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SYSTEMS AND METHODS FOR PEDAL REVASCULARIZATION
ASSESSMENT

CROSS-REFERENCE TO RELATED APPLICATIONS
0001 This application claims the benefit of prionity of U.S. Application No.
13/967298, fled August 14, 2013, and of U.S, Provisional App. No. 61/830,498, filed

June 3, 2013, Each of these applications is hereby incorporated by reference i ils

entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[6682] This disclosure relates to the measurement of blood flow in tssue, n
particular measurement of blood flow in the foot.

Description of the Related Axt

10663 Peripheral arterial disease (PAD) is a progressive disease in which
narrowed ot obstructed arteries reduce blood flow to the limbs. PAD can result from
atherosclerosis, inflaromatory processes leading te stenosis, an embolism, or thrombus
formation, and is associated with smoking, diabetes, dyslipidemda, and hypertension.
PAD can if untreated result in critical imb ischenyda (CLI), m which blood flow to the
Yimb (usually the legs and feet) is compromised to such an extent that fissue damage
ensues with consequent uleeration, gangrene or loss of the imb. Paticuts with PAD are
also at a disproportionately high risk of other cardiovascular discases like myocardial
nfarction and siroke and of death as a result of these conditions. With the meidence of
diabetes increasing worldwide, treatment of CLI and prevention of disability and of Hab
loss from it has become a significant health priority.

1060064] Peripheral wvascular intervenmtion procedures using endovascular
{minimally nvasive) intervention, open surgery or a combination of the two are currently
the only methods available to restore perfusion to the himbs in patients with PAD.
Medical management can help only to delay the progression of the disease, if at all
However, clinicians currently lack the intraoperative tools to properly assess perfusion in
the affected tissue, ususlly in the feet, in real-time fo reliably guide the conduct of the

imterventional procedure.  Existing technologies that measure blood perfusion include
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skin perfusion pressure {(SPP), duplex ultrasound (DUX), and transcutaneous oxygen
monitoring (TCOM). Each of these techniques suffers from one or more disadvantages.
SPP ouly provides perfusion data at the skin dermis level, requires the skin temiperature to
be normalized to 44°C, s alfected by skin pigmentation and is unreliable with patients

1

with edema. SPP also requires the use of a pressure cuff, which further hmats s utility as
not assess tissue perfusion but instead measures blood flow in large vessels (>1.5mom).
TCOM requires the patient to be placed on hyperbaric oxygen, making it incompatible
with the cath lab/operating room. Furthermore, TCOM does not provide real time
revascularization data as it takes about 4 to 6 weeks for the measurements to equilibrate.
{6005] Accordingly, there 1s a need for noninvasive, real-time measurement of
blood perfusion in a range of blood vessel sizes and in the tissuc supplied by these
vessels. In particular, there is a need for noninvasive, real-time measurement of blood
erfusion in the foot that can be rehiably performed as the interventional procedure

proceeds and be used to inform the decision making during the procedure.

SUMMARY OF THE INVENTION

{0806] Bisclosed herein is a system for assessment of peripheral blood flow
during peripheral vascolar intervention, the system including: a support structure
configured {o be positioned onto a patient’s foot; a diffuse optical flow (BOF) sensor
carried by the support structure; an analyzer configured to analyze data from the DOF
sensor to determine absolute and/or relative blood flow at a location near the DOF sensor
when the support structure is positioned onto a patient’s foot; and a feedback device
configured to provide a signal indicative of the absoluie and/or relative blood flow
determined by the analyzer.

16887] In some embodiments, the sapport structure can include a retention
ring and an adhesive material. In some embodiments, the support stracture can mclode a
strap having the DOF sensor attached thereto, In some embodiments, the DOF sensors
can be aranged such that when the support structure 18 positioned onto the patient’s foot,
at least two of the DOF sensors are over different topographical locations in the foot
mchuiding different pedal angiosomes. In some embodiments, the DOF sensors can be
arranged such that when the support structure is positioned onto the patient’s foot, at least

five of the DOF sensors are over different topographical focations in the oot inchuding
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different pedal angiosomes. In sore embodiments, the analyzer can inchide a software
autocorrelator.  In some embodiments, the analvzer can include a hardware
autocorrelator. In some embodiments, the signal indicative of the absolute and/or relative
blood flow can be visual, audible, or tactile. In some embodiments, the system can be
configured to provide the signal indicative of the absolute and/or relative blood {low m
substantially real-time. In some embodiments, the system can be configured to provide
the signal mdicative of the absohite and/or relative blood flow within 1 second from
measurement.

{6081 Also disclosed herein is a method for real-time asscssment of
peripheral blood flow during peripheral vascular intervention procedures, the method
ncluding: disposing at least one diffuse optical flow (DOF) sensor adjacent to a location
on a foot of a patient; obtaining measurements of intensity fluctuation from the DOFK
sensor; analyzing the obtained roeasurermenis to detormine an absolute and/or relative
blood flow rate at the location; and sigoaling the determined absolute and/or relative
bleod flow rate to an operator.

{0609] In some ¢mbodiments, disposing the at least one DOF sensor can
imchude placing a support structure onto the foot of the patient, the DOF sensor being
carried by the support structure. In some embodiments, the methed can further comprise
disposing a plurality of D{OF sensors adjacent to a respective plurality of locations on the
foot of the patient. In some embodiments, the plurality of locations can include at least
two locations corresponding to different iopographical locations in the foot inchuding
different pedal angiosomes. In some embodiments, plurality of locations can include at
least five locations corresponding to five different topographical locations in the foot
imchuding different pedal angiosomes. In some embodiments, signaling can include
providing visual, audible, or tactile indicia of absoiute and/or relative blood flow. In some
embodiments, signaling the determined absolute and/or relative blood flow rate to an
operator can be performed in less than 1 second from measureraent,

{0015 Further disclosed 18 a method for assessment of peripheral blood {low
during peripheral vascular intervention procedures, the method including: disposing a
phurality of diffuse optical flow (DOF) sensors adiacent to a respective plarality of
locations on an extremity of a patient, wherein at least two of the locations correspond to
different topographical locations in the foot including different pedal angiosomes;

determining an abscohite and/or relative blood {flow rates at each of the plurality of
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locations m the extrenuly of the patient; and signaling the determined absolute and/or
relative blood flow rates to an operator.

{8811 In some embodmments, the extremity can be a {oot. In some
embodiments, the extremity can be a hand. In some embodiments, the signaling can be
performed in substantially real-time.  In some embodiments, the determined absolute
and/or relative bloed flow rates can be utilized to assess the efficacy of an interventional
procedure,

10612] Also disclosed herein 1s a patient interface, for supporting a plurality of
diffuse optical flow (DOF) sensors in optical comvuunication with a patient’s foot,
comprising: a support, configured to be mountable on and carried by the foot; at least
three semsors carried by the support, cach scosor corresponding o a separate
topographical location in the foot including an angiosome selected from the group
consisting of the angiosome of the medial plantar artery; the angiosome of the lateral
plantar artery: the angiosome of the calcancal branch of the posterior tibial artery; the
angiosome of the calcaneal branch of the peroncal artery; and the angiosome of the
dorsalis pedis artery.

{0815] In some embodiments, the patient imterface can include at least four
sensors carricd by the support, cach sensor corresponding to a scparate topographical
location in the foot ncluding a pedal angiosome. In some embodiments, the support can
comprise a retention ring and adhesive material. In some embodiments, the support can
comprise an optical source fiber and an optical detector fiber. In some embodiments, the
optical source fiber and the optical detector fiber can further comprise at least one
coupling for releasably coupling the sensor to an analyzer. In some embodiments, the
patient interface can comprise a cable, which includes a plorality of pairs of source fibers
and detector fibers, cach pair connected to a separate sensor. In some embodiments, each
sensor can be releasably carried by the support.

{00141 Also disclosed herein i3 a system for assessment of peripheral blood
perfusion, the system meluding: & support structure configured to be positioned onto 2
patient’s foot; a diffuse optical sensor carried by the support structure; an analyzer
configured to analyze data from the diffuse optical sensor to characterize the composition
or flow of blood at a location near the diffuse optical sensor when the support structure is
positioned onto a patient’s foot; and a feedback device configured to provide a signal

mdicative of composition or flow of blood determined by the analyzer.
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LU RY Further disclosed herein is a method for real-time assessment of
peripheral blood, the method mcluding: disposing at least one diffisse optical sensor
adjacent to a location on a foot of a paticnt; oblaining measurements of diffused hight;
analyzing the obtained roeasurcments to characterize the composition and/or flow rate of
blood at the location; and signaling the determined composttion and/or flow rate to an
operator.

{0016} Also disclosed is a method for assessment of peripheral blood flow
during peripheral vascular intervention procedures, the method including: disposing a
phurality of diffuse optical sensors adjacent to a respective plurality of locations on an
extremity of a patient, wherein at least two of the locations correspond to different
topographical locations in the foot including different pedal angiosoroes; characterizing
the composition and/or blood flow rales at each of the plurality of locations in the
extremity of the patient; and signaling the composition and/or blood flow rates 1o an
operator.

[0817] Further disclosed herein is a patient interface, for supporting a phirality
of diffuse optical sensors in optical communication with a patient’s foot, comprising: a
support, configured to be mountable on and carried by the foot; at icast three sensors
carried by the support, each sensor corresponding to a separate topographical location in
the foot including angiosome selected from the group consisting of: the angiosome of the
medial plantar artery; the angiosome of the lateral plantar artery; the angiosome of the
calcancal branch of the posterior tibial artery; the angiosome of the calcaneal branch of

the peroneal arlery; and the angiosome of the dorsalis pedis artery.

BRIEF DESCRIPTION OF THE DRAWINGS

{88181 FIG. 1A lustrates the pedal angiosomes,

{8819 FIG. 18 illustrates five measurement points on the foot, each
corresponding to one of the angiosomes shown in FIG, 1A,

{06204 FIG. 1C illustrates the branching of the arterics supplying the pedal
anginsomes.

021 FIGS. 1D--1H iliustrate measurement using diffuse optical flow (DOF)
sensors at each of the five measurement positions of FIG. 1B.

[0622] FIG. 2 1s a block diagram of a system for measuring flow of tarbid

media.
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{0023] FIG. 3 15 a schematic illustration of diffuse light penetration and
detection in multi-layer tissue.

{00241 FIG. 4 is a graph of autocorrelation functions for different flow rates,

[0825] FiG. 5A is a graph of two blood flow indices (BFis) during cuff
occlusion protocol.

{0026] FIG. 5B i3 a graph of aotocorrelation fimctions ithwstrating the

J

derivation of the two BFIs of FIG. 5A.

168271 FIG. 6A 1s a schematic ithistration of a side-firing DOF sensor.

{88381 FYG. 68 iltustrates a cover sock.

[a29] FIG, 6C illustrates a cover sock having a plurality of embedded side-
firing DOF sensors.

[0630] FIG. 6D illustrates another embodiment of a DOF sensor, with a
retention ring and adhesive material.

0031 FIG. 6K illustrates a detail view of the DOF sensor head shown in FIG.
60,

{0632] FIG. 7 1s a flow diagram of a method for analyzing absolute and/or
relative biood flow.

{8433] FIGR. 8A-8C illustrate an embodiment of a DOF sensor, with a
horizontal sensor head.

{0634] FIGS. 9A-9D illustrate another embodiment of a DOF sensor with a
horizontal sensor head.

{0835] FiG. 10 ilfustrates a DOF sensor attached to a patient’s foot.

10836] FiG. 11 illustrates a DOF sensor attached o a patient’s hand.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

{00371 A number of technigues exist for characterizing blood flow, relying on
measuring of diffusion of hght.  Such techmiques include Diffuse Correlation
Speciroscopy {DCS) and Diffuse Speckle Contrast Analysis (DSCA). Both BCS and
DSCA can be used to measure relative and/or absolute blood {low. Other technigues rely
on measuring ditfusion of light to detect other characteristics of tissue, such as
biochemical composition, concentrations of oxyhemoglobin and deoxyhemoglobin, ete.
Such technigues include Diffuse Optical Spectroscopy (DOS), Diffuse Optical

Tomography {BOT), and Near-Infrared Spectroscopy (NIRS).
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H0638] As used herein, “diffuse optical sensor” includes any sensor configured
to characterize properties of blood in fissue via measurement of diffuse hight. As such,
diffuse optical sensors inclade DCS, BSCA, DOS, DOT, and NIRS sensors.  As used
herein, the term “diffuse optical flow sensor” includes any sensor configured fo
characterize blood flow 1o tissue. As such, diffuse optical flow (DOF) sensors inclhude
both DCS and DSCA sensors.

10639] Near-infrared diffuse correlation spectroscopy (IMCS) is an emerging
technique for continuous noninvasive measureraent of blood flow in biological tissucs. In
the last decade or so, DCS technology bas been developed to noninvasively sense the
blood flow information in deep tissue vasculature such as bram, muscle, and breast. In
contrast to some other blood flow measurement techniques, such as positron emission
tomography (PET), single photon emission computed tomography (SPECTY, and
xenon-cnhanced computed tomography (XeCT), DCS uses non-ionizing radiation and
equires no contrast agents. It does not interfere with commonly used medical devices
such as paccemakers and metal implants. i therefore bas potential in cancer therapy
monitoring and bedside monitoring in chinical settings.

{0040] A DCS system can include a light source such as a laser with a long
coherence length, a detector such as a photon-counting avalanche photodiode (APDY or
photormultiplier tobe (PMT), and an autocorrelator. In various embodiments, the
autocorrelator may take the form of hardware or sofiware. As one of the central
components of the DCS system, the autocorrelator computes the autecorrelation function
of the temporal fluctaation of the light intensity obtained from the detector.

{00411 However, DCS can suffer from a long integration time, high cost, and
low channel number of simultancous measurements. One factor contributing to these
Himitations s dependence on  very sensitive photodetector(s} and subsequent
autocorrelation calculation. Diffuse Speckle Contrast Analysis (DSCA} is a newer
technology that provides an improved flowmetry systemn enabling cost-effective, real-
Hime measurements using statistical analysis without having to rely on autocorrelation
analysis on fast time-series data. This statistical analysis can be implemented either in
spatial domam using a multi-pixel smage sensor, or in the time domain usmg slow
counter. A multi-pixel image sensor can also be used for time domain analysis such that

~

single or multiple pixels act as an individual detector, which 1s especially suitable for
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multi-channel application. In various embodiments, this approach can be used to measure
blood flow, whether absolute, relative, or both,

{0042] DSCA can be mmplemented in both spatial and time domains. For
spatial DSCA (sDSCA), a raw speckle 1mage is first obtained from the sample surface.
The raw speckle trages may first be normalized by the smooth intensity background,
which can be averaged over a number of speckie images. The speckie contrast, K, i3

efined as the ratio of the standard deviation o the mean intensity across many detectors

or pixels, K = o,/<I>, where subscript s refers to the spatial, as opposed to temporal,
3 > 3

variations. The gquantity K, is related 1o the field avtocorrelation function g(t) as

follows:
V) =[KOF =2 [ (-2 /D)g,()d
§ = T J0 &1 (Z.)] T
{0043] where V is the intensity variance across the image, and T is the image

sensor exposure fme. By using the known solution of the correlation diffusion equation
i the semi~-infinite medium, the formal relationship between the flow rate and K can be
derived. The relationship between the flow and 17K turns out to be substantially Hoear
in the range of flow seen in body tissue, with 1/K, increasing with increasing flow rate.
{0044] Ancther way to implement this speckle contrast rationale for
flowmetry is to use statistical analysis on time series data obtained by integrating over a
certain time. This temporal domain analysis is referred to herein as tDSCA. The
integrating time for tBSCA can be regarded as analogous to the exposure time of the
image sensor in sDSCA. In the case of tDSCA, a detector with moderate sensitivity with
an integrating circuit can be used. For example, cach pixel on a CCD chip can be used for
this purpose as cach CCD pixel keeps accumulating photoclectrons for a given exposure
time. Therefore, a number of single-mode fibers can be directly positioned on some
locations on a singie CUD chip, resulting in 3 multi-channel {DSCA system withou
losing any time resolution. The number of chanoels is only himited by the CCD chip size,
pixel size, and the area of cach fiber tip. In some embodiments, tDSCA can use sensitive
detectors such as avalanche photodiode {APD) and/or photorauitiplier tube (PMT) with a
slow counter such as a counter included in a DAQ card with USB connection, but scaling
this embodiment to roultichannel nstrument is costly and bulky. Time-series data taken

cither way can be obtained by repeat measurements, for example 25 measurements can be
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made consecutively, after which the data can be analyzed statistically to determine the
flow rate. In a configuration with an exposure time of 1 ms, one {low index would be
obtaned every 25 ms, resulting in approximately 40 Hz operation.

{0045] The statistical analysis of the time-series data can be substantially
identical to that described above with respect to sDSCA, except that the statistics
{average intensity and standard deviation of intensity) are calculated in the time domain,
rather than the spatial domain. As a result, tDSCA may provide lower time resolution
than sDSCA. However, the detector arca for tDSCA may be significantly smaller than
with sDDSCA. As with the spatial domain counterpart, tDSCA provides an approach with

mstrumentation and analysis that are sigonificantly siopler and less computationally

mitensive than traditional DCS technigues.

0846] Both DCS and BSCA technology can be used to evaluaie on a real-
time basis the absolute and/or relative blood flow in the foot, thereby providing an
important tool for imterventional radiologists and vascular surgeons freating ischemia in
the foot. With current tools in the operating room, the physician can usually assess via X-
ray fuoroscopy whether an intervention such as a balloon angioplasty procedure has
succeeded in opening up and achieving patency of a mb artery. However, the clinical
experience has been that structural patency as observed with fluoroscopy is not a rehiable
indicator of successtul reperfusion of the topographical region of the foot where the ulcer
wound, ischemic tissue (e.g. blackened toes) or other clinical manifestation is focated. To
augment fluoroscopic data on arterial patency, a plurality of DOF seunsors used in either
BCS or DSCA systems can be positioned at different topographical regions of the foot to
assess absolute and/or relative biood flow in the differont regions. For example, the
topographical regions may correspond to differentt pedal angiosomes.

{00471 An angiosome 13 a three-dimensional portion of tissue sapplied by an
artery source and drained by its accompanying veins. It can inclode skin, fascia, muscle,
or bone. Pedal angiosomes are illastrated in FIG. 1A, Below the knee, there are three
main arteries: the anterior tibial artery, the posterior tibial artery, and the peroneal artery.
The posterior tibial artery gives at least three separate branches: the calcaneal artery, the
medial plantar artery, and lateral plantar artery, which cach supply distinct portions of the
foot. The anterior tibial artery supplics the anterior ankle and continues as the dorsalis
pedis artery, which supplies much of the dorsum of the foot. The calcaneal branch of the

peroneal artery supplies the lateral and plantar heel. The anterior perforating branch of

-9
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the peroneal artery supphies the lateral anterior upper ankle.  As a result, the pedal
angiosomes include: the angiosome of the medial plantar artery, the angiosore of the
lateral plantar artery, the angiosome of the calcancal branch of the posterior tibial artery,
the angiosome of the calcancal branch of the peroneal artery, the angiosome of the
dorsalis pedis artery. There is some debate as to whether there is a separate sixth pedal
angiosome corresponding to the anterior perforating branch of the peroneal artery.

{0048] FiG. 1B illustrates five measurement poinis on the foot, each
corresponding a pedal angiosome identified 1o FIG. 1A, By detecting blooed flow in each
of these positions, blood flow from the various arteries can be cvaluated independently.
For example, measureraent of blood flow at point A {see FIG. 1D} is indicative of blood
flow from the dorsalis pedis artery, and also the anterior tibial artery.  Similarly,
artery, while potnt € {sce FIG. 1F) corresponds to the lateral plantar artery, point D (see
FIG. 1G) corresponds 1o the calcaneal branch of the posterior tibial artery, and point E
{see FIG. 1H) corresponds to the calcaneal branch of the peroneal artery.

{0049] FiG. 1C is a branching diagram of the arteries supplying the pedal
angiosomes. The blood flow measurement points A-E are illustrated as terminating
respective artery branches, though in practice the measurement points need not be at the
distal-most ¢nd of the respective arterics. As noted above, measurcments at any of the
points A-E may provide valuable clinical information regarding local perfusion.

1B05G] Topographical-based peripheral vascular interventions, such as
angiosome-direcied peripheral vascular interventions, have been developed relatively

recently, and show promuising performance compared with traditional mtervention,
particularly in terms of improved limb salvage rates. A system employing a plurality of

DOF sensors can provide real-time f{eedback on changes in perfusion of different

i

topographical locations in the foot, e.g. angiosome by angiosome, 3o that interventional
radiologists or vascolar surgeons way immediately evaluate whether  specific
intervention at a target artery has succeeded in restoring sufficient blood perfusion lo the
targeted topographical region of the foot where the oleer wound, ischemie tissue or other
clinical manifestation is located. DCS or DSCA can also serve as tools to screen for
peripheral arterial disease, by measuring blood flow m the extremities, for example in the

foot.
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10851 FIG. 2 15 a block diagram of a system for measuring flow of turbid
media. A sample 102 mcludes a heterogeneous matnix therein. Within this matrix 18 an
embedded flow layer with randomly ordered microcirculatory channels through which
small particles 207 move in a non-ordered fashion. For example, in some embodiments
the sample may be body tissue, with a complex network of peripheral arterioles and
capillaries. A source 108 injects light into the sample 162, A detector 110 can detect
Hght scattered by the moving particles 207 1o the microcireulatory chamnels. The detector
110 can be positioned to receive light that passes from the source into the sample, and
diffuses through the sample. o some embodiments, the detector can be coupled to the
sample by a single-mode optical fiber. In some embodiments, the detector may be a
mlti-pixel image sensor, for example a CCD camera, used o image an area of the
sample. I other embodiments, the detector may be a photon-counting avalanche
photodiode (AP or photoroultiplier tube (PMT).  As the particles flow in random
direction, the scatiering of Hght from the source 108 will vary, causing intensity
fluctuations to be detected by the detector 110,

[0852] An analyzer 112 is coupled to detector 110 and configured to receive a
signal from the detector 110, The analyzer 112 may comprise an autocorrelator, which
measures the temporal intensity autocorrelation function of light received by the detector
110, The autccorrelation function can be used to obtain the scatiering and flow
characteristics of the small particles flowing in the sample 102, The time-dependent
imtensity fluctuations reflect the time-dependent density fluctuations of the small particles
207, and accordingly the autocorrelation function can be used to determing the fiow rate
within the sample 192, In some cmbodiments, a hardware autocorrclator may be
emploved, while tn other embodiments a software autocorrelator can be used. The flow
ratc or other characteristic determined by the analyzer 112 may be oufput to a display
114, The measured quantity may therefore be provided to an operator via the display
114, In various embodiments, the operator may be a clhinician, diagnostician, surgeon,
surgical assistant, murse, or other medical personnel.  In some embodiments, the
measurement may be provided via display 114 in substantially real-time. In some
embodiments, the measurement may be provided via display 114 within about | second
from measurement, Le., within about 1 second of the time that the scattered light is
detected by the detector, the measurement may bhe provided via display 114, Tn various

embodiments, the measurement may be provided within less than about 10 minutes,

'
—
—
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within less than about 5 manutes, within less than about | minute, within less than about
38 seconds, within less than about 10 seconds, or within less than about 1 second from
measurement.
{00531 In some embodiments, as noted above, a software autocorrelator may
be used. This may advantageously provide additional flexibility coropared with a
hardware autocorrelator, as it allows for data pro-processing. A software autocorrelator
may also reduce the cost of a DCS system, while also reducing size and woproving form
factor. The ability to pre-process data can also #oprove the accuracy of measurements.
{0054] FIG. 3 15 a schematic illustration of diffuse light penetration and
detection m multi-layer tissue. As illustrated, a source 202 and a detector 204 are both
positioned adjacent a portion of fissue 206. As noted above, in some cmbodiments
optical {ibers may be used to couple one or both of the source and detector to the tissue
The tissue 200 15 multi-layer, including an upper layer 208 with no flow, and a deeper
layer 210 with flow. A phurality of light-scaticring particles 212 flow within capillaries in
flow layer 210, and may inchude, for example, red blood cells. As light 214 is emitted
from the source 202, it diffuses as it pencirates the tissue 206. As illustrated, a portion of
the hight 214 is diffused such that it is incident on the detector 204, The light 214 may
follow a roughly crescent-shaped path from the source 202 to the detector 204, The depth
of penetration of the light 214 detected by the detector 204 depends on the separation
between the source and the detector. As the distance increases, penciration depth
generally increases. In various embodiments, the separation distance may be between
about 0.5 cm and about 10 cm, or in some embodiments between about .75 cm and
about 5 ¢, Preferably, in other embodiments the separation distance may be between
about 1 cm and about 3 cm. In various embodiments, the separation distance may be less
than about 10 cm, less than about 9 cm, less than about 8 cm, less than about 7 cm, less
than about 6 cm, less than about 5 cm, less than about 4 cm, less than about 3 cm, less
than about 2 cm, less than about 1 cm, less than about 0.9 cm, less than about 0.8 cm, less
than about 0.7 cm, less than about 0.5 cm, less than about 0.4 cm, less than about 0.3 cm,
less than about 0.2 cm, or less than about 0.1 cm. The penetration depth may vary, for
example in some erabodiments the penctration depth of the sensor may be between about

-y
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§.5 cm and about 5 cm, or in some cmbodiments between about .75 cm and about 3 cm.
Preferably, in other embodiments the penciration depth may be between about 5 mun and

about 1.5 cm. Of course, the tissue optical properties of the various layers also contribute
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to the penetration depth of the Hght, as does the intensity, wavelength, or other
characteristics of the hght souwrce. These vanations can allow for the depth of
measurement to be adjusted based on the part of the body being analyzed, the particular
patient, or other considerations. Measurements obtained by the detector 204 may then be
processed and analyzed to caleulate the autocorrelation function. As seen in FIG. 4, the
autocorrelation function may be used to determine the flow rate in the tissue.

{60355] FIG. 4 is a graph of autocorrelation functions for different flow rates,
with steeper decay of the autocorrelation curve indicating faster flow rates.  The
autocorrelation curves are plotied on a semd-logarithmic scale in the graph. As 13
generally known in the art, blood flow data can be analyzed by fitting cach
autocorrelation curve to a2 model, such a semi-infintte, multi-layer diffusion model. The
fitted autocorrelation curves can then provide relative blood flow rates, which can be
usefully applied during peripheral interventional procedurcs such as balloon angioplasty
ot surgery, or as a diagnostic tool.

10056] Diffuse optical flow (DOF) sensors {(which, as described above, can
inchude either or both DUS and DSCA sensors) can be particularly useful in measuring
microcirculation, for example in measuring blood perfusion in the foot. This technigue
can be addiionally improved by cmploying the concept of pedal topography. One
example of a topographical analysis of blood flow in the foot incorporates the concept of
pedal angiosomes, as described above,

{68571 In many cases, prior to vascular intervention, an interventional
radiologist or vascular surgeon will fmage the vasculature of interest, for example using
fluoroscopy, compuled tomography, ultrascund, or other imaging technique. With such
imaging, several potential occlusions or lesions may be identified.  Peripheral
intervention, such as balloon angioplasty, atherectomy, or surgical bypass/grafts can be
emploved to re-open one or more of the identified occlusions or lesions (“the target
lesions™), in an effort to restore perfusion to the affected region{s) of the foot. For these
peripheral interventions to result in successful b salvage, blood perfusion must reach a
sufficient level that permits healing of the foot wound. Without a real-time perfusion
monitor, a physician has no way of knowing {or sure if an intervention has achieved an
improvement in perfusion sufficient for wound healing, or at all. The use of real-time
measurement of blood perfusion at various topographic locations of the foot, as deseribed

2

herein, addresses this problem. It provides objective guantitative perfusion data in real-
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tirne so that the physician can know with certainty whether a specific intervention at a
target lesion has suceceded in vestoring perfusion to the topographic region of the foot on
which the wound 18 located. T a determination has been roade that an acceptable level of
perfusion at the desired topographic region has been achieved, the physician can avoid
the additional risk associated with further intervention, and bring the procedure to a close.
Alternatively, if a specific mtervention at a target lesion has not resulied in any perfusion
mmprovement as measured by a real-time perfusion monitor, the physician will thereby be
guided to undertake the additional risk of proceeding onto secondary target lesions. The
use of a real-time perfusion monitor thus averts the siuation where a peripheral
miervention procedure is ended prematurely prior to achieving the desired improvement
m perfusion. It also guides physicians as to which target lesion (when revasculanized}
esulted in the greatest perfusion improvement at the desired topographic region of the
foot. This real-time knowledge would m turn mform the physician as to the optimal
placement for use of a drug-cluting balloon or other means to prolong the patency of the
vessel in which the said lesion 1s located.

10581 Although changes 1o perfusion can be seen directly from the change in
shape of the autocorrelation function, potentially more useful ways to define a blood flow
index {BFD) have been developed. FIG. 5A is a graph of two such BFIs over time during
a cuff occlusion protocol. The dashed vertical lines indicate the starting and stopping
times of the cuff inflation.  The top chart illustrates a B caleulated from vertical
rassing of the autocorrelation curve, while the lower chart illustrates a BFI calculated
from horizontal crossing of the autocorrelation curve. FIG. 5B is a graph tllustrating
these two different methods of caleulating BFL. The solid Hne represents the zero flow
refercnce data, while the dotted line represents real-time autocorrelation data.  The
vertical crossing indicator compares the y-axis value {g;) of the real-time autocorrelation
data and the reference data at a given time.  For example, the first indicator can be
calculated as 1/gy or 1.5-gy. The horizontal crossing ndicator compares the time
difference between the autocorrelation data and the reference data at a given flow rate,
For example, the second indicator can be calculated as log(12/11}).

{0059] Charts such as those shown in FIG. 5A, or other such indicia of blood
flow, can be displayed 1© an operator in real-time via audible, visual, or tactiie feedback.
A physician may thereby be provided with substantially real-time feedback on the

efficacy of a peripheral intervention. For example, during balloon angioplasty, a
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physician can monitor the BFE as measured on a specific location of the foot. The BEFY
will decrease while the balloon is inflated, and increase afier deflation.  After repeated
milation of the ballcon to perform the angioplasty, the BFI should increase relative to the
pre-angioplasty baseline, indicating that the angioplasty procedure has resulted m an
mmprovement 1o perfusion at the target foot tissue. A BFI that does not increase relative
to the pre-angioplasty baseline indicates that the balioon angioplasty was not successful

Fag
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n restoring perfusion. Providing such feedback in real-time 1s an enormous benefit o

physicians performing vascular intervenfion. Rather than wailing post-operatively for
hours or days to determine whether perfusion has been improved, during which time the
foot may deteriorate to the point of requiring amputation, the use of DOF sensors at select
pedal locations during the angioplasty procedure can provide imwmmediate feedback,
allowing the physician to continue, medify, or conclude the procedure as needed. As
noted above, in various embodiments, the feedback may be provided within less than
about 10 minutes, within less than about 5§ minutes, within less than about 1 moimute,
within less than about 30 seconds, within less than about 10 scconds, or within less than
about | second from measurement.

10860] While the cxample above relates to balloon angioplasty, the use of
DOF sensors to assess blood flow (whether relative, absolute, or both) i the foot can be
advantageously apphied before, during, or afier a number of different mterventions, For
example, DOF sensors can be used to aid interventions such as rotational athercctomy,
dehivery of Iytic substances, bypass procedures, or any other intervention.

10061} Asg shown in FIGS, 1D-1H, DOF sensors can be separately placed at
different topographical regions of the foot, for exampie the DOF sensors can be placed at
cach of the pedal angiosomces using separate support structures. In another embodiment,
however, a piurality of DOF sensors can be incorporated into a single support structure
for simultancous mcasurement of different pedal regions, for cxample the pedal
angiosomes. One such embodiment is iflustrated in FIGS. 6A-6C. A side-firing BOF
sensor is shown in FIG. 6A. As illustrated, light from a source can enter the sensor 602
through input cable 604, and can exit the sensor 602 through the output cable 606 towards
the detector. In some embodiments, the input cable and the output cable can be bundicd
together. Rather than having the cable oriented perpendicular to the surface of the tissue
to be measured, in this side-firing sensor the cable is oriented substantially paraliel, with

an internal prism, mirror, or other optical clement redirecting light downwards towards
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the tissue. As a vesult, the DOF sensor 602 can be laid flat agamst the swrface of the area
to be measured, with the cables 604 and 606 cxtending substantially parallel to the
surface. The overall effect 15 a more low-profile DOF sensor, with 1mproved comfort,
flexabihity, and form-factor.

{00621 As used herein, the term “sensor” refers to the terminal end of the DOF
system that makes contact with the sample, for example the patient’s skin. The sensor
may nclude an input optical fiber coupled 1o a source and an output optical fiber coupled
to a detector. In other embodiments, the sensor may comprise receptacies configured to
removably receive such optical fibers. The sensor defines the pomt at which input light is
injected into the sample surface and the point at which scattered Hght is detected from the
sample surface. In the illustrated embodiment, the DOF sensor 602 is substantiaily {lat.

3 5
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However, in various embodimaents, other shapes are possible. For exarople, the DOF
sensor may be provided with a curved surface, for example comtoured to correspond to
contours of a patient’s body. A DOF scosor may include a concave surface to correspond
to the curvature of & wearer’s plantar arch, for example. In some embodiments, the DOF
sensor can be malleable to permut curvature and flexure to correspond to a patient’s body.
As noted above, the distance of separation between the source and the detector affects the
penctration depth of measured lght. More specifically, the significant distance is that
between the position on the surface of the tissue at which light is fujected, and position on
the surface of the tissue at which light 18 detected. Accordingly, the side-firing DOF
sensor 602 may be modified 1o provide for different penetration depths depending on the
part of the body in which blood flow is to be measured. If the DOF sensor is adapted for
use in reasuring relatively deep blood flow, the source-detector separation can be greater
than for a DOV sensor adapted for use in measuring relatively shallow blood flow. In
some embodiments, this distance can be variable within an individual DOF sensor. For
example, a mechanisio may be provided allowing for the source mput fiber and/or the
detector output fiber 1o be moved along the length of the DOF sensor to modify the
distance therebetween, For example, in some embodiments the source input fiber may be
substantially fixed in relation to the sensor, while the detecior output f{iber is movable,
Conversely, in some embodiments the detector vuiput fiber can be substantially fixed in
relation fo the sensor, while the source input fiber can be movable. In some
embodiments, the movable fiber can be slidable along the sensor, with a latch, screw,

detent, or other structure provided to releasably fix the location of the movable fiber after

)
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a pre-selected distance has been sel.  In some embodiments, the movable fiber can be
mounted onto a support that is threadably mated to a screw, such that rotation of the
screw causes the support, and thereby the movable fiber, to be advanced closer to or
further from the fixed fber. Various other configurations are possible. In other
embodiments, various optical components within the interior of the DOF sensor can be
provided to alter the effective source-detector distance. For example, the positions of the
fibers may be fixed, while internal prisms or mirvors or other optical components can be
adjusted to direct the light (incident hight from the source or scattered light to the
detector} to or from different locations.

{0063] FIG. 6B illusirates, as one example of a support structure, a cover sock
608 designed to slip over the patient’s foot.  As shown o FIG. 6(, a plurality of
side-firing DOF sensors 602 can be carried by a cover sock. In some embodiments, the
side-firing DOF sensors 602 are arranged at positions corresponding to difforent pedal
angiosomes. Since cach DOF sensor 602 can be made thin and flexible, they can be sewn
ot otherwise attached 1o the cover sock 608 at the appropriate positions. The optical fibers
can be bundled and guided outside the foot covering 608 and connected to an analyzer.
With this design, applying the nwhiple DOF sensors to a patient’s foot can be quick and
essentially foolpreof, which 18 particularly advantageous 1o the hectic environment of an
operating room or catheter lab.

{06064] FiG. 6D and 6F illustrates another example of a support structure and
DOF sensor.  As iflustrated, the BOF sensor 610 includes bundled wires 612 extending
therefrom. The bundled wires 612 include both the input and output optical fibers, as
described above. A retention ring 614 is configured to surround the bottom-facing edge
of the DOF sensor 610. The retention ring 614 can be affixed to a surface {(c.g., a
patient’s skin} via adhesive pads 616. The adhesive pads 616 can take a variety of forms,
imchuding, for exampic Tegaderm™ Film. In other cmbodiments, adhesive material is
deposited onto the retention rings without the use of separate adhesive pads.

{B065] As illustrated, the retention ring 614 can define an aperture configured
to receive the DOF sensor 610 therein. In various embodiments, the retention ring 614
can include one or more retention elements configured to releasably mate with
corresponding retention elements on the DOF sensor 610,  The engagement of
corresponding retention cloments thereby releasably locks the sensor 610 inlo position

with respect to the retention ring 614, In various embodiments, a laich, screw, detent, or
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other structure can be provided to releasably ix the DOF sensor 610 {o the retention ring
614,

{0066] Various other sappott structures are possible.  For example, in some
embodiments the DOF sensors may be carried by a series of straps configured fo be
wrapped around 2 patient’s foot so as to position the DOV sensors appropriately with

espect to the desired measurement regions of the pedal topography, for example different
pedal angiosomes. In some embodiments, the DOF sensors may be carried by a sheet of
flexible material to be wrapped around the paticot’s foot. In some embodiments, the
support structure may be configured to carry one, two, three, four, five, or more DOF
sensors.  In some erghodiments, two or more support structures may be provided for a
single patient. For example a first support structure may carry two DOF sensors and be
positioned over a first portion of a patient’s foot, while a second support structure may
carry two additional DOF sensors and be positioned over a second portion of the paticnt’s
foot. In various embodiments, the support structure raay he wearable, for example it may
be a garment such as a cover sock, shoe, efe. In some embodiments, the support structure
can mnclude a strap or series of straps. In other embodiments, the support structure can
comprise an adhesive material by which one or more DOF sensors can be attached 1o a
patient’s skin. For example, in some embodiments, cach of the DOF sensors can be
provided with an adhesive on the tissue-facing side so as to ensure that the sensors
contact the skin, In some embodiments, mechanical pressure can be apphed to the DOF
sensors to ensure that they are pressed against the skin — for example an external wrap
may be used, or the clasticity of a cover sock or other foot covering may iself be
sufficient to ensure that the DOV sensors are adequately held aganst the skin. In some
embodiments, DOF sensors can be embedded into a foot plate sensor such as those used
by podiatrists. An individual roay step onto the foot plate, and one or more DOV sensors
carried by the foot plate can measure absolute and/or relative blood flow at various
locations on the foot.

1060671 In some embodiments, cach DOF sensor may be carried by a different
support structure. In other embodiments, a support structure can be configured to carry
any number of DOF sensors, for example twe, three, four, five, or more. In various
embodiments, the support structure can be configured such that, when the support
stracture is positioned over a patient’s foot, the position of the DOF sensors correspond to

different topographical locations in the foot including sclected pedal angiosomes. The
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support structure can be configured to carry DOF sensors corresponding to any
combination of topographical locations in the foot including pedal angiosomes. For
example, in one embodiment a support structure may be configured to carry DOF sensors
adapted to measure blood flow at the caleaneal branch of the posterior tibial artery and at
the calcaneal branch of the peroneal artery. In another embodiment a sapport sinucture
can be configured to carry DOF sensors adapted to measure blood flow at the medial
plantar artery, the lateral plantar artery, and the caleaneal branch of the posterior tibial
artery. Various other configurations are possible, such that the support structure can be
tailored to provide DOF sensors at the desired measurement locations.

IB068] FIG. 7 1s a flow diagram of a method {or analyzing relative blood fiow,
The process 700 begins in block 702 with positioning at least one DOF sensor on a
patient’s foot at a location corresponding o a pedal angiosome. As noted above, 1 some
embodiments a plurality of such DOF sensors may be positioned at various places on a
patient’s foot, or other places on the patient’s body. In soroe crobodiments, a plurality of
such DOVF sensors can be used to obtam simultancous measurements from different
topographical locations in the foot including different angiosomes. The process 700
contimues 1o block 704 with obtaining roeasurcmuent of absolute and/or relative biood flow
using the DOF sensor.  As noted above, DOF techuiques can provide an autocorrelation
function indicative of the abschute and/or relative blood flow within the tissue. The
process 700 continues in block 706 with signaling the absolute and/or relative blood flow
to the operator. For cxample the signal may be provided via visual, audible, or factile
compuutication. In some embodiments, the absolute and/or relative bloed flow can be
signaled 1o the operator in substantially real-time, for example within 1 second of
measurement. I some embodiments, a display may be provided that shows the
autocorrelation functions, a chart of blood flow indices (BFis), or other mdicator of the
absolute and/or relative blood flow. Such a display can provide the operator with real-
time feedback to guide intra-operative decision-making.

[0069] As described above, sensor head designs for DOF sensors traditionally
employ fibers with cither metal or ceramic ferrules to protect the fiber tip, hence the
typical sensor head design is limited to a vertical contact scheme where light owt of the
fiber is directly coupled nto a sample. The vertical fiber design suffers from a number of
disadvantages when used in applications for blood perfusion monitoring: it adds bulk,

height and positional instability to the sensor head; it may require additional means of
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support to achieve stable and consistent contact with the skin; and for these reasons, it
may cause patient discomfort after prolonged apphication.

{0070] Therefore, it is advantageous to mmplement a low profile horizontal
contact sensor head that is both siraple and cost-effective. FIGS. 8A-8C illustrate an
embodiment of such a DOF sensor bead. FIG. 8A illustrates a schematic cross-section of
the sensor head 800, and FIGS. 8B and 8C illustrate plan views of two possible
embodiments for the sensor head 800, As illustrated, a support structure includes a
cceptacle member 804 with a groove to receive the optical fibers 806 theremn, and a
reflector member 808 with a reflecting surface.  As illustrated, optical fibers 806 are
applied horizontally onto the surface of the sample 810, and part of the fiber body i3
disposed within 2 groove in a receptacie mernber 806, and the distal tip of the fiber 806
configured to be positioned between the surface of saraple 810 and a reflecting surface of
the reflector oemmber 808, Light coming out of the source fiber tip will be reflected off of

the reflecting surface in this gap and will be directed towards the sample 810, For the

s

detector fiber, the reverse will happen: only those light paths that fall within the
acceptance cone will be reflected off of the reflecting surface and collected by the fiber.
In some embodiments, the reflecting surface may comprise a sheet of aluminum foil
mounted onte a compliant backing such as a rubber, silicone, or foam pad. i will be
appreciated that a wide range of matertals may be utilized as reflectors including metal
foils, metal films, optically reflective coatings, interference gratings, nanostructured
meta-materials, or any other material with suitable optical properties.

i00718] When applied to a sample, the planar DOF sensor places the fiber in
optical communication with the sample. In some embodiments an optically transparent
sterile barrier comprising at least one optically transparent layer may be disposed between
the fiber and the sample. The at least one optically transparent layer may be configured
to have adhesive coatings to facilitate attachment of the planar DOF sensor onto the
surface of the sample/tissuge.  For example, surgical tape may comprise a support
configured to receive the DOF sensor thereon, and to couple the DOF sensor fo the
sample.

{00721 FIGS. 9A-9D show one embodiment of the supports fabricated using
3D printing, with a support comprising an adhesive layer that is disposed between the
patient/tissuae and the optical fibers. FIGS. 9A and 9B illustrale the support member 902,

with 9C and 8D showing top and botiom views, respectively, of the sensor heads 900
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prepared with a layer of surgical adhesive tape 912 to be disposed between the patient’s
skin and the {ibers. In FIGS. 9C and 9D, the reflector pads 908 and tips of fibers 906 are
ohscured by the adhesive Imer of the surgical tape 912, In other embodiments, the at
least one optically transparent layer may not have an adhesive coating, whercupon the
planar DOF sensor may be attached to the sample by the application of surgical tape, a
mechanical clamp, adjustable strap, or other means.

{0673] FIG. 10 illustrates a plurality of DOF sensors 1000 atitached to a
patient’s fool. With a source-detector separation of approximately 1.5 ¢m on a healthy
buman foot, arterial cuff occlusion protocol ohservations display typical blood perfusion
variations — 1.2., a sudden decrease and plateauing during occlusion, and sharp overshoot
and subsequent recovery to bascline value after velease of the cuff pressure. FIG. 11
illustrates a DOF sensor attached to a patient’s hand. The computer screen indicates a

ecrease in blood perfusion during arterial cuff occlusion and subsequent reactive
hvperenuia, indicating healthy blood flow i the hand. In the illustrated graph, two sets of
cuff-occlusion are shown with two distinet peaks of reactive hyperemia.

{0874 Advantages of the planar DOF sensor head include ifs low weight, its
stability during prolonged application, and a higher level of patient comfort. ks
performance is not compromised compared to a vertical sensor head design, and it can be
utiltized in any optical transmission measurement system in semi-tnfinite geometry.

{B075] Although some embodiments described above refer to applying DOF
sensors to determining absolute and relative blood flow i the foot, other applications are
possible. For example, in some embodiments, DOF sensors can be used to assess blood
flow in plastic and reconstructive surgical flaps. In some embodiments, DOF sensors can
be used (o assess blood flow in the hand. In some embodiments, the DOF sensors can be
positioned within the body, for example within natural orifices, to assess blood flow. In
various such embodiments, DOF sensors can be disposed in accordance with angiosome
theory.

{00761 Although this application has been disclosed in the context of certain
ernbodiments and examples, it will be undersiood by those skilled in the art that the
present application extends beyond the specifically disclosed embodiments to other
aliernative embodiments and/or uses of the application and obvious modifications and
equivalents thereof. Additionally, the skilled artisan will recognize that any of the above-

described methods can be carried out using any appropriate apparatus. Further, the
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disclosure herein of any particular {feature m connection with an embodiment can be used
m all other disclosed embodiments set forth heremn. Thus, it is intended that the scope of
the present apphcation herein disclosed should not be limited by the particular disclosed

embodiments described above.
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WHAT IS CLAIMED IS:
1. A system for assessment of peripheral blood flow during peripheral vascular
miervention, the system comprising:

a support structure configured to be positioned onto a patient’s foot;

a diffuse optical ow (DOF) sensor carried by the supportt structure;

an analyzer configured to analyze data from the DOF sensor to determine
absolute and/or relative blood flow at a location near the DOF sensor when the
support structure is positioned onto the patient’s foot; and

a feedback device configured o provide a signal indicative of the absolute
and/or relative blood flow determined by the analyzer,

2. The systern of Clatm 1, wherein the support structure comprises a retention
ring and an adhesive material.

3. The system of Claimn 1, wherein the support siructure comprises a strap having
the DCS sensor attached thereto.

4. The system of Claim 1, wherein the support structure comprises surgical tape.

5. The system of Claim 1, wherein the DOF sensors are arranged such that when
the support structure is positioned onto the patient’s foot, at least two of the DOF sensors
are over different topographical locations in the foot including  different pedal
angiosomes.

6. The system of Claim 3, wherein the DOF sensors are arranged such that when
the support structure is positioned over the patient’s foot, at least five of the DCS sensors
arc over different topographical locations in the foot including  different pedal
angiosomes.

7. The systern of Claim 1, wherein the analvzer comprises a software
autocorrelator.

8 The systern of Claim 1, wherein the analyzer comprises a hardware
autocorrelator.

9. The systern of Claim 1, wherein the sigonal indicative of the absolute and/or
relative biood flow is visual, audible, or tactile,

16, The system of Claim 1, wherein the systern is configured to provide the signal

mdicative of the absolute and/or relative blood flow in substantially real-time,
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11 The system of Claim 10, wherein the system 15 configured to provide the
signal indicative of the absolute and/or relative blood flow within 1 second from
measurement.

12. A method {or real-time assessment of peripheral biood flow during peripheral
vascular intervention procedures, the method comprismg:

disposing at least one diffuse optical flow {(DOTF) sensor adjacent to a
location on a foot of a patient;

obtaining measurements of intensity {luctuation from the DOF sensor;

analvzing the obtained measurements to determine an absolute and/or
relative blood flow rate at the location; and

signaling the determined absolute and/or relative bloed flow rate to an
operator.

13. The method of Claim 12, wherein disposing the at least one DOF sensor
comprises placing a support structure onto the foot of the patient, the DOF sensor being
carried by the support structure.

14. The method of Clamm 12, finther comprising disposing a plurality of DOF
sensors adjacent to a respective plurality of locations on the foot of the patient.

15, The method of Claim 14, wheremn the plurality of locations comprises at least
two locations corresponding to different topographical locations i the fool ncluding
different pedal angiosomes.

16. The moethod of Claimm 15, wherein the plurality of locations comprises at least
five locations corresponding to five different topographical locations in the foot inchuding
different pedal angiosomes.

17. The method of Claim 12, wherein the signaling comprises providing visual,
audible, or tactile indicia of absolute and/or relative blood flow,

18. The methed of Claim 12, wherein the signaling the determined absohute and/or
relative blood flow rate to an operator is peorformed in less than 1 second from
measurement.

19. A method for assessment of peripheral blood flow during peripheral vascular
miervention procedures, the method comprising:

disposing a plurality of diffuse optical flow (DOF) sensors adjacent 1o a

respective plurality of locations on an exirernity of a patient, wherein at least two
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of the locations correspond to different topographical locations m the foot
meluding different pedal angiosomes;
deternmining an absolute and/or relative blood flow rates at each of the
plurality of locations in the extremity of the patient; and
signaling the determined absohute and/or relative blood flow rates to an
operator.
20, The method of Claim 19, wherein the extremity is a foot.
21. The method of Claym 19, wherein the extremity is a hand.
22. The method of Claim 19, wherein the signaling is performed in substantially
real-time.
23. The method of Claim 19, further comprising utilizing the determined absolute
and/or relative blood flow rates to assess the efficacy of an interventional procedure.

~

24. A patient mnterface, for supporting a plourality of diffuse optical flow (DOE)

5

sensors in optical communication with a patient’s foot, comprising:
a support, configured to be mountable on and carried by the foot;
at least three DOF sensors carried by the support, each sensor
corresponding to a separate topographical location in the foot including an
angicsome selected from the group consisting of:
the angiosome of the medial plantar artery;
the angiosome of the lateral plantar artery;
the angiosome of the calcaneal branch of the posterior tibial artery;
the angiosome of the calcancal branch of the peroneal artery; and
the angiosome of the dorsalis pedis artery.

25, A patient interface as in Claimo 24, coroprising at least four sensors carried
by the support, cach sensor corresponding to a separate topographical location in the foot
ncluding an angiosome selected from the group consisting of:

the angiosome of the medial plantar artery;
the angiosome of the lateral plantar artery;
the angiosome of the calcaneal branch of the posterior tibial artery;
the angiosome of the calcaneal branch of the peroneal artery; and
the angiosome of the dorsalis pedis artery
26. A patient interface as in Claim 24, wherein the support corgprises a retention

ring and au adhesive material.
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27. A patient interface as in Claim 24, wherem the support comprises 4 strap.

28. A patient interface as m Claim 24, wherein the support comprises surgical

29. A patient mterface as m Claim 24, wherein each sensor comprises an optical

{iber and an optical detector fiber
30. A patient interface as in Claim 29, wherein the optical source fiber and optical

detector fiber further comprise at least one coupling, for releasably coupling the sensor to

an analyzer.
310 A patient mterface as in Claim 29, comprising a cable, which includes a

o~

plurality of pairs of source fibers and detector fibers, each pair connected to a separate

SENSOT.
32. A panent interface as in Claim 24, wherein each sensor i8 releasably carried

by the support.
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POSITION AT LEAST ONE DIFFUSE OPTICAL
FLOW SENSOR ON A PATIENT'S FOOT
AT A LOCATION CORRESPONDING TO A
PEDAL ANGIOSOME
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'

OBTAIN MEASUREMENT OF RELATIVE AND/OR
ABSOLUTE BLOOD FLOW USING DIFFUSE OPTICAL
FLOW SENSOR
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'

SIGNAL BLOOD FLOW TO OPERATOR
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