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There s provided a method and a system for quantification of
absolute blood flow in tissue using near-infrared fluorescence
angiography in conjunction with photoplethysmography
(fluorescence-mediated  photoplethysmography).  The
method and system of the present invention provide absolute,
real-time measurements of flow in terms of volume/time/area
based upon measurement of fluorescence intensity.
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Figure 3
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Figure ©
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Figure 6
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Figure 8
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Figure 10

Effect of Sample Thickness on ICG Concentration in Blood vs 850-nimv900-nm Ratio

(All curves calibrated to 1.764-mm thick, 4-M ICG/Blood sample with Rafio=2.340)
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Figure 11

Effect of Sample Thickness on ICG/Ethanol vs 850-nnv900-nm Ratio
(Al curves used 1.764-mm thick, 4-uM ICG/Blood sample with Ratio=2.340
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Figure 13

Berezin Laboratory Data: 1CG in Human Blood
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Figure 16
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QUANTIFICATION OF ABSOLUTE BLOOD
FLOW IN TISSUE USING FLUORESCENCE
MEDIATED PHOTOPLETHYSMOGRAPHY

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of priority of
U.S. Provisional Application No. 61/835,408 filed Jun. 14,
2013, the disclosure of which is incorporated herein by ref-
erence.

TECHNICAL FIELD

[0002] Thepresentinvention relates generally to the field of
optical assessment of blood perfusion in tissue, and particu-
larly to quantitative assessment of absolute blood perfusion in
tissue.

BACKGROUND

[0003] Quantification of tissue (e.g., skin) blood perfusion
assessment continues to be of fast-growing interest amongst
clinicians, with applications across many surgical and non-
surgical specialties. Although simple binary assessment (flow
versus no-flow) may be adequate for some clinic al applica-
tions, frequently, quantification relative to some standard is
needed for many other clinical applications. Increasingly,
quantification in absolute terms (e.g., volume/time as a mea-
surement of flow) is of interest. However, quantitative assess-
ment of absolute blood perfusion in tissue as a tool of clinical
assessment has been elusive.

[0004] Photoplethysmography (PPG) is an optical tech-
nique used to detect blood volume changes in the microvas-
culature. The observed waveform in PPG correlates with
heartbeat, and PPG-based technology has been deployed in
commercially available medical devices for measuring
parameters such as oxygen saturation, blood pressure and
cardiac output.

[0005] Despite the relatively wide deployment of medical
devices based on PPG detection, PPG has not been exploited
to facilitate routine determination of absolute measurement
of tissue blood perfusion. A methodology with such capabili-
ties would be of significant value to clinicians, since it would
make possible routine acquisition of tissue blood perfusion
measurements having the dimensions of volume/time/area.
Only measurements having such dimensions allow for valid,
direct inter-site and inter-subject comparisons. Therefore,
there is a need for methods and systems for quantitative
assessment of absolute blood perfusion in tissue.

SUMMARY

[0006] Inaccordancewithone aspect of the invention, there
is provided a method for determining aggregate flow of blood
through vasculature in a tissue of interest such as for example
skin tissue. The method includes measuring a cross-sectional
area of a tissue volume end, measuring a thickness increase of
a blood volume layer, determining a pulse duty cycle, deter-
mining a duration of a single blood pressure pulse, and deriv-
ing the aggregate blood flow, F, according to the inequality
F=(A) (AL) (Ppo)/At. In the inequality F, AV=(cross-sec-
tional area of the tissue volume end, A)x(thickness increase,
AL, of the blood volume layer, L), P, is the pulse duty cycle
and At=duration of a single pressure pulse.

[0007] In further aspects, the method includes a fluores-
cence imaging protocol which includes administering an
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appropriate volume of a fluorescence dye into the vasculature
supplying the tissue area of interest, and obtaining a sequence
of angiographic images of the tissue area of interest. In further
aspects, the fluorescence dye is ICG, which is administered at
aconcentration of between about 25-50 mg/mL. In yet further
aspects, the angiographic images are obtained at a frame rate
of 20-30 frames per second, and such images are obtained by
a near-infrared fluorescence imaging system. In various
aspects, the imaging system includes a laser for excitation of
the ICG and a camera for capturing images of the fluores-
cence emitted by the ICG.

[0008] In accordance with another aspect of the invention,
there is provided a method for quantifying absolute blood
flow through a tissue volume. The method includes adminis-
tering an appropriate volume of a fluorescence dye into vas-
culature supplying the tissue volume, obtaining a sequence of
angiographic images of the tissue volume, calculating aver-
age fluorescence intensities for the sequence of angiographic
images of the tissue volume, and generating a plot of time-
varying average fluorescence intensity. In various aspects, the
fluorescence dye is indocyanine green (ICG), and the ICG 1s
administered at a concentration of between about 25-50
mg/mL, and the tissue volume comprises skin tissue. In vari-
ous further aspects, the angiographic images are obtained at a
frame rate of about 20-30 frames per second, and in further
aspects, the angiographic images are obtained by a near-
infrared fluorescence imaging system. In various aspects, the
imaging system includes a laser for excitation of the [CG and
a camera for capturing images of the fluorescence emitted by
the ICG.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Inaccompanying drawings which illustrate embodi-
ments of the invention,

[0010] FIG. 1 illustrates measurement of aggregate finger-
tip blood volume during a single blood pressure pulse using
conventional photoplethysmography (PPG);

[0011] FIG. 2A-2C illustrate the use of fluorescence-medi-
ated photoplethysmography (FM-PPG), according to an
embodiment, to measure time-varying changes in blood vol-
ume in a volume (section) of tissue having a surface area, A,
by detecting changes in fluorescence intensity;

[0012] FIG. 3A-3B schematically represent the time-vary-
ing relationship between indocyanine green (ICG) concen-
tration and fluorescence intensity during transit of ICG
through a blood vessel;

[0013] FIG. 4A-4B show a fluorescence image of a tapered
capillary tube containing a 0.03 mg/ml concentration ICG
solution and a graph of the resulting linear relationship
between capillary diameter and fluorescence intensity;

[0014] FIG. 5isaplotoftime-varying average fluorescence
intensity emitted from an area of human forearm skin follow-
ing injection of an ICG solution into the cubital vein;

[0015] FIG. 6 shows a train of PPG oscillations associated
with a plot of fluorescence intensity emitted from a tapered
capillary tube containing a 0.03 mg/ml concentration ICG
solution as a function of capillary tube thickness;

[0016] FIG. 7 illustrates the relationship of the ratio of the
intensities of bands of wavelengths centered about 850 nm
and 900 nm emitted by ICG in blood as a function of molar
concentration;
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[0017] FIG. 8 shows an exemplary imaging system com-
prising an arrangement of optical components according to an
embodiment for implementing the FM-PPG methodology of
the present invention;

[0018] FIG. 9 displays segments of time-varying average
intensity graphs from certain working examples of the present
invention contained herein;

[0019] FIG. 10 illustrates the effect of sample thickness on
the 2-wavelength ratiometric calibration curves constructed
for ICG 1in ethanol;

[0020] FIG. 11 illustrates the effect of sample thickness on
the 2-wavelength ratiometric calibration curves constructed
for ICG in human blood;

[0021] FIG. 12 illustrates a calibration curve interpolated
from five data points;

[0022] FIG. 13 illustrates Berezin laboratory data for ICG
in human blood;

[0023] FIG. 14 shows a comparison of the data generated
using the FM-PPG exemplary method and system of the
present invention (from FIG. 12) with the Berezin laboratory
data for ICG in human blood (from FIG. 13);

[0024] FIG. 15 shows validation data from a Rhesus mon-
key eye, and in particular, for analysis of each sequence a time
plot of image brightness (total intensity) vs, image number;
[0025] FIG. 16 shows validation data from a Rhesus mon-
key eye, and in particular, a plot generated for images 490-
565, wherein the valleys between two consecutive blood flow
pulses are selected (squares); the table indicates computed
blood flow for each pulse as well as average flow;

[0026] FIG. 17 shows a second angiogram sequence in
connection with validation data from a Rhesus monkey eye;
[0027] FIG. 18 shows a plot generated for images 300-381,
wherein the valleys between five consecutive blood flow
pulses are selected (squares); the table indicates computed
blood flow for each pulse, as well as average flow;

[0028] FIG. 19 shows a third angiogram sequence in con-
nection with validation data from a Rhesus monkey eye;
[0029] FIG. 20 shows a plot generated for images 260-290,
wherein the valleys between two consecutive blood flow
pulses are selected (squares); the table indicates computed
blood flow for each pulse, as well as average flow; and
[0030] FIG. 21A-21B show an image from the human eye
angiogram (21A) and the retinal area represented as a box
superimposed upon the autoradiograph of a flat-mounted
choroid from the left eye of one of the monkeys (21B) used by
Alm and Bill as described in the specification.

DETAILED DESCRIPTION

[0031] Reference will now be made in detail to implemen-
tations and embodiments of various aspects and variations of
the invention, examples of which are illustrated in the accom-
panying drawings.

[0032] Conventional photoplethysmography (PPG) mea-
sures time-varying relative changes in the amount of blood in
avolume of tissue (typically a fingertip) by detecting changes
in the amount of near-infrared light transmitted through the
tissue; the greater the amount of blood in the light path, the
greater the amount of light absorbed. During intravascular
pressure pulse diastole, the aggregate volume in the fingertip
blood vessels is smallest, and during systole, the volume is
greatest, as illustrated in FIG. 1, which shows a conventional
PPG measurement of aggregate fingertip blood volume dur-
ing a single blood pressure pulse.
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[0033] By comparison, fluorescence-mediated photopl-
ethysmography (FM-PPG), according to the various aspects
of the invention, measures relative timevarying changes in the
amount of blood in a volume of tissue (e.g., skin) by detecting
changes in the amount of near-infrared fluorescence light
emitted from the tissue volume (section). In FM-PPG,
according to the various embodiments, fluorescence intensity
is directly proportional to the total amount of a fluorescence
dye (e.g., indocyanine green (ICG) dye) present in the blood,
and thus becomes a measure of blood volume. In various
embodiments, implementation of FM-PPG for quantification
of absolute tissue perfusion allows determination of molar
concentration of fluorescence dye in circulating blood of a
subject during acquisition of an image (or a plurality of
images) in an angiogram sequence.

[0034] According to various embodiments, FM-PPG and
certain characteristics of the administered fluorescence dye,
such as for example, concentration fluorescence quenching
and a linear relationship between concentration and dual-
wavelength ratiometric fluorescence measurements, make
possible determination of tissue (e.g. skin) blood flow in
absolute terms of volume/time/area. In various embodiments,
the method and system of the present invention can be applied
across a wide size range of tissue (e.g., skin and ocular fun-
dus) areas, ranging in size, for example, from less than about
1 cm? to about Y4 m?.

[0035] Invarious embodiments, suitable fluorescence dyes
include any non-toxic dye which fluoresces when exposed to
light energy in an amount sufficient to cause the fluorescence
dye to fluoresce thereby permitting the subject tissue area to
be imaged. In various embodiments, the dye may be admin-
istered at a suitable concentration such that the fluorescence
may be detected when the appropriate wavelength of radiant
energy is applied. In certain embodiments, the dye is a fluo-
rescent dye that emits light in the infrared spectrum. In certain
embodiments, the dye is a tricarbocyanine dye such as
indocyanine green (ICG). In other embodiments the dye is
selected from fluorescein isothiocyanate, rhodamine, phyco-
erythrin, phycocyanin, allophycocyanin, o-phthaldehyde,
fluorescamine, rose Bengal, trypan blue, fluoro-gold, or a
combination thereof. The aforementioned dyes may be mixed
or combined in certain embodiments. In some embodiments,
dye analogs may be used. A dye analog includes a dye thathas
been chemically modified, but still retains its ability to fluo-
resce when exposed to radiant energy of an appropriate wave-
length.

[0036] Insome embodiments, the dye may be administered
to a subject (e.g., a mammal) intravenously, e.g., as a bolus
injection, in a suitable concentration for imaging. In various
embodiments, the dye is injected into a vein or artery. In
embodiments where multiple dyes are used, they may be
administered simultaneously, e.g. in a single bolus, or
sequentially, e.g. in separate boluses. In some embodiments,
the dye may be administered by a catheter. In various embodi-
ments, the dye may be provided as a Iyophilized powder or
solid. In certain embodiments, it may be provided in a vial,
e.g. asterile vial which may permit reconstitution to a suitable
concentration with a sterile syringe. It may be reconstituted
using any appropriate carrier or diluent. Examples of carriers
and diluents are provided below. The dye may be reconsti-
tuted, e.g., with water, immediately before administration.
[0037] In certain embodiments, the dye may be adminis-
tered to the subject less than an hour in advance of obtaining
an image. In some embodiments, the dye may be adminis-
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tered to the subject less than 30 minutes in advance of obtain-
ing an image. In yet other embodiments, the dye may be
administered at least 30 seconds in advance of obtaining an
image. In still other embodiments, the dye is administered
contemporaneously with obtaining an image.

[0038] In various embodiments, any diluent or carrier
which will maintain the dye in solution may be used. As an
example, in certain embodiments where the dye is ICG, the
dye may be reconstituted with water. In other embodiments
where the dye is ICG, the dye may be reconstituted with an
alcohol, e.g. ethyl alcohol. In some embodiments, once the
dye is reconstituted it may be mixed with additional diluents
and carriers. In some embodiments, the dye may be conju-
gated to another molecule, e.g., a protein, a peptide, an amino
acid, a synthetic polymer, ora sugare.g., to enhance solubility
or to enhance stability. Additional examples of diluents and
carriers which may be used in certain embodiments include
glycerin, polyethylene glycol, propylene glycol, polysorbate
80, Tweens, liposomes, amino acids, lecithin, dodecyl sulfate,
phospholipids, deoxycholate, soybean oil, vegetable oil, saf-
flower oil, sesame oil, peanut oil, cottonseed oil, sorbitol,
acacia, aluminum monostearate, polypxylethylated fatty
acids, and mixtures thereof. Additional buffering agents may
optionally be added including Tris, HCl, NaOH, phosphate
buffer, HEPES.

[0039] According to the various embodiments, FM-PPG
measures time-varying changes in the amount of blood in a
volume (section) of tissue by detecting changes in the amount
of near-infrared fluorescence light emitted from the tissue
volume, following administration (e.g., intravenous injec-
tion) of a fluorescence dye (e.g., ICG) to a subject. Fluores-
cence intensity is proportional to the total amount of the
fluorescence dye (e.g., ICG) contained in the blood.

[0040] The individual ICG-filled vessel segments within
the rectangular volume of skin tissue (a section of tissue)
indicated in FIG. 2A are schematically represented in FIG.
2B, wherein the vessel segments are depicted during pressure
pulse diastole (on the left) and during the peak of systole (on
the right). The arrows on the surfaces of the tissue volumes
(eachhaving a cross-sectional area, A) indicate the increase in
ICG fluorescence intensity that occurs when the diameters of
the individual blood vessel segments increase as blood pres-
sure rises from the diastolic to the systolic level. FIG. 2C
replicates the geometrical relationships depicted in FIG. 2B,
except that the aggregate volumes of the individual blood
vessel segments are represented by a single cubic volume.
Additionally, the maximum amount of blood volume increase
that occurs between the diastolic and systolic pressures is
indicated as AV.

[0041] The total amount of blood flowing through the rect-
angular tissue volume during a single pressure pulse oscilla-
tion is proportional to the area beneath the pulse curve. If the
pressure pulse were a square-wave, then the total volume
flowing during a single pulse would be AV. However, the
pressure pulse curve is not a square-wave, so the area under
the actual pulse curve is a fraction of the square-wave area.

[0042] Therefore, let pulse duty-cycle (P,.) may be
defined as the fraction of the area under the square wave
occupied by the area under the actual pulse curve. Thus, the
actual blood flow through the tissue volume during one pres-
sure pulse cycle, F, is:

F=(AV)(Ppo/A,
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where
[0043] AV=(cross-sectional area of the tissue volume
end, A)x(thickness increase, AL, of the blood volume
layer, L}, and

[0044] At=duration of a single pressure pulse,
therefore,
FA)AL)Ppc)/A, oy
[0045] Although absolute values can be determined for A,

Pre, and At, no clinically acceptable method by which to
routinely determine AL has been demonstrated previously.
Exemplary algorithm embodiments by which AL can be
determined quantitatively in terms of length/time are
described below.

[0046] In one embodiment, the concentration-dependent
fluorescence quenching displayed by a fluorescence dye (e.g.
ICG) provides a method by which AL can be determined
quantitatively in terms of length/time.

[0047] Concentration-dependent fluorescence quenching
is the phenomenon exhibited by certain dyes in solution,
wherein the fluorescence intensity emitted by the solution
increases along with dye concentration until a point is
reached beyond which further concentration increase results
in fluorescence diminution. For example, for ICG in blood,
maximum fluorescence occurs at a concentration of 0.025
mg/ml (see Flower, R. W. and Hochheimer, B. F.: “Quantifi-
cation of Indicator Dye Concentration in Ocular Blood Ves-
sels”, Exp. Eye Res., Vol. 25: 103, August 1977); above or
below this concentration, fluorescence diminution occurs
fairly sharply, as shown in FIG. 3A, which schematically
illustrates the time-varying relationship between ICG con-
centration and fluorescence intensity during transit of ICG
through a blood vessel. FIG. 3B schematically illustrates, for
a fixed location within a blood vessel, the time-varying rela-
tionship between ICG concentration (solid curve) and fluo-
rescence intensity (dashed curve) during transit of an ICG dye
bolus through the vessel.

[0048] FIG. 3 indicates the points at which dye concentra-
tion in both FIG. 3A and FIG. 3B is 0.025 mg/ml, and the
points at which the concentration is at some significantly
greater level at which fluorescence quenching takes place
(e.g., in this example, about 10 times greater). FIG. 3B illus-
trates that as an ICG bolus transits the blood vessel and dye
concentration increases (solid curve), ICG fluorescence also
increases (dashed line) and reaches a maximum intensity
when the dye concentration reaches 0.025 mg/ml (left-hand
arrow). As concentration continues to increase, fluorescence
decreases due to concentration fluorescence quenching,
reaching a minimum intensity (middle arrow) when concen-
tration reaches its maximum (about 0.250 in this example).
Thereafter, concentration decreases, causing fluorescence
intensity to increase, until it again reaches the maximum level
of 0.025 mg/ml (right-hand arrow); then as concentration
continues to decrease, fluorescence also begins to decrease
again.

[0049] In various embodiments, the distinctive double
peaks of equal maximum fluorescence intensity that occur
during transit of an ICG bolus of sufficiently high concentra-
tion and volume integrity allow to determine, in absolute
terms, the increase in blood volume thickness, AL, depicted in
FIG. 2C. Since the peaks occur at a concentration of 0.025
mg/ml, and since the fluorescence intensity emitted from a
known area (A) at the precise time either peak occurs can be
determined, the thickness of a layer of blood containing 0.025
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mg/ml ICG that emits the same fluorescence intensity under
identical conditions of illumination and magnification also
can be empirically determined.

[0050] For example, using the same optical device and
fluorescence excitation illumination used to acquire the high-
speed angiographic images from which the intensity of the
double-peaked fluorescence was obtained, a fluorescence
image can be obtained of a finely tapered capillary tube filled
with a 0.025 mg/ml ICG/blood or ICG/ethanol solution, as is
illustrated, for example, in FIG. 4. From this image (FIG. 4A),
a graph of the linear relationship between capillary diameter,
AL, and fluorescence intensity can be generated (FIG. 4B).
[0051] Absolute values are now known for all the terms in
the equation F=(AxAL)/At, making it possible to solve for
absolute blood flow through the volume of skin tissue lying
beneath area A in terms of ml/sec. Therefore, this embodi-
ment, illustrates a method for absolute quantification of blood
flow in a volume of tissue (e.g., skin blood flow) previously
unavailable to clinicians.

[0052] Inanotherembodiment, following rapid cubital vein
injection of 0.40 ml of 50 mg/ml aqueous ICG dye and an
immediate, rapid 5.0-ml isotonic saline flush, high-spatial
resolution angiographic images of a 250 mm? area of human
medial contralateral forearm skin were obtained at the rate of
23/sec. The individual images in the angiogram sequence
were re-registered to remove frame-to-frame arm movement,
and from each of these images, average fluorescence intensity
for the tissue area was calculated for each image. These data
were then used to generate a plot of time-varying average
fluorescence intensity, a portion of which (centered approxi-
mately about Image Number 100) is shown in FIG. 5.
[0053] High-frequency “PPG” oscillations are clearly vis-
ible riding on the low-frequency component of the fluores-
cence intensity curve which is related to dye filling of the
aggregate vascular volume contained within the volume of
skin tissue, beneath the 250 mm? surface area. As is illustrated
in FIG. 6, three PPG oscillations (and a fraction of a fourth)
centered about image number 100 have been juxtaposed
beside a graph of the capillary diameter versus fluorescence
data from FIG. 4B. Both graphs are on the same fluorescence
intensity scale shown on the right of the figure.

[0054] An envelope defined by the minima (dashed line)
and maxima (dashed line) of the PPG fluorescence-intensity
oscillations is projected onto the fluorescence-intensity vet-
sus capillary-diameter graph and then onto the graph’s
abscissa. The width of the latter projection indicates the thick-
ness of the blood-volume layer increase, AL=0.001 mm.
[0055] The average pulse duty-cycle (P,) for the three
fluorescence-intensity oscillations in this example was deter-
mined to be 40%, and the average duration of one pulse was
determined to be At=0.680 sec.

Since F = (A)AL)(Ppc) /At (1)

= (250 mm®)(0.001 mm)(0.40)/(0.680)

= (.147 mm? fsec, or 0.147 mlisec

[0056] There appears to be little information available in
the prior art regarding absolute blood flow in the arm skin due
to the unavailability of a reliable measurement methodology.
A very rough approximation can be made using the following
average blood circulation and anatomical values:
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Total cardiac output=35 L/min

= 83.33 ml/sec

Fraction of cardiac output of skin = 20% or 16.67 ml/sec

Skin area(m?) = {[height(in) x weight(Ibs)] /31 31}/
= {[68 x 154]/3131}\*
=1.83
=1.83%10% mm’

Therefore,

total blood flow to 1 mm? of skin=
(16.67 ml/sec)/ (1.83x 106) = 9.11 x 10°
ml/sec Hence,
blood flow to 250 mm® of skin=

250 %9.11 % 10° msec = 0.0023 mlsec

[0057] This latter approximation of blood flow to 250 mm?*
of skin is about 60-times less than the 0.147 ml/sec derived
using the fluorescence-mediated PPG method and system of
the present invention as illustrated in the example above.
However, such a discrepancy in results may be accounted for
in view of the inherent assumption that blood flow is uni-
formly distributed throughout the entire body skin area in the
calculation based on circulation/physiologic approximations,
and that the capillary-diameter/fluorescence-intensity data in
the FM-PPG example were compiled using ICG in ethanol
rather than blood and by-eye capillary-diameter measure-
ments were made with a superimposed scale rather than by
digital means.

[0058] Invarious embodiments, rapid venous injectionof a
small-volume, high-concentration dye bolus (e.g.. ICG), fol-
lowed by a saline flush to achieve a circulating peak dye
concentration in excess of 38-uM, as required in the preced-
ing calibration method, may be suitable for selected clinical
implementations.

[0059] In another embodiment of the present invention, an
alternative calibration method was developed to accommo-
date the range of peak dye (e.g. ICG) concentrations encoun-
tered in routine clinical use.

[0060] Forexample, typical ICG administration consists of
injecting about 3 ml of 25 mg/ml aqueous solution, followed
by a 5 ml saline flush. Injected dye bolus dilution from about
400to 600 times occurs during intravascular transit to various
sites of interest, resulting in a range of peak dye concentration
of approximately 5.4- to 8-uM. To accommodate this vari-
ability of peak dye concentrations, additional fluorescence
wavelength data is ac qui red simultaneously with the angio-
graphic images; these data are used for dual-wavelength
ratiometric analysis for determining intravascular dye con-
centration at the time each image is acquired.

[0061] Whereas the calibration method described in the
previous embodiment has the advantage of requiring no other
data except an ICG fluorescence angiography sequence, the
alternative calibration method described in this embodiment
has the advantage of being entirely transparent to the user, in
that no deviation from the usual injection technique is
required. However, in connection with this embodiment, the
recording device’s imaging optics is modified to permit con-
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tinuous simultaneous measurement of two near IR wave-
lengths longer than those used for image formation.

[0062] As with the calibration method described in the
previous embodiment, in the alternative calibration method,
the thickness increase is determined, AL, of the blood volume
layer, L, depicted in FIG. 2C, Again, the data to do this are
embedded in the fluorescence generated by illumination of
the aggregate ICG-dye tagged blood volume in the rectangu-
lar tissue volume during a single pressure pulse oscillation.
When the surface area, A, of the rectangular tissue volume is
illuminated with 805-nm wavelength laser light, the total
fluorescence generated, F, is a function of excitation light
intensity, i.e., the ICG molar absorption coefficient at 805-
nm, £, the ICG molar concentration, C, the ICG quantum
efficiency, @, and the aggregated ICG-tagged blood layer
thickness, L. That is:

F=flle.e,C0.L) @

[0063] However, taking into account that the excitation
light is absorbed as it travels through ICG tagged blood vol-
ume, as described by the Beer-Lambert law of absorption, the
intensity of emitted fluorescence light, If, is:

If=Ted(1-<CT) G)
Solving equation (3) for L:
L=In [ O/ID-L)(eC) " @,

wherein values for all the parameters are known, except for
the instantaneous ICG molar concentration, C.

[0064] In various embodiments, dye (e.g. ICG) molar con-
centration, however, can be determined by ratiometric analy-
sis of two appropriate near-IR wavelengths above the band of
wavelengths used to form the dye (e.g. ICG) fluorescence
images. For example, FIG. 7, below, shows the relationship of
the ratio of the intensities of bands of wavelengths centered
about 850- and 900-nm wavelengths emitted by ICG in blood
as a function of the dye molar concentration. (Note that the
range of molar concentrations encompasses, by wide margin,
the 5.4- to 8-uM range produced by the current conventional
ICG dye administration regimen employed by plastic and
reconstruction surgeons. However, the range for which such a
relationship extends much farther to both higher and lower
molar concentrations.)

[0065] In various embodiments, implementation of ratio-
metric dye (e.g. ICG) molar concentration determination
involves the addition of optical and electronic components
into the fluorescence imaging pathway. An example of the
insertion of these components, according to an embodiment,
is shown schematically in FIG. 8 in the context of the SPY®
imaging system by Novadaq Technologies Inc. of Missis-
sauga, Canada. FIG. 8 shows schematically an imaging sys-
tem 10 which comprises a CCD video camera 12 and objec-
tive lens 14 for fluorescence imaging of fluorescence light
from tissue 40. As is shown in the embodiment in FIG. 8, the
addition of optical and electronic components (e.g., compo-
nent 16) into the fluorescence imaging pathway may com-
prise disposing such components between the SPY® objec-
tive lens 14 and the CCD video camera 12. Signal outputs
from the two Si photo-detectors 20 an d 22 shown in FIG. 8
are real-time analyzed utilizing the relationship in FIG. 7, and
the resultant molar concentration determined for each angio-
graphic image will be embedded in its TIFF header and sub-
sequently extracted as needed to determine the instantaneous
dye molar concentration in the circulating blood. The
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embodiment in FIG. 8 is discussed in more detail below in
connection with the example of hardware implementation.
[0066] Invarious embodiments, theincrease in thickness of
the blood volume layer, AL, that occurs during a pressure
pulse can be determined at any time during the angiographic
sequence by using equation (4) to determine the layer thick-
ness at the peak of a pressure pulse, L, and at the pulse
minimum, [,,, and then calculating the difference between
the two:

AL=L-L,~In [(LD-L,) D1, (€c) ™ ©)

where 1, and 1, are the respective fluorescence intensities
measured at the pulse peak and minimum, and
where

L=In [Te®/(Te®-1fi](eC) ",

wherein,
[0067] L=aggregate thickness of blood layer in all ves-
sels beneath area A
[0068] (cm) le=excitation light intensity (W cm™>)
[0069]2 If=intensity of emitted fluorescence light (W

cm™)
[0070] &=ICG molar absorption coefficient (M~" em™")
[0071] @®=ICG quantum efficiency
[0072] (0.13)

[0073] A=area of interest (cm?)

[0074] C=ICG molar concentration (M)

[0075] L is determined at the systolic peak of the blood
flow pulse (L) and at its diastolic minimum (L), and
then flow through the tissue area of interest (A) is cal-
culated as:

[0076] Flow=A (Lg~L)/time,and wherein, time is reck-
oned as the duration of the blood flow pulse.

[0077] In various embodiments, the fluorescence intensi-

ties I, and I, may be determined, for example, using the same
data used in the example algorithm depicted in FIG. 6,
wherein the average intensity levels forming an envelope
about the pressure pulses from the angiogram images are
represented by the dashed horizontal lines. In the present
example, however, those two horizontal are projected to the
relative fluorescence intensity scale on the right-hand side of
the graph; one line intercepts the ordinate at 1100, and the
other line intercepts at 1035.

[0078] In various embodiments, in order to convert these
relative intensity levels for 1, and I, to actual light intensity
levels (uW/cm?), the CCD video camera was used as a light
meter by calibrating the camera’s gray scale output against
controlled dye (e.g., ICG) fluorescence intensity input levels.
[0079] The calibration method was devised to take into
account that the total fluorescence (I equation 3) is emitted
spherically, and that only a fraction of it is detected by the
camera, dependent upon the aperture diameter of the imaging
system and the distance of the aperture from the emitting
source. The camera’s output was found to be linear from
approximately 50- to 2500-uW, such that:

I (uW) — (avg. intensity—100)/413.012 (6)
therefore,

I, =2.905 4W,
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-continued
and

I, =2.749 uW.
Noting that during acquisition
of the angiogram data depicted in Figure 6,
I.=40W,
equation (5) becomes: AL =
In[((4000 x 10° x 0.13) — (2.749 x 10%))/ (4000 x 10° x 0.13) —
(2.905x% 10 - 3)]e €)™ =0.0005 mm
Inserting this value for AL into equation (1): F' =
(ANAL)(Ppc) /At = (250 mm?®)(0.0005 mm)(0.40)/(0.680) =

0.0735 mm?/sec, or 0.0735 mlsec,

[0080] This blood flow (0.0735 ml/sec) is half that calcu-
lated by the previous method (0.147 ml/sec) used in the first
example, making it closer to the approximation of 0.0023
ml/sec that was based on whole-body physiological param-
eters.

[0081] Variations in skin blood flow are induced by changes
in a number of physiological parameters, as well as by
changes in ambient temperature. To determine the magnitude
of such variations, an experiment was performed in which
two ICG angiograms of the same 250 mm® area of human
forearm skin as in the example above were recorded within a
period of 32 minutes, each following rapid injection of 0.33
ml of 25 mg/ml ICG and a 5 ml saline flush into the contralat-
eral cubicle vein. The first angiogram was recorded at an
ambient room temperature of about 70° F., and the second
was recorded immediately after exposure for about 1 minute
to radiation from a 24 W quartz halogen lamp at a distance of
6 inches; the temperature sensation was similar to that pro-
duced by rapid exhalation of breath through the mouth at a
distance of several inches.

[0082] FIG. 9 shows segments of the time-varying average
intensity graphs from the two experiments (top row) along
with their respective first-derivative with respect to time
graphs (bottom row). Since this experiment was performed
prior to implementation of the calibration part of the FM-PPG
algorithm, the calculated skin area blood flows at the bottom
of the figure are only in relative terms, rather than the absolute
terms of ml/sec. Nevertheless, the fact that blood flow was
about 1.4 times greater at slightly elevated temperature, com-
pared to ambient room temperature, is an indication of the
range of variability in normal skin tissue that might be
expected in FM-PPG blood flow measurements unless tem-
perature and other physiological parameters at the time of
data collection are not taken into account.

[0083] According to an embodiment of the FM-PPG
method and system of the present invention, ICG was admin-
istered intravenously to a subject by injecting an ICG dye
bolus of sufficiently high concentration that, during transit
through the tissue site of interest, peak dye concentration
would exceed 0.025 mg/ml (the maximum fluorescence
intensity, and where concentration fluorescence quenching
starts as described in more detail below). Under those condi-
tions, the sub-sequence of angiogram images recording dye
transit contained the information needed to determine ICG
molar concentration for each image in the entire sequence as
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a function of image gray-scale intensity, assuming dye exci-
tation level was constant throughout angiogram recording
and that fluorescence-intensity vs. CCD camera gray-scale-
output is known.

[0084] In various embodiments, to counteract ICG dye
fluorescence quenching, a real-time, two-wavelength ratio-
metric method for determination of ICG molar concentration
in circulating blood was developed. It involves no special
preparation, no deviation from a practitioner’s usual regimen
for dye injection, nor that the transit-phase of dye through the
tissue of interest necessarily be recorded, but that fluores-
cence excitation intensity be maintained at a known constant
level during image acquisition and that angiography not be
performed when circulating blood is dye-saturated or that
significant vascular staining has occurred. In various embodi-
ments, implementation of the wavelength-ratiometric
method involves additional optics and hardware and software
for determining, simultaneously with each image acquired,
the intensities of two bands of near-IR-wavelengths and for
embedding these data in the corresponding image header. So
far as angiogram acquisitionis concerned, these additions and
events are entirely transparent to the operator of any device
incorporating them. In various embodiments, additional cali-
bration steps are carried out on each device prior to its enter-
ing routine clinical use.

An Example of Hardware Implementation

[0085] According to an embodiment, for evaluation of the
ratiometric method of ICG molar concentration, the ICG
fluorescence imaging optical path of a prototype FM-PPG
system such as, for example, the imaging system 10 shown in
FIG. 8, was modified by insertion of a beam-splitter 16
between the objective lens 14 and CCD video camera 12 as is
illustrated in FIG. 8. In this embodiment, the beam splitter 16
transmitted the band of ICG fluorescence wavelength(s) 30
used for image capture (approximately 815 to 845 nm wave-
lengths, which may be filtered by a bandpass filter 23) and
diverted all higher wavelength(s) 32 (e.g., wavelengths >845
nm) to a parallel path (which may include a relay lens 17),
along which the light was further divided by a second beam-
splitter 18 into wavelengths less than approximately 875 nm
(wavelength(s) 34) and wavelengths greater than approxi-
mately 875 nm (wavelength(s) 36). At the ends of these latter
pathways were placed near-IR sensitive Si detectors (e.g., Si
detectors 20 and 22) (Thorlabs, model PDA36A Si Switch-
able Gain Detector). Initially, narrow band-width filters cen-
tered about 850 (filter 24) and 900 nm (filter 26), respectively,
were inserted in front of each of the detectors 20 and 22 to
approximate the front-face-excitation fluorescence emission
spectral data from whole blood samples containing 2-, 4-, 8-,
16-, and 32-uM ICG (produced under contract by the Berezen
Lab at Washington University, St. Louis) used to determine
the two wavelengths on which the ratiometric method was
based. A subsequent analysis indicated that in another varia-
tion, substantially the same ratiometric discrimination could
be made using much wider bandwidths. Accordingly, in this
embodiment, the narrow band-width filters were removed,
thereby increasing the light intensity impinging on the Si
detectors. It is noteworthy that the light impinging on each Si
detector is reckoned to arise from the entire field of view
recorded in each angiogram image. However, due to analysis
equipment availability limitations, the post-secondary-beam-
splitter light paths and focusing of light onto the Si detectors
has not been rigorously verified.
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An Example of Software Implementation

Data Acquisition

[0086] In this embodiment, each Si-detector amplifier out-
put was connected to one of two input channels of a high-
resolution digitizer (Advantech 10M, 12 bit, 4ch Simulta-
neous Analog Input Card, Model PCI-1714UL-BE), and the
trigger output from the CCD video camera was connected to
the digitizer’s trigger input channel. Digitized outputs from
each channel were inserted by the A-link software into the
header of each angiogram image recorded. The digitizer con-
tinuously acquired an aggregate of 500 k data samples per
second, derived cyclically in equal portions from each of the
three input channels. When A-link detected a rise above the
1.5-volt threshold in the camera trigger channel (signifying
onset of a 5-msec pulse of excitation light from the 805-nm
laser), data sample counting and recording from the other two
channels started. The first 300 samples from the 850-nm
channel were excluded (to avoid artifact associated with laser
pulse rise time), the next 600 samples were recorded (empiri-
cally determined to be the optimal amount), and rest were
excluded; the same acquisition algorithm was then applied to
samples from the 900-nm channel. When the trigger channel
voltage dropped below 1.5 volts at the end of the laser pulse,
the program was primed to look for the next voltage rise
above the threshold level.

Data Analysis

[0087] The analysis part of the A-link software was con-
structed that in the Phi-motion mode, intensity data from the
850- and 900-nm wavelength bands of light simultaneously
embedded in each recorded angiogram image were extracted,
producing two streams of digital voltage from the Si detector
amplifiers. Each stream contained 600 data samples per exci-
tation laser pulse (i.e., per image), so a total of 1,200 data
samples were stored in each image header.

[0088] The average level of the voltage samples from the
850-nm channel was divided by the average level of the
samples from the 900-nm channel, producing a ratio that is
transformed (via the calibration curve) into a pM-concentra-
tion of ICG (C) used to calculate absolute tissue perfusion.

[0089] Thedigitized outputs from the two channels, as well
as the 2-wavelength ratio, were reported to 6 decimal places.
It was empirically determined that the rolling average ratio
from 40 consecutive images (the number recorded in approxi-
mately 1.7 seconds) was stable to 3 decimal places, therefore
the last three are truncated for purposes of calculation and
reporting.

Construction of the 2-Wavelength Ratio vs C Calibration
Curve

[0090] The calibration curve associated with the example
prototype system is unique to the particular combination of
parameters related to both its electrical and optical compo-
nents (e.g., lens aperture, excitation laser power, Si-detector
amplification, etc.), many of which have been optimized by
empirical experimentation. Necessary characteristics of the
curve are that it is monotonic, has a slope (positive or nega-
tive) sufficiently steep to permit adequate resolution for deter-
mining ICG concentration in blood, is reproducible for the
given fixed set of device parameters, and that it is essentially
independent of sample thickness.
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Experimental Setup and Data Acquisition

[0091] Construction of the calibration curve for the proto-
type system was based on samples of freshly acquired, anti-
coagulated whole human blood containing 2-, 4-, 8-, 12, and
16-uM concentrations of freshly reconstituted ICG dye.
Three milliliters of each sample was placed in an open-top
Petri dish, producing a 1.764-mm thick layer of blood with a
large enough surface area to completely fill the device’s field
of view.

[0092] Oneby one, each of the five samples was positioned
under the objective lens 14 of the imaging system 10, and a
sequence of angiographic images approximately S-sec long
was recorded; this procedure was repeated twice more, as
quickly as possible to avoid settling of the erythrocytes sus-
pended in plasma. One-half milliliter of blood was removed
from each sample, reducing the blood layer thickness by
0.294 mm, and again three sets of angiographic sequences of
the five samples were recorded. Then an additional 0.5 ml of
blood was removed from each sample, and the final three sets
of angiographic sequences were recorded. Thus, nine sets of
ratiometric data were acquired from each of the five ICG/
blood samples, three sets each from three different sample
thicknesses.

[0093] For purposes of comparison, identical sequences of
ratiometric data were acquired from five samples of ICG in
ethanol having a range of ICG concentrations identical to that
of the ICG/blood samples. In this case, however, only one
angiographic sequence instead of three was recorded from
each of the five samples per sample layer thickness. This
deviation from the ICG/blood protocol was necessitated by
the fact that absorption of excitation light energy, especially
with the higher ICG concentration samples, accelerated etha-
nol evaporation, thereby reducing sample layer thickness, as
well as increasing sample concentration.

[0094] FIGS.10and 11 illustrate the effect of sample thick-
ness on the 2-wavelength ratiometric calibration curves con-
structed for ICG in ethanol and in human blood, respectively.
Although solutions of ICG in whole blood, serum, and etha-
nol exhibit similar behavior in terms of emitted fluorescence
intensity as a function of ICG concentration, the curves in
FIGS. 10 and 11 illustrate significantly different behavior
between blood and ethanol solutions, especially at lower dye
concentrations, in terms of the relationships between intensi-
ties of the bands of emitted wavelengths used to construct the
2-wavelength ratiometric calibration curves. A breakdown of
the Beer-Lambert law related to differences in chemical inter-
actions (e.g., dissociation and interaction) between ICG and
the two solutes may account for this difference. The empiri-
cally derived calibration curve for ICG in blood meets the
currently understood requisite characteristics as described
above in this specification.

[0095] To use the calibration curve in conjunction with the
software-embedded algorithm that calculates tissue perfu-
sion, it has to be accessible in a digital format and appear to
the software as a continuous function, even though, in this
example, itis constructed from only five data points. This may
be accomplished by finding an equation describing a smooth
curve that passes through all five points. Unfortunately, no
linear or second-order polynomial was found that fit satisfac-
torily, so a graph was manually constructed that does pass
through all five points; and from it, twelve additional data
points were derived, resulting in the curve in FIG. 12. The
software program interpolates between the total of 17 data
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points. The calibration curve is shown in FIG. 12. As is shown
in FIG. 13, average variability of the ratio data along the curve
averages +/-0.014.

Comparison of the Current Calibration Data to that from the
Berezin Lab

[0096] Generation of the fluorescence data from human
blood containing various concentrations of ICG used to deter-
mine the optimal wavelengths for construction of the ratio-
metric calibration curve was commissioned to the Berezin
Laboratory at Washington University School of Medicine (St.
Louis, Mo.). Berezin Lab was one of a few facilities with an
available spectrofluorometer having a spectral range far
enough into the near-IR region to produce high-resolution
data needed to confirm the original data, upon which the
2-wavelength ratiometric method and system were based.
[0097] Itis expected that the two calibration curves will be
different in terms of noise level and resolution, because the
Berezin device effectively has a single optical pathway (chan-
nel) and uses the same detector to acquire all wavelength data,
whereas the prototype system has two separate pathways and
uses two different detectors, as well as two different signal
amplifiers, etc. Both devises are capable of producing cali-
bration curves that meet the minimum necessary characteris-
tics as described above in this specification, even if the curves
look different.

[0098] As comparison of the curve in FIG. 12 and the curve
in FIG. 13 (with crosses as data points) demonstrate, they are
quite different: although both are monotonic, their slopes are
opposite, and the ratio range of the Berezin data is about five
times greater. But neither of these invalidates the curve from
the prototype system. In fact, by normalizing the ratio scale of
the Berezin curve to that of the prototype system (which
offsets differences associated with signal intensity and ampli-
fication) and by changing the direction of the Berezin data
ratio scale (flipping the curve, thereby changing its slope), the
resulting curve in FIG. 14 (with circles as data points) closely
matches that of the prototype system, as illustrated in FIG. 14.
[0099] The transform function used to normalize the
Berezin data ratio scale was as follows:

R1=(Ry/5.796)+1.858

where:

R, is the original data point value on the Berezin Ratio scale;
R, is the transformed point value to be plotted on the proto-
type device Ratio scale;

5.796 is how much larger the Berezin Ratio data range (dif-
ference between the 2- and 16-uM Ratio values) and that for
the prototype device; and

1.858 is the amount by which R, for the 16-uM Berezin
sample was shifted on the prototype device’s scale (after the
Berezin curve was flipped) in order to make it correspond to
the location of the prototype device’s 2-uM data point.
[0100] The computer-generated second-order polynomial
curve (labeled “Power”) for the prototype system data does
not fit well; this is underscored by the skewness with which it
pass through the spread of “+” data points for both the 8- or
16-uM concentrations.

[0101] Nevertheless, significantly the transformed and
flipped “Power” curve for the Berezin data lies entirely within
the average-variability envelope of the prototype device’s
“Power” curve, as delineated by the spreads of data points.
This demonstrates that the absolute values of the inter-point
relationships for both the Berezin and prototype device data
are essentially the same. Therefore, by the best measure cur-
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rently available, the hard- and soft-ware for determination of
ICG concentration in blood appear to be optimized and
adequate for human subject evaluation.

Validation of the Absolute Tissue Perfusion Algorithm

[0102] Dueto adearth of published data regarding absolute
blood flow levels through various tissues, validation of the
tissue perfusion analysis program is difficult beyond rudi-
mentary bench-top experiments. There being no available
data regarding readily accessible tissue for comparison,
proof-of-concept of the algorithm and prototype device in
living tissue heretofore has been in connection with analysis
of angiogram data acquired from the medial forearm.

[0103] Theonly blood flow data rendered in absolute terms
from tissue accessible without invasive procedures that might
serve as a gold standard for comparison was derived from
rhesus monkey ocular tissues by Alm and Bill (Exp. Eye Res.
15: 15-29, 1973). These data were derived from, using the
well-established method of radiolabeled microsphere injec-
tion, are rendered in terms of mg/min/mm?. Conversion of
their data to pl/sec/mm? requires knowing only that the aver-
age density of blood is 1.06x10” kg/m®, the following rela-
tionship is easily derived:

X(mg/min/mm?)/63.6=X(uL/sec/mm?)

[0104] According to an embodiment, for acquisition of
angiographic data from ocular tissue; a fundus camera may be
used. However, a fundus camera has no provision for simul-
taneous acquisition of the additional two wavelengths of data
needed for ratiometric determination of the concentration of
1CG in circulating blood (C). However, there are alternative
ways to determine when during the transit of an ICG bolus, a
concentration of 32.2 M was reached, and a short sequence
of images recorded at that time could be analyzed by the
FM-PPG algorithm, the results of which can be compared to
that of Alm and Bill.

[0105] One alternative method is based on concentration
fluorescence quenching, a phenomenon exhibited by ICG dye
in solution, wherein the fluorescence intensity emitted by the
solution increases along with dye concentration until a point
is reached beyond which further concentration increase
results in fluorescence diminution. For ICG in blood, maxi-
mum fluorescence occurs at a concentration of 0.025 mg/ml;
above or below this concentration, fluorescence diminution
occurs fairly sharply. As an injected ICG bolus transits a
network of blood vessels and dye concentration increases,
ICG fluorescence also increases and reaches a maximum
intensity when the dye concentration reaches 0.025 mg/ml.
As concentration continues to increase, fluorescence
decreases due to concentration fluorescence quenching,
reaching a minimum intensity when concentration reaches its
maximum. Thereafter, concentration decreases, causing fluo-
rescence intensity to increase, until it again reaches the maxi-
mum level 0£0.025 mg/ml; then as concentration continues to
decrease, fluorescence also begins to decrease again. Thus, in
a plot of overall image brightness versus image number for a
sequence of ICG fundus angiograms in which quenching
occurred would contain distinctive double peaks of equal
fluorescence intensity. Such quenching can be induced in the
ocular vasculatures by injecting an ICG bolus of sufficiently
high concentration and volume integrity, but only if the dye
injection and an immediately following saline flush of proper
volume are made rapidly.
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[0106] A second alternative is based on previously deter-
mined amounts of dilution that cubital vein injected dye
boluses undergo during transit to the ocular blood vessels
(Invest. Ophthal. 12:881-895, 1973): 310 times in an average
adult rhesus monkey, and 600 times in an average adult
human. Again, a plot of overall image brightness versus
image number for a sequence of ICG fundus angiograms can
be used, this time simply to determine the subset of angio-
gram images that were acquired during peak brightness. The
peak brightness is then associated with an ICG concentration
1/600 (in human) or 1/310 (in rhesus) that of the injected dye
bolus concentration.

Validation Data from a Rhesus Monkey Eye

[0107] Inthis example, the subject is the dilated right eye of
an anesthetized 8.79-kg rhesus monkey (nearly identical to
cynomolgus monkeys). Three angiographic sequences were
recorded, as follows:

[0108] Sequence 1—saphenous vein injection of 0.1 ml
(25 mg/0.7 ml ICG solution) followed immediately by a
rapid 3.0 ml saline flush.

[0109] Sequence 2—3.0 minutes later with no additional
dye injection

[0110] Sequence 3—3.0 minutes later, saphenous vein
injection 0of 0.1 m1(25 mg/0.5 m1 ICG solution) followed
immediately by a rapid 3.0 ml saline flush.

[0111] For analysis of each sequence, a Time Plot of image
brightness (Total Intensity) versus image number was con-
structed for the first sequence, as shown in FIG. 15. From that
plot, it was determined the subsequence of images 490-565
were at peak brightness. Since no double peak was detected,
the second alternative method for determining the concentra-
tion of ICG in circulating blood, as previously described
above, was used. That is, the concentration of the first ICG
bolus injected was 25 mg/0.7 ml=35.7 mg/ml, which was
diluted by 310 times, to a concentration of 0.115 mg/ml
during its transit to the eye. Therefore, the peak concentration
of dye in the ocular vessels (corresponding to images 490-
565) was 148 uM; that value was entered into the appropriate
box on the analysis window in lieu of having 2-wavelength
ratiometric data available.

[0112] A second plot was generated for images 490-565
was generated, and the valleys between two consecutive
blood flow pulses were selected (green squares). At the same
time, a table indicating computed blood flow for each pulse,
as well as average flow (0.058 pl/sec/mm?) was also gener-
ated as is shown in FIG. 16. Generally, the same procedure
was followed for the second angiogram sequence shown in
FIG. 17. From this plot, the subset of images 300-381 was
selected, and the corresponding ICG dye concentration (C)
was calculated based on the intensity of the pulses in this
subset (0.0204), compared to the intensity of the peak bright-
ness in the first sequence (0.0595, which corresponded to a
148 uM concentration). Thus, 148 uM/0.0595=C/0.0204, so
C=50.7 uM.

[0113] The second plot was generated for images 300-381
was generated, and the valleys between five consecutive
blood flow pulses were selected (squares). At the same time a
table indicating computed blood flow for each pulse, as well
as average flow (0.055 ul/sec/mm?) was also generated as is
shown in FIG. 18. Finally, the same procedure was applied to
the third sequence, yielding the plots and table, wherein the
plot is shown is F1G. 19.

[0114] Again, from that plot, it was determined the subse-
quence of images 260-290 were at peak brightness, and the
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concentration of ICG in circulating blood after dilution in
transit was calculated. This time, the concentration ofthe ICG
bolus injected was 25 mg/0.5 mI=50.0 mg/ml, which was
diluted by 310 times, to a concentration of 0.161 mg/ml
during its transit to the eye. Therefore, the peak concentration
of dye in the ocular vessels (corresponding to images 260-
290) was 207 uM.

[0115] The second plot was generated for images 260-290
was generated, and the valleys between two consecutive
blood flow pulses were selected (green squares). At the same
time the table indicating computed blood flow for each pulse,
as well as average flow (0.105 pl/sec/mm®) was also gener-
ated as is shown in FIG. 20.

[0116] Theabove analysis of three consecutive angiograms
from the same eye yielded choroidal blood flows of 0.058,
0.055, and 0.105 ul/sec/mm?, all of which compare favor-
ably with the gold standard flow of 0.0866 ul./sec/mm?, as
reported by Alm and Bill and described in the following last
section.

Radiolabled Microsphere Data from Cynomolgus Monkey
Eyes (“Gold Standard™)

[0117] The left-hand image in FIG. 21 (FIG. 21A) is an
image from the human eye angiogram. In the right-hand
image (FIG. 21B), the retinal area shown in the left-hand
image (FIG. 21A) is represented as a box superimposed upon
the autoradiograph of a flat-mounted choroid from the left eye
of one of the monkeys used by Alm and Bill in their experi-
ments. The hole in the middle is due to the removal of the
optic nerve. The black spots represent the trapped micro-
spheres, and the density of the spots is a measure of blood
flow rate. The areas encompassed by the red box includes the
foveal and peripapillary regions, which according to their
results from 17 subjects, have blood flows of 6.49 and 4.53
mg/min/mm?, respectively. These data translate into an aver-
age flow rate of 0.866 ul/sec/mm? for the encompassed area.
[0118] Thus, according to the various embodiments, a
physical relationship is exploited between the absorption of
light in amaterial (e.g., tissue) and the concentration of absor-
bents in the material, and this relationship is used as means to
quantify blood flow. According to the various embodiments,
because all of the variables discussed above can be indepen-
dently determined, from such a determination, a change over
time of absorbents can be determined (e.g., using Beer-Lam-
bert Law also known as Beer’s law, the Lambert-Beer law, or
the Beer-Lambert-Bouguer law) to give a representation of
the blood flow (absolute blood flow). In various embodi-
ments, the Beer-Lambert Law is applied to using a fluores-
cence dye (wherein the fluorescence gives an indication of
absorption) as an indication of the concentration of the fluo-
rescence dye in blood using time as a measure of blood flow.
[0119] In various embodiments, all of the variables dis-
cussed above are independently determined. However, the
most difficult aspect relates to the determination of the instan-
taneous concentration of blood at any time. The fluorescence
dye such as ICG changes its spectrum slightly with concen-
tration. According to various embodiments, examples of
approaches to determine the instantaneous concentration
include using a fluorescence ratio. For example, a ratio of two
different wavebands may be used. According to an embodi-
ment, two different wavelength bands could bracket the
wavelength band of interest (i.e., the band used to perform the
imaging), and the fluorescence is split into three bands. In
various embodiments, the low signal limitation may be
addressed by taking two wavelength bands for determination
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of the fluorescence ratio and at the same time using the whole
spectrum to image (e.g., time multiplexing). In various other
embodiments, instead of looking at fluorescence, an assess-
ment can be made by looking at the absorption of the fluo-
rescence dye. In this embodiment, a higher signal may be
detected.
[0120] While the present invention has been illustrated and
described in connection with various embodiments shown
and described in detail, it is not intended to be limited to the
details shown, since various modifications and structural
changes may be made without departing in any way from the
scope of the present invention. Various modifications of form,
arrangement of components, steps, details and order of opera-
tions of the embodiments illustrated, as well as other embodi-
ments of the invention may be made without departing in any
way from the scope of the present invention, and will be
apparent to a person of skill in the art upon reference to this
description. It is therefore contemplated that the appended
claims will cover such modifications and embodiments as
they fall within the true scope of the invention.
What is claimed is:
1. A method for determining aggregate flow of blood
through vasculature in a tissue area of interest, comprising:
measuring a cross-sectional area of a tissue volume end;
measuring a thickness increase of a blood volume layer;
determining a pulse duty cycle;
determining a duration of a single blood pressure pulse;
and
deriving the aggregate blood flow, F, according to the
inequality
F=A)AL)(Ppo)/AL,

wherein

AV=(cross-sectional area of the tissue volume end, A)x
(thickness increase, AL, of the blood volume layer, L),
P, 1s the pulse duty cycle and At=duration of a single
pressure pulse.

2. The method of claim 1, further comprising a fluores-

cence imaging protocol including:

administering an appropriate volume of a fluorescence dye
into the vasculature supplying the tissue area of interest;
and
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obtaining a sequence of angiographic images of the tissue

area of interest.

3. The method of claim 2, wherein the fluorescence dye is
ICG.

4. The method of claim 3, wherein the ICG is administered
at a concentration of between 25-50 mg/mL.

5. The method of claim 2, wherein the angiographic images
are obtained at a frame rate of 20-30 frames per second.

6. The method of claim 2, wherein the angiographic images
are obtained by a near-infrared fluorescence imaging system.

7. The method of claim 6, wherein the imaging system
comprises a laser for excitation of the ICG and a camera for
capturing images of the fluorescence emitted by the ICG.

8. A method for quantifying absolute blood flow through a
tissue volume, comprising:

administering an appropriate volume of a fluorescence dye

into the vasculature supplying the tissue volume;
obtaining a sequence of angiographic images of the tissue
volume;

calculating average fluorescence intensities for the

sequence of angiographic images of the tissue volume;
and

generating a plot of time-varying average fluorescence

intensity.

9. The method of claim 8, wherein the fluorescence dye is
indocyanine green (ICG).

10. The method of claim 9, wherein the ICG is adminis-
tered at a concentration of between 235-50 mg/ml..

11. The method of claim 8, wherein the tissue volume
comprises skin tissue.

12. The method of claim 8, wherein the angiographic
images are obtained at a frame rate of 20-30 frames per
second.

13. The method of claim 8, wherein the angiographic
images are obtained by a near-infrared fluorescence imaging
system.

14. The method of claim 13, wherein the imaging system
comprises a laser for excitation of the ICG and a camera for
capturing images of the fluorescence emitted by the ICG.
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