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(57) ABSTRACT

The present invention relates, in general, to a system for
analyzing tissue perfusion using the concentration of
indocyanine green and a method of measuring the perfusion
rate using the system and, more particularly, to a system for
measuring tissue perfusion by injecting indocyanine green
into a living body, detecting variation in the concentration of
indocyanine green with the passage of time, and analyzing the
detected variation, and a method of measuring the perfusion
rate using the system. The present invention provides a
method of measuring perfusion in a living body, which
enables accurate measurement for respective regions in a
wide range from a perfusion rate decreased to less than 10%
of normal perfusion to a perfusion rate increased to greater
than normal perfusion using the above-described mechanism
of ICG in a living body, which cannot be conducted using the
conventional technology.
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FIG. 1
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FIG. 3

b

<o

o
3

0.75~

0.25+

o
i

Intensity of ICG fiuorescence (arbitrary value)

* 2 ® k4 £

4 6 8 10 12
12 Time (min)

¥

i

I

3
t

fant
D

FIG. 4

1.00, ]
perfusion rate

300
0.75-4 200

s normal tissue (predicted value)

= ischemic tissue (predicted value)

100
0.50~

50,

0.25=

Intensity of ICG fluocrescence

| i 1 & # |

6 8 10 12
Time (min)

2
0 2 4



Patent Application Publication  Feb. 11, 2010 Sheet 3 of 5 US 2010/0036217 Al

FIG. 5

300~

200

100 -

Perfusion rate (%/min)




Patent Application Publication  Feb. 11, 2010 Sheet 4 of 5 US 2010/0036217 Al

FIG. 7
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SYSTEM FOR ANALYZING TISSUE
PERFUSION USING CONCENTRATION OF
INOCYANINE GREEN IN BLOOD

TECHNICAL FIELD

[0001] The present invention relates to a system for analyz-
ing tissue perfusion and a method of measuring the perfusion
rate using the system. More particularly, the present invention
relates to a system for measuring tissue perfusion by injecting
indocyanine green into a living body, detecting variation in
the concentration of indocyanine green with the passage of
time, and analyzing the detected variation, and a method of
measuring the perfusion rate using the system.

BACKGROUND

[0002] The conventional tissue perfusion measuring
method ‘laser Doppler imaging’ is a method of measuring the
degree of scattering of laser light depending on the speed of
blood flow in a skin surface, but has a shortcoming in that it is
unsuitable for a method of measuring variation in the state in
which blood flow is low because sensitivity is low when blood
flow rate decreases to less than 20% of the normal of the blood
flow rate.

[0003] Another conventional blood vessel imaging method
‘X-ray blood vessel imaging (X-ray angiography)’ shows
X-ray images using a blood vessel contrast agent. However, it
is a structural imaging technique that shows the configuration
of the internal diameters of blood vessels, rather than the
actual flow of blood (Helisch, A., Wagner, S., Khan, N.,
Drinane, M., Wolfram, S., Heil, M., Ziegelhoeffer, T., Brandt,
U., Pearlman, J. D., Swartz, H. M. & Schaper, W. (2006)
Arterioscler. Thromb. Vasc. Biol., 26: 520-526). Accordingly,
itis currently impossible to clinically measure the precise rate
of tissue perfusion using this method.

[0004] The safety of a conventional blood vessel imaging
method using indocyanine green (ICG angiography) has
already been verified (Sekimoto, M., Fukui, M. & Fujita, K.
(1997) Anaesthesia 52: 1166-1172), and the method has been
clinically used for the detection of the formation of blood
vessels in grafted skin (Holm, C., Mayr, M., Hofter, E.,
Becker, A., Pfeiffer, U. J. & Muhlbauer, W. (2002) Br. J. Plast.
Surg. 55: 635-644) and the measurement of newly created
blood vessels in a diabetic patient’s eyeballs (Costa, R. A.,
Calucci, D., Teixeira, L. F., Cardillo, J. A. & Bonomo, P. P.
(2003) Am. J. Opthalmol. 135: 857-866). ICG receives near
infrared rays, having wavelengths ranging from 750-790 nm,
and radiates near infrared rays, having longer wavelengths
ranging from 800 to 850 nm, and the radiated near infrared
rays can be measured using a CCD camera or a spectrometer.
Near infrared rays have high penetration power, and thus they
can penetrate several centimeters deep into tissue and don’t
scatter much, with the result that they are the object of exten-
sive research towards human body imaging technology (Mor-
gan, N. Y., English, S., Chen, W., Chernomordik, V., Russo,
A., Smith, P.D. & Gandjbakhche, A. (2005) Acad. Radiol. 12:
313-323). This method is also used as a technique for struc-
tural blood vessel imaging. This method is used for the test of
the permeability of newly created blood vessels in a diabetic
patient’s eyeballs, not for the measurement of tissue perfu-
sion.

[0005] The above method is used for an ‘ICG elimination
test’ as well as the above purpose. When ICG is injected into
a vein, ICG is attached to protein in a blood vessel, such as
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albumin, and is rapidly spread into the body via blood vessels.
When it is transferred to the liver, it is separated from protein
and discharged in the form of bile and excreted from the body
finally while the protein is degraded. As a result, the concen-
tration of ICG is rapidly reduced in the blood vessels, so that
the intensity of ICG fluorescence signals is reduced to half of
the intensity of initial ICG fluorescence signals 4 to 6 minutes
later, and is then diminished and deviates from an accurate
measurement range. One use of the ‘ICG dynamics’, in which
ICG is rapidly eliminated by the liver, is a liver function test
(Sinyoung Kim, et al., (2003) Kor. J. Lab. Med., 23: 88-91),
but the ICG dynamics has been known to have shortcomings
when applied to in vivo imaging (Sekimoto, M., Fukui, M. &
Fujita, K. (1997) Anaesthesia 52: 1166-1172).Accordingly,
the present inventors have completed the present invention
through the ascertainment of the fact that accurate measure-
ment can be conducted in a wide range from a perfusion rate
decreased to less than 10% of that of normal perfusion to a
perfusion rate increased to greater than that of normal perfu-
sion using the ICG dynamics in the living body.

DISCLOSURE
Technical Problem

[0006] An object of the present invention is to provide a
method of measuring perfusion in a living body, which
enables to provide absolute value of perfusion for respective
regions in a wide range from a perfusion rate decreased to less
than 10% of normal perfusion to a perfusion rate increased to
greater than normal perfusion using the above-described ICG
dynamics in a living body, which cannot be conducted in the
prior art.

Technical Solution

[0007] Inorderto accomplish the above object, the present
invention provides a tissue perfusion analysis apparatus, a
method of measuring tissue perfusion and a tissue perfusion
measurement apparatus, which calculate a perfusion rate by
injecting indocyanine green into a living body and measuring
variation in the concentration of the indocyanine green.

DESCRIPTION OF DRAWINGS

[0008] FIG. 1 is a photo showing the fact that there is no
correlation between laser Doppler images and the rates of
tissue necrosis.

[0009] FIG. 2 is a schematic diagram showing the overall
construction for detecting ICG fluorescence signals:

[0010] Description of Reference Numerals of Principal
Elements in the Accompanying Drawings:

[0011] 1: light source,
[0012] 2: living body stand,
[0013] 3: 800~850 nm filter, fluorescence detector, and
[0014] 4: ICG near infrared ray
[0015] 5: ICG image analysis apparatus.
[0016] 5: ICG image analysis apparatus.
[0017] FIG. 3 is a graph (upper side) showing the experi-

mental results of the dynamics of the intensity of ICG fluo-
rescence, directly acquired with the passage of time from the
blood in a living body, and a photo (lower side) showing the
results of analysis of indocyanine fluorescence.

[0018] FIG.4isasimulation graph showing the mechanism
of ICG fluorescence based on the perfusion rates of ischemic
tissue.
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[0019] FIG. 5 is a simulation graph showing the relation-
ship between T, and perfusion rates.

[0020] FIG. 6 is an imaging view of a blood vessel acquired
after the injection of ICG into the tail vein of a nude mouse.
[0021] FIG. 7 is an image outputted by mapping perfusion
rates as colors, using an ischemia pattern analysis method in
a mouse from which a thigh artery has been removed.
[0022] FIG. 8 is a series of images showing the probability
of tissue necrosis (center) based on a perfusion map of the
ischemia leg indicating ischemia rates measured immediately
after an operation (left side), and a photograph showing the
actual rates of tissue necrosis seven days after an operation
(right side).

[0023] FIG.9isa graph showing the experimental results of
the dynamics of the intensity of ICG fluorescence in blood
collected from a living body; and

[0024] FIG. 10 is a diagram illustrating an example of the
principle of mapping between perfusion rates and colors.

BEST MODE

[0025]
below.
[0026] The present invention provides an analysis appara-
tus for measuring the rate of tissue perfusion by injecting
indocyanine green (ICG) into a living body and measuring
variation in concentration, and then presenting information
about the probability of the necrosis of tissue.

[0027] The analysis apparatus includes:

[0028] 1) an input means for receiving signals from a pho-
todetector, 2) a numerical conversion means for processing
the input signals into the intensities of fluorescence with the
passage of time in a region of interest, 3) a perfusion rate
calculation means for calculating the rates of perfusion for
respective regions of a tissue using the numerical values, and
4) an output means for outputting the results of the calcula-
tion.

[0029] In the analysis apparatus, the photodetector is a
device for detecting fluorescence in a typical infrared ray,
visible ray or ultraviolet ray region. Although not limited to
following devices, a photo-detection device, such as a photo-
resistor, a photovoltaic cell, a photodiode, a photomultiplier
tube (PMT), a phototube, a phototransistor, a charge-coupled
device (CCD), a pyroelectric detector, a Golay cell, a thermo-
couple, a thermistor, a complementary metal oxide semicon-
ductor (CMOS) detector or a cryogenic detector, may be used
as the photodetector.

[0030] Itispreferableto use RSC 232, a parallel port, IEEE
1394 or USB as the input means, although the invention is not
limited thereto.

[0031] The numerical conversion means is operably con-
nected to the input means, and consists of a microprocessor,
and operation software embedded therein. The intensity of
fluorescence may be numerically converted using a graph,
with the intensity of fluorescence being plotted on the y axis
and the time of measurement being plotted on the x axis, as
shown in FIGS. 3 and 4, but may be numerically converted
using some other methods.

[0032] The calculation means includes a microprocessor,
and operation software embedded therein and configured to
drive an algorithnt including a calculation equation for cal-
culating perfusion using the numerical value of the intensity
of fluorescence and the time of measurement, obtained from
the numerical conversion means. The microprocessor may be

The present invention will be described in detail
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a microprocessor included in the numerical conversion
means, or may be a separate microprocessor.

[0033] The calculation uses the fact that the intensity of
fluorescence in a normal tissue decreases exponentially with
the passage of time of measurement, and the fact that, in the
case where ischemia occurs in a tissue that is the target of
analysis, the ICG fluorescence particles of normal tissue enter
at the perfusion rate of an ischemic tissue and the ICG fluo-
rescence particles of the ischemic tissue exit at the same
perfusion rate.

[0034] In the present invention, the rate of tissue perfusion
can be calculated using the time at which the intensity of
fluorescence in a target tissue for analysis is maximized. This
uses the fact that, in the case where ischemia occurs in the
target tissue for analysis, the time at which the intensity of
ICG fluorescence in the ischemic tissue is highest is the point
at which the time-differential value is 0. In the present inven-
tion, the time is defined as T, ..

[0035] In a specific embodiment of the present invention,
T, . 18 Obtained using the following method. First, a graph
(See FIG. 3), in which images of the ICG fluorescence of a
living body, obtained with the passage of time after the injec-
tion of ICG using the above-described method, were con-
verted into numerical values with the highest brightness set to
1, was constructed. Since this graph shows a curve that
decreases exponentially according with time, calculation can
be conducted using the following equation:

t
Flyor=AXe'T.

[0036] Intheabove equation, FI,  (Fluorescence Intensity
normal) means the intensity of ICG fluorescence of normal
tissue, ‘A’ means the intensity of fluorescence obtained from
ICG images during the first minute (in the present invention,
A is calculated as 1), Tis defined as t, ,/In 2 through calcula-
tion, and t,;,, means the time when the intensity of fluores-
cence of ICG is half the highest value.

[0037] The extent of variation in the intensity of ICG fluo-
rescence in an ischemic tissue, in which the rate of tissue
perfusion is lower than that of a normal tissue, can be calcu-
lated using the following equation based on the assumption
that “the ICG fluorescence particles of the normal tissue
(F1,,,,) enter at the rate of perfusion of the ischemic tissue (P)
and the ICG fluorescence particles of the ischemic tissue
(FI,,,) exit at the same perfusion rate (P)”:

[0038] The variation of ICG dynamics, in case when the
perfusion rate of the ischemic tissue is lowered, was simu-
lated using the above equation (See FIG. 4). Through the
simulation, the result, in which T,,,., which is the time at
which the intensity of fluorescence was maximized, increased
as the perfusion rate of a tissue decreased, was obtained (See
FIG. 5).
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[0039] The above relationship between T,,,, and the rates

of blood perfusion is expressed by the following Equation:

—Int —

T, 1
= = InP = Plyax. W

[0040] The rate of tissue perfusion (P) is calculated based
onT,, . using Equation 1.

[0041] However, the measurement of the perfusion rate of a
tissue based on T,,,, is only an embodiment of the present
invention, and it is apparent to those skilled in the art that the
scope of protection of the present invention is not limited by
the above embodiment. Accordingly, analysis apparatuses for
injecting indocyanine green, measuring the concentration of
indocyanine green in tissue with the passage of time, and
measuring the perfusion rate of the tissue using the mecha-
nism of the dynamics of fluorescence of indocyanine green in
tissue fall within the scope of the rights of the present inven-
tion, regardless of the algorithni or calculation equation used
therein. Meanwhile, in the present invention, the calculated
perfusion rates are outputted as a perfusion map wherein the
calculated perfusion rates mapped to specific colors.
Although it is preferable to use a color gradient for colors
corresponding to the rates of perfusion, the present invention
is not limited thereto, and a programmer may arbitrarily select
a color representation method. The perfusion map as a means
for visualizing the rate of tissue perfusion, is outputted
through a screen, a printer or the like, and makes an operator
of the perfusion rate analysis apparatus of the present inven-
tion perceive the rate of tissue perfusion visually and intu-
itively.

[0042] Through the embodiment, a relationship between
the perfusion rates, measured using the above-described
method, and the probability of future necrosis of a tissue due
to ischemia was obtained. In a specific embodiment, the case
where the rate of tissue perfusion is about 50%/min is indi-
cated by a yellow color in the perfusion map (See the left side
of FIG. 8), and, in the case of this yellow color, the probability
of necrosis of a tissue was statistically calculated to be in the
range of 0~10%, and it may be colored blue in a tissue
necrosis probability map (See the center of FIG. 8 Further-
more, the present invention provides a tissue perfusion mea-
surement apparatus, comprising a stand configured to allow
light to pass therethrough, a light source adjustable to be
located to radiate light onto an ICG-injected living body
which is disposed on the stand, a filter adjustable to be located
to filter only near infrared ray wavelengths of 800 to 850 nm
from fluorescence signals emitted from the living body under
the action of the light source, a detector configured to detect
fluorescence light passed through the filter, and an analysis
apparatus operably connected to the detector and configured
to image light detected by the detector and measure the rates
of'tissue perfusion through the analysis of the ICG dynamics
with the passage of time.

[0043] With regard to the light source, a Light Emitting
Diode (LED) having a wavelength of 770+/-20 nm, a light
source in which a filter having a wavelength of 770+/-20 nm
is attached to a white light source, and a laser light source
having a wavelength of 770+/-20 nm may be all used as the
light source radiating light for detecting ICG fluorescence.
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[0044] Theabove-described filter passes only lighthaving a
wavelength ranging from 800 to 850 nm therethrough. Using
this filter, fluorescence generated in a living body itself is not
detected by the detector.

[0045] Thedetector detects near infrared rays having wave-
lengths ranging from 800 to 850 nm, which are ICG fluores-
cence signals. An infrared detection camera or a spectrometer
may be used as the detector. The detector continuously
detects images immediately from the injection of ICG, and
transmits signals, capable of exhibiting an ICG dynamics
with the passage of time, to the analysis apparatus.

[0046] In the present invention, when a Region Of Interest
(ROI) of a living body, in which the perfusion rate is desired
to be measured, is designated, the intensities of ICG fluores-
cence with the passage of time are automatically converted
into numerical values from continuous ICG image data.
Using this, the intensities of ICG fluorescence, measured as in
FIG. 3, are processed into temporal and spatial information.
T,,.axs 15 Obtained based on the data, and then the rates of tissue
perfusion are analyzed using the simulation data of F1G. 4, the
correlation between T,,,., of FIG. 5 and the rates of tissue
perfusion, and the Equation 1. Furthermore, using the results
ofthe analysis, a tissue perfusion map (See FIG. 7 and the left
side of FIG. 8) and a tissue necrosis rate prediction map (See
the center of FIG. 8) are provided. This prediction exhibited a
high prediction level in the embodiment of the present inven-
tion (See the right side of FIG. 8).

[0047] In order to measure an ICG dynamics in a living
body using the above measuring apparatus, ICG must be
injected through an intravenous injection and variation in the
concentration of ICG in tissue with the passage of time must
be detected and analyzed. The variation in the concentration
of ICG in tissue may be measured through the acquisition of
a blood sample, through the direct acquisition of a near infra-
red ray image of the tissue, or using a spectroscopic tech-
nique.

[0048] Furthermore, the present invention provides a
method of measuring the rate of tissue perfusion, comprising:
[0049] 1) detecting sequentially concentration of ICG until
the concentration of ICG is sufficiently decreased by injecting
the ICG into a living body, radiating light onto the living body
using a light source, and measuring the intensities of fluores-
cence, generated in the living body with the passage of time
after the injection, using a photodetector;

[0050] 2)processing the sequential concentration of ICG in
the living body detected in the step 2 into numerical data by
converting the intensities of ICG fluorescence into numerical
values for respective regions and respective times; and

[0051] 3) calculating the rates of perfusion from the
numerical data.
[0052] Inanembodiment, itis preferred that the method of

measuring the rates of tissue perfusion further comprises the
step of outputting the calculated perfusion rates as a perfusion
map. It is preferred that the perfusion map is constructed by
painting particular pixels with respective colors correspond-
ing to the rates of perfusion according to a color gradient map.
[0053] According to another embodiment, the present
invention provides a method of measuring the rates of tissue
perfusion, comprising:

[0054] 1) detecting sequentially concentration of ICG until
the concentration of ICG is sufficiently decreased by injecting
the ICG into a living body, radiating light onto the living body
using a light source, and measuring intensities of fluores-
cence, generated in the living body with the passage of time,
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using a photodetector and obtaining an ICG blood vessel
image diagram using the intensities of fluorescence;

[0055] 2) acquiring T,,,, by analyzing dynamics of the
intensities of ICG fluorescence per respective pixel in the ICG
blood vessel image diagram; and

[0056] 3)calculating the rates of perfusion rate based on the
Tmax'
[0057] In this case, it is preferred that the method of mea-

suring the rates of tissue perfusion further comprises the step
of outputting the calculated perfusion rates as a perfusion
map. It is preferred that the perfusion map is constructed by
painting particular pixels with respective colors correspond-
ing to the rates of perfusion according to a color gradient map,
wherein the rates of perfusion is calculated through the ana-
lyzed data.

[0058] Furthermore, the present invention provides a
method of predicting the rate of tissue necrosis, comprising
representing a tissue necrosis probability map, indicating the
probability of necrosis of a tissue, based on the rates of tissue
perfusion acquired using the above-described measurement
method, as a result (See the right side of FIG. 8).

[0059] Inthe measurement method, with regard to the light
source, an LED having a wavelength of 770+/-20 nm, a light
source in which a filter having a wavelength of 770+/-20 nm
is attached to a white light source, and a laser light source,
having a wavelength of 770+/-20 nm, may all be used as a
light source radiating light for detecting ICG fluorescence.
Any device using the above-described photo-detection device
may be used as the photodetector. Although the photodetector
is not limited, the photodetector must detect near infrared rays
having wavelengths ranging from 800 to 850 nm, which are
ICG fluorescence signals, and an infrared detection camera or
a spectrometer may be used as the photodetector. The photo-
detector sequentially detects images immediately after an
injection of ICG, and transmits signals, capable of exhibiting
an ICG dynamics with the passage of time, to the analysis
apparatus.

[0060] Meanwhile, with regard to fluorescence emitted
from a living body, it is preferred that fluorescence generated
from a living body itself is not detected using a filter capable
ofpassing only light having wavelengths ranging from 800 to
850 nm therethrough.

[0061] It is preferred that the data processing step and the
perfusion rate analyzing step are performed using a micro-
processor and software embedded in the microprocessor, or
stored in external storage, such as a hard disk drive, an optical
drive or a flash memory. This software is not limited to a
specific algorithni, as described above, and may be imple-
mented through one of various platforms, such as Windows
series operating systems, for example, Microsoft Windows
XP, 2000, Me, 98 and 95, Linux, OS/2, and Unix.

[0062] Although the correlation coefficient at the perfusion
rate analysis step is not limited thereto, it is preferred that the
correlation coefficient is the time at which the intensity of
ICG fluorescence of a target tissue to be analyzed (ischemic
tissue) is maximized.

[0063] Although the acquisition of T, at the step of cal-
culating perfusion rates from the dynamics of ICG fluores-
cence intensity of the target tissue (ischemic tissue) does not
limit the method of analyzing the perfusion rates, it is pref-
erable to perform calculation using the principle in which the
time T,,,,, at which the differential value of the intensity of
fluorescence is 0, is proportional to the perfusion rate in the
target tissue.
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[0064] The step 3 may be embodied by the following steps:
acquiring perfusion rates of region of interest (ROI) accord-
ing to (a) average data of pixels of particular regions, (b)
respective pixels, or (¢) respective ROIs representing perfu-
sion rates; and representing the perfusion rates using a perfu-
sion map by illustrating the perfusion rates for the ROI with
corresponding colors designated according to the perfusion
rates. The above process may be performed by calculations
using software having an appropriate algorithni and loaded on
a microprocessor and a display through an output device of a
computer. FIG. 7 shows an example of the perfusion map,
which may be acquired by sequentially obtaining fluores-
cence images with the passage of time after injecting ICG,
measuring the perfusion rates through the analysis of the ICG
fluorescence dynamics of respective pixels, and painting the
pixels with colors corresponding to the measured perfusion
rates. An example of matching between the perfusion rates
and colors is illustrated in FIG. 10.

[0065] Although the output device is not limited thereto, it
is preferred that the output device is a monitor, a printer or a
plotter. It is possible to store data in various graphic formats
using an external storage device.

[0066] The present inventors carried out a surgical opera-
tion of removing an artery and vein from the thigh of a leg of
a nude mouse, acquired ICG images using the above-de-
scribed method, and obtained the T, ., value. Since the rate of
tissue necrosis was greatly affected by the rate of tissue per-
fusion, whether the ‘precise perfusion rates’ were measured
was evaluated through the observation of rates of tissue
necrosis. As a result, as shown in FIG. 8, the method of the
present invention showed the significant relationship between
measured perfusion values and the rates of tissue necrosis.
This indicates that measurement can be performed in the case
where the perfusion rate is decreased to 0.04~50%/min (the
perfusion rate of a normal leg: 300%/min), unlike the mea-
surement using Doppler imaging (refer to FIG. 1), that is, a
comparative example, in which a subtle difference in the
considerably decreased ‘perfusion rate’ could not be mea-
sured.

MODE FOR INVENTION

[0067] The present invention will be described in detail
below in conjunction with embodiments.

[0068] However, the following embodiments are only to
illustrate the present invention, but do not limit the content of
the present invention.

Comparative Example 1

Prediction for Tissue Necrosis through Doppler
Imaging

[0069] In FIG. 1, showing the present inventors’ experi-
mental data, the three left views thereof show data obtained
through laser Doppler imaging one to four days after a surgi-
cal operation of removing an artery and vein from the thigh of
one leg of a mouse so as to construct a blood perfusion
reduction model, and the right view thereof shows the rate of
necrosis of the leg tissue a week thereafter. With regard to the
rates of tissue necrosis, the case A shows no necrosis, the case
B shows necrosis reaching the center of the sole of the foot,
and the case C shows necrosis reaching the ankle, and the rate
of necrosis is proportional to the rate of tissue perfusion
(Helisch, A. et al., (2006) Arterioscler. Thromb. Vasc. Biol.
26: 520-526, the case A shows 160% of normal perfusion, the
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case B shows 20% of normal perfusion, and the case C shows
5% of normal perfusion). Respective pieces of Doppler imag-
ing data corresponding to the cases did not exhibit any dif-
ference in tissue perfusion between the cases.

Example 1

Establishment of Method of Measuring Perfusion
Using ICG

[0070] The present inventors derived an equation through
the following steps so as to establish a method of measuring
perfusion based on the ICG concentration dynamics in blood.
[0071] FIG. 9 is a graph that is obtained by injecting ICG
(1.5 mg/kg, Sigma, USA) into a vein, collecting blood over
time, measuring the intensities of ICG fluorescence, and con-
verting the intensities into the concentrations of ICG in blood.
The closed squares of the graph indicate the intensities of ICG
fluorescence, while the open squares thereof indicate the con-
centrations of ICG in blood. FIG. 3 shows variation in ICG
fluorescence over a period of time from 1 minute to 12 min-
utes after the injection of ICG. That is, in FIG. 3, an image of
the ICG fluorescence of a living body acquired with the
passage of time is converted into numerical values, with the
highest brightness set to 1, and is represented in the form of a
graph. When variation in ICG in normal tissue is formulated
using a graph acquired from a normal tissue, as shown in FIG.
3, the graph decreases exponentially with respect to time, and
thus the following formulation can be realized:

t
Flo, =AxeT,

Wherein the FI,,,. (Fluorescence Intensity normal) is the
intensity of ICG fluorescence in the normal tissue, A is the
intensity of fluorescence obtained from an ICG image for a
first minute (in the present invention, A is calculated as 1), and
T is defined as t; ,/In 2 through calculation. Furthermore, t, ,
is the time at which the intensity of ICG fluorescence is half
of the highest value.

[0072] A simulation was made under the expectation that,
when tissue perfusion decreases, the speed of dispersion of
ICG decreases, with the result that variation in the intensity of
ICG fluorescence differs from that of normal tissue. In this
case, the ‘perfusion rate’ is ‘the rate at which blood in a region
ofinterest is exchanged for blood in the other regions for one
minute with respect to the total amount of blood.” The unit of
the perfusion rate is %/min, and the ‘perfusion rate’ of a
normal leg was calculated as 300%/min. The rate of variation
in the intensity of ICG fluorescence with the passage of time
in an ischemic tissue, the perfusion rate of which is lower than
in a normal tissue, is expressed by the following equation on
the assumption that “ICG fluorescence particles FI,. in the
normal tissue enter at the perfusion rate P of the ischemic
tissue, and ICG fluorescence particles FI, . in the ischemic
tissue exit at the same perfusion rate P

[0073] The following equation is given for FI,,. (FI
as follows:

ischemia)

PA 4
e (g toe ),
Flise i/t eT—¢
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[0074] In this case, the simulation graph of FIG. 4 is
obtained by substituting a perfusion rate of 20-300%/min for
P. In this graph, as the perfusion rate decreases, the maximum
value of the intensity of ICG fluorescence decreases, and the
time at which the intensity of ICG fluorescence is maximized
is delayed.

[0075] An actual ICG fluorescence intensity graph differs
from a simulated graph. The decrease in the intensity of ICG
fluorescence in a normal tissue varies with the state of a living
body, with the result that absolute comparison is possible only
when the fluorescence in an ischemic tissue is corrected. As a
result, a ‘correlation coefficient’, which is a standard criterion
for obtaining ‘perfusion rates’ from respective pieces of
experimental data, is required, and, in the present invention,
T, 18 selected as the correlation coefficient. T, is the time
at which the differential value of the ICG fluorescence inten-
sity dynamics of an ischemic tissue is 0.

[0076] SinceT,,,,, which is the time at which the intensity
of ICG fluorescence in an ischemic tissue is highest, is the
point at which the time-differential value is 0, the following
equation can be given:

dFPlscTn) (0
—ar "
dFle(Tpa)  PA [ 1 Tap 9
—a =P —;e T +Pe =0.
[0077] These can be summarized as follows:
—Int — Tnax _ InP = PTygs. e
T
[0078] A graphforT,,,.and the ‘perfusionrate’is shownin
FIG. 5.

Example 2

Measurement of Perfusion Using Indocyanine Green
and the Construction of Perfusion Map and Tissue
Necrosis Probability Map Based on Correlation
Coeflicient

[0079] The present inventors constructed a blood perfusion
reduction model to obtain ICG images in an actual ischemic
tissue. A surgical operation of removing an artery and vein
from one leg of each of 50 nude mice (Charlse liver Japan,
Inc.) was carried out, ICG images were acquired using the
measurement apparatus of FIG. 2 four hours after the surgical
operation, and the perfusion rates of tissues were obtained
using the above-described method.

[0080] The obtained perfusion rates of tissues were
arranged in a perfusion map (the left side of FIG. 8). In FIG.
8, a perfusion rate of 300%/min corresponds to 9 in the
perfusion map, 0%/min corresponds to 0.

[0081] Since the rate of tissue necrosis is considerably
affected by the rate of tissue perfusion, whether a ‘perfusion
rate’ has been precisely measured can be evaluated through
the observation of the rate of tissue necrosis. The rates of
tissue necrosis of 50 laboratory mice were observed seven
days after operations (the right side of FIG. 8), and the rela-
tionship between perfusion rates and the rates of tissue necro-
sis, which were obtained four hours after the operations, was
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statistically analyzed using the statistical data. As a result of
the analysis, it was ascertained that the probability of tissue
necrosis corresponding to a perfusion rate of 50%/min fell
within a range of 0~10%, and the probability of tissue necro-
sis corresponding to a perfusion rate ranging from 15 to
20%/min fell within a range of 75 to 80%. The present inven-
tors assigned a red color to the case where the probability of
tissue necrosis was 1 and a blue color to the case where the
probability of tissue necrosis was 0, and constructs a necrosis
probability map for the tissue using a color gradient between
the cases (the center of FIG. 8). The result, in which the
constructed tissue necrosis probability map corresponded to
the actual rates of tissue necrosis, was acquired.

[0082] The result exhibited the fact that the probability of
necrosis of tissue increased as the perfusion rate measured
using the method decreased, and thus verified the precision of
‘perfusion rates’ acquired using the method. This means that
it was impossible to measure a subtle difference in consider-
ably decreased ‘perfusion rate’ using the conventional tech-
nology, as shown in FIG. 1, but it is possible to perform
measurement using the method of the present invention in the
case where the perfusion rate is decreased to 0.04-50%/min
(the perfusion rate of a normal leg: 300%/min). This coin-
cides with the rate of tissue necrosis, which means that the
method of the present invention has an ability to predict the
rate of tissue necrosis.

INDUSTRIAL APPLICABILITY

[0083] According to the method of the present invention, it
is possible to measure perfusion rates precisely in a wide
range from a perfusion rate decreased to less than 10% to a
perfusion rate increased to the normal perfusion rate, and it is
possible to predict the rate of tissue necrosis based on the
perfusion rate. In addition, since it is possible to measure
variation in blood perfusion, the present invention can be used
for the diagnosis of blood perfusion rate and the measurement
of variation in perfusion rate after an operation in a region in
which the necrosis of a tissue does not appear in actual clini-
cal situations. Furthermore, the present invention can be used
for a blood vessel endothelial cell function test by comparing
an ICG fluorescence dynamics when the ICG is injected in a
normal blood vessel with an ICG fluorescence dynamics var-
ied by drugs inducing activation of blood vessel endothelial
cells or external pressure.

1. An apparatus for measuring a rate of tissue perfusion
using time-series analysis of fluorescence images of indocya-
nine green (ICG).

2. (canceled)

3. The apparatus as set forth in claim, wherein each of the
perfusion rates is calculated using dynamics of the intensity
of fluorescence of the tissue measured at a specific time.

4. The apparatus as set forth in claim 3, wherein the perfu-
sion rates are obtained using the following equation:

PA !

L
P——l/‘r(e e ),

Flise =

wherein the FI,,. (Fluorescence Intensity ischemia) is an
intensity of ICG fluorescence of a measurement target
tissue, the P is a rate of perfusion, the A is an intensity of
fluorescence obtained from a first ICG image, the T is
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t,»/In 2, and the t,,, is a time at which the intensity of
ICG fluorescence is half of a highest value.
5. The apparatus as set forth in claim 3, wherein the perfu-
sion rates are calculated using the following equation:

T,
—Int - % = InP - Pl

wherein the P is perfusion rate, and the Tis t, ,/In 2.

6. An apparatus for measuring tissue perfusion, comprising
a stand configured to allow light to pass therethrough, a light
source adjustable to be located to radiate light onto an ICG-
injected living body which is disposed on the stand, a filter
adjustable to be located to filter only near infrared ray wave-
lengths of 800 to 850 nm from fluorescence signals emitted
from the living body under the action of the light source, a
detector configured to detect fluorescence light passed
through the filter, and an analysis apparatus operably con-
nected to the detector and configured to image light detected
by the detector and measure the rates of tissue perfusion
through the analysis of the ICG dynamics with the passage of
time.

7. (canceled)

8. (canceled)

9. A method of measuring a rate of tissue perfusion, com-

prising:

1) detecting sequentially concentration of ICG until the
concentration of ICG is sufficiently decreased by inject-
ing the ICG into a living body, radiating light onto the
living body using a light source, and measuring the
intensities of fluorescence, generated in the living body
with the passage of time after the injection, using a
photodetector;

2) processing the sequential concentration of ICG in the
living body detected in the step 2 into numerical data by
converting the intensities of ICG fluorescence into
numerical values for respective regions and respective
times; and

3) calculating the rates of perfusion from the numerical
data.

10. The method as set forth in claim 9, further comprising

outputting the calculated perfusion rates as a perfusion map.

11. The method as set forth in claim 10, wherein the per-

fusion map is constructed by painting particular pixels with
respective colors corresponding to the rates of perfusion
according to a gradient map.

12. A method of measuring a rate of tissue perfusion,

comprising;

1) detecting sequentially concentration of ICG until the
concentration of ICG is sufficiently decreased by inject-
ing the ICG into a living body, radiating light onto the
living body using a light source, and measuring intensi-
ties of fluorescence, generated in the living body with
the passage of time, using a photodetector and obtaining
an ICG blood vessel image diagram using the intensities
of fluorescence;

2) acquiring T, .. by analyzing dynamics of the intensities
of ICG fluorescence per respective pixel in the ICG
blood vessel image diagram; and

3) calculating the rates of perfusion rate based onthe T, ...

13. The method as set forth in claim 12, further comprising

outputting the calculated perfusion rates as a perfusion map.
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14. The method as set forth in claim 13, wherein the per-
fusion map is constructed by painting particular pixels with
respective colors corresponding to the rates of perfusion
according to a gradient map.

15. A method of predicting a rate of tissue necrosis, com-
prising representing a tissue necrosis probability map, indi-
cating the probability of necrosis of atissue, based on the rates
of tissue perfusion acquired using the method set forth in
claim 9.

16. The method as set forth in claim 9, wherein the perfu-
sion rates are calculated using a time at which the intensity of
ICG fluorescence is highest, obtained using a fluorescence
mechanism pattern in a measurement target tissue.

17. The method as set forth in claim 16, wherein the per-
fusion rates are calculated using the following equation:

T,
—Int - g = InP - PTya,

wherein the P is a perfusion rate, and the T is t,,/In 2.

18. The method as set forth in claim 10, wherein the per-
fusion map is constructed using a method of acquiring perfu-
sion rates of region of interest (ROI) according to (a) average
data of pixels of particular regions, (b) respective pixels, or (c)
respective ROIs representing perfusion rates; and represent-
ing the perfusion rates using a perfusion map by illustrating
the perfusion rates for the ROI with corresponding colors
designated according to the perfusion rates.

19. A method of predicting a rate of tissue necrosis, com-
prising representing a tissue necrosis probability map, indi-
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cating the probability of necrosis of a tissue, based on the rates
of tissue perfusion acquired using the method set forth in
claim 12.

20. The method as set forth in claim 19, wherein the per-
fusion rates are calculated using the following equation:

T,
Y

= InP - PTyax,

wherein the P is a perfusion rate, and the Tis t, ,/In 2.

21. The method as set forth in claim 12, wherein the per-
fusion rates are calculated using a time at which the intensity
of ICG fluorescence is highest, obtained using a fluorescence
mechanism pattern in a measurement target tissue.

22. The method as set forth in claim 21, wherein the per-
fusion rates are calculated using the following equation:

Tax

—Int —

= InP— Plyax,

wherein the P is a perfusion rate, and the T is t, ,/In 2.

23. The method as set forth in claim 13, wherein the per-
fusion map is constructed using a method of acquiring perfu-
sion rates of region of interest (ROI) according to (a) average
data of pixels of particular regions, (b) respective pixels, or (c)
respective ROIs representing perfusion rates; and represent-
ing the perfusion rates using a perfusion map by illustrating
the perfusion rates for the ROI with corresponding colors
designated according to the perfusion rates.
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