffictent (see Eguation (3)), a small ervor i the ps’ can lead o
large changes in the BFL, as seen in FIG. 10, In this figure, BFIs were caloudated nsing
Equation 3 and if can be seen that doubling the absorption miinimally affeets (<10%) the BFI,
whereas doubling the scatiening changes the BFT by nearly 400%. Ag the DNIBE and DCS

systems alternated, marginal vartations in the tissue conditions from oue second o the next and

resulted a3 errory in the opiical coefficients. These errors, combined with motion artifacts,
pranifested gs the noticeable noise during the experiment, seewin FIG. 11,
Of the 12 paticnte enrolled 1o the study, threw were diagnosed as having ng PAD, five had

mild FAD, two bad moderate PAD, and two had severe FAD. B was hypothesized that PAD
severity would link to the delay in reperfusion {represented as “A” in FIG, &) following cuff
release. As shown in FIG, 12, thiz trend was evident, with statistical diffevence {p<0.03)
between the paticats with moderate/severe PAD and healthy patients. It is expected that this
rend woudd prove to be statistically significant between all 3 groups with a huger sample size. It
seems logical that FAD soverity would ceuse the impainment i the proecess to deliver
oxygenasted blood o tizsue with a sudden high oxveen demand.  This would correlate with
fntermittent claudication, the pain experienced by patients with FAD during walldng or nuld

In assessing the medical history of the patients, it was discovered that cigarette simoking

was associgted with the phenomenon of sn impaived reperfusion spike. A compsrison of
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smoking and nonssmoking reperfusion spikes (indicated as “B”™ in FIG, 8), a5 a relative peroent
of the patient’s baseline blood flow, s shown in FIG, 13A. Ttcan be seen that the average non-
smioking patiend had a reperfision spike of over 400% of their baseline flow, whereas smokers
had a spike of less than 200% (p=<0.02). Of the non-smokers, those wha were former smokers
(03 averaged a spike of 200%, compared to $10% for those who never smoked {ned) showing
a correlation between tobacco use and an impaired reperfusion s;pike. The datg show that tobaceo
use results iy reduced arterial compliance, Hmiting the ability of the vessels to dilate when there
15 & sudden oxygen demand.
A second iintevesting optical difference between smokers and non-sniokers involved the
DRygen saturation, as assessed with the DNIRE optical systent. Ag seen in FIG. 13B, smokers
hat g stadistically (p<0.02) higher oxygen satusation than non~smokers, 1t was further determined
that smokers and non-smokers had similar guantities of deoxygenated hemoglobin, but smokers
had nearly twice as much oxygenated bemoglobin (shown in FIG, 14). These rexuliy indicate
that smokers have mpairment in the process of delivery oxygen to the tissue In the capillaries.
This is eorroborated by previous reports from Hteratvre which show that smoking causes an
increase W red blood cell count and results in blood cells with a higher oxyeen affinity
{impairing the abiliity to release oxygen when needed). B ix worthy of nofice thai
carboxvhiemoglobin (hemoglobin with bound carbon monoxide and a known bislogical product
of smoking) does not absorb Hght &t the same wavelength as oxygenaled hemoglobin (absorption
at 7R3 nm iy an order of magniiude lower for carboxyhemoglobin than oxygenated hemoglobin,
ensuring that the chromophore being assessed way indeed oxy-hemoglobin,

Several hemodynamic abpnormalilies were docuniented using embodiments of the
invention,  First, endothelial health was assessed by monitoring reperfusion rates and
magnitudes, Previous sindies bave found that periphersl avterial disease is assoclated with
ipaired flow mediated diltiation, resuliing in delayed reperfusion, The delayed reperfusion
spike seon in patients with PAD also matches the resulis presenied using similar optical
techuiques, albeit with a single patient in the PAD growp, Studies have also shown that smoking
can cause an impaired reperfusion, as assessed using ultrasound to measure arterial diameter
foellowing compression,

The reaults herein validate the use of a novel technigue {flow-mediated dilatation

assessment by Diffuse Cowelation and Nesr Infrared  Spectroscopies) to study  arterial
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complianes in patients with impaired endothelial fimction, speeifically relating to peripheral
arferial disease soverity and {obaceo use,  Aspects of the fovention can provide supplemental
information which may have been overlooked nsing subjective methodologies or provide a rapid

sereening technique which can be performed by nop-medical experts.

EQUIVALENTS
Those skilted in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents of the specific embodiments of the invention deseribed

heretn, Such equivalents are indended to be engompassed by the bllowing elaims.

INCORPORATION BY REFERENCE
The entire conterds of all patents, published patent applications, and other references

cited herein are horeby expressly incorporated herein in their entiveties by reforence.
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CLAIMS
1. A method for sssessing peripberal arterial function in a subject, the method comprising:

conducting diffirse correlation spectrosgopy on a local region of the subject;

applying pressure to restrict blood flow to the local region for a period of time;

conducling ditfuse correlation spectroscopy on the focal region while the presswe is
appligd;

releasing the presswre; and

releaged.

e The method of claim 1, wherein the local region i 5 ball of the subject's ot
3. The method of claim 1, wherein the pressure is applied by a blood pressure cudf)
4. The method of elaim 1, wherein the pressure is equal to or groater than the subject's

systadie blood pressure,

i f

3. The method of ¢latm 1, wherein the pressure is about 25 mm Hg greater than the subject’s

systolic blood pressure,

G. The method of claim 1, further comprising:
ealevlating a spike between blood Hlow while the pressure is applied and blood flow after

the pressige is reloased,

7. The methad of claim 6, further comprisiog:
caloulating a duration betwesn release of the presswee and a peak of the spike,
&, The method of claim 1, further comprising:

caleulating a duration between release of the pressure and g meiurn of blood flow {0 a pre-

pressure lovel,

N
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Q. The method of elaim 1, wherein the period of time is selected from the gronp consisting
oft between about 1 mimite and about 2 minutes, betwween about 3 minutes and about 3 minutes,

between about 4 minuies and ahout § minutes, and greater than about § minutes,

L The method of claim 1, wherein the steps of conducting diffuse correlation spectroscopy
COTNIse!
applving Hght o a fiesi focation of the subject’s sking
detocting phetons resulting from interactions between the Heht and moving
olsfects under the subject's sking
correlating grrival times of the photons with Hight scattered {ntensily; and
calouiating s diffusion coetficient based on autocorrelation of the light scaitered

ensity,

i1, The method of claim 10, wherein the lght applied to the subjeot's skin i3 near-infiace

fight.

12, The method of elaim 11, wherein the Hght applicd {o the subject’s skin has a wavelength

between about 630 nny and about 1,000 nim.

13, The methed of elatm 12, wherehn the light applied to the subject's skin has a wavelength

of aboni 785 nm,

4, The method of claim 10, wherein the Hght ix gonerated by a long-cohersnce laser,

{5, The method of claim 14, wherein the laser has a eoherence of about 10 m.

}

18, The method of claim 10, wherein the Hght applied to the subject's skin is conveyad to the

subiject's skin by a multimode optical fiber,

17, The method of elaim 10, wherein Hght is deteeted on a surface of the skin at a seeond

loeatinn between abowt 1 mum and about 6 cin from the first location,
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{8, The method of claim 10, wherein the second location is ghoot 11 o from the first

focation.

9. The method of claim 10, wherein the correlating step viilizes @ multi-tan autocorrelation

algorithm,

20 The method of claim 10, wherein the photons are detected via one or more single mode

aptical fibers.

21 The method of ¢laim 20, wherein the one or mwore single mode optical fibers each have a

diamsier of gbont S microns.

22, The method of elaim 10, whereln the steps of conducting diffuse correlation spectroseopy
furiher comprise:

generating g transistor-transisior logie (TTL) pulse sach time a photon is detested,

23, The method of claim 10, wherein the steps of conducting diffuse correlation spectroscapy
further comprise;
performing diffuse negr-infraved spectroscopy (DNIRS) o determing the skin's
optical seaitering and absorption coefficients.

24, The method of elaim 10, wherein the steps of conducting diffuse correlation spectroscopy

e

.,

further comprises

k31 ~EnTy wixn? l
solving the egnation g(p, 1) = mﬁi( " - ) whet

G s an intensiiy autocorrelation ‘fmfscimn;

o represents & distanee between a Hght source and a light detecton,

T roprosents delay time;

it is @ reduced seattering coefficient;

ki 15 @ loss term velated o photon absorption, scattering, and dynamic foss

related o mean»s;qum‘e~di5placemem of scattering particles;

H“‘\ + {2z = 250
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kp = ‘Qf 3pgilt? + 6 ki

= gDyt
g 18 proportional 10 g volume of red blood cedls in the focal region; and

ks 18 & photog wave numbey Za/i.

3

i
2

A System comprizing:
a diffuse correlation spectroscopy device; and

g pressure cuft,

26, The system of claim 28, further comprising:
a controller programmad to sontrol operation of the diffuse corrclation geciroscopy
device and the pressure opll in ovder 100
conduct diffuse correlation speciroscopy on a local region of the subject:
apply pressure to restrict blood flow to the loeal region for a period of time;
conduct diffuse correlation speetroscopy on the local region while the pressure is
applied;
refease the pressure; angd
conduct diffuse corvclation spectroscopy on the local region afier the prossure is

released.

27, The system of claim 23, further comprising

a diffuse near-nfrared spectroscopy deviee,
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