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(57) ABSTRACT

An information processing apparatus includes: a memory
that stores a predetermined instruction command, and stores
an image showing a blood vessel of a biological tissue
imaged by a probe; and a processor configured to execute the
instruction command stored in the memory, to generate an
index indicating the state of blood in the blood vessel at one
or more coordinate positions in the image, and output each
generated index associated with each corresponding coor-
dinate position.
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INFORMATION PROCESSING APPARATUS,
AND PROGRAM, METHOD AND SYSTEM
THEREOF

BACKGROUND

Technical Field

[0001] The present disclosure relates to an information
processing apparatus for analyzing the state of a biological
tissue, a program to be executed and a method to be
implemented by the information processing apparatus, and a
system using the information processing apparatus.

Related Art

[0002] There have been apparatuses that emit light onto a
biological tissue and detect light reflected from the biologi-
cal tissue, to analyze the state of the biological tissue. For
example, JP 2003-220033 A discloses an apparatus that
emits excitation light onto a biological tissue from a probe
to which an excitation light source is connected, and detects
the intensity of fluorescence emitted from the biological
tissue excited by the excitation light.

SUMMARY

[0003] In view of the above technologies, the present
disclosure provides an information processing apparatus, a
program, a method, and a system for analyzing the state of
blood in a biological tissue, particularly blood in a blood
vessel.

[0004] An aspect of the present disclosure provides “an
information processing apparatus that includes: a memory
configured to store a predetermined instruction command,
and store an image showing a blood vessel of a biological
tissue imaged by a probe; and a processor configured to
execute the instruction command stored in the memory, to
generate an index indicating a state of blood in the blood
vessel at one or a plurality of coordinate positions in the
image, and output each generated index associated with each
corresponding coordinate position”.

[0005] An aspect of the present disclosure provides “a
non-transitory computer-readable storage medium storing a
program to be executed by a computer including a memory
storing an image showing a blood vessel of a biological
tissue imaged by a probe, the program being for causing the
computer to function as a processor configured to execute
processing to generate an index indicating a state of blood in
the blood vessel at one or a plurality of coordinate positions
in the image and output each generated index associated
with each corresponding coordinate position”.

[0006] An aspect of the present disclosure provides “a
method implemented by a processor executing a predeter-
mined instruction command stored in a memory, the method
including: storing an image showing a blood vessel of a
biological tissue imaged by a probe; generating an index
indicating a state of blood in the blood vessel at one or a
plurality of coordinate positions in the image; and outputting
each generated index associated with each corresponding
coordinate position”.

[0007] An aspect of the present disclosure provides “a
system that includes: an information processing apparatus
and a probe, the probe including: a light source that is
capable of emitting a plurality of light beams having differ-
ent peak wavelength regions, the light source being com-
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municably connected to the information processing appara-
tus; and an image sensor that detects light reflected from a
surface of a biological tissue among the light beams emitted
from the light source”.

[0008] According to various embodiments of the present
disclosure, it is possible to provide an information process-
ing apparatus, a program, a method, and a system for
analyzing the state of blood in a biological tissue, particu-
larly blood in a blood vessel.

[0009] It should be noted that the above mentioned effect
is merely an example for ease of explanation, and does not
limit the scope of the invention. In addition to or in place of
the above effect, it is also possible to achieve any of the
effects described in the present disclosure and effects obvi-
ous to those skilled in the art.

BRIEF DESCRIPTION OF DRAWINGS

[0010] FIG. 1 is a diagram for explaining the configuration
of a system 1 according to an embodiment of the present
disclosure;

[0011] FIG. 2 is a block diagram showing example con-
figurations of an information processing apparatus 100, a
probe 200, and a light source control device 300 that
constitute the system 1 according to the embodiment of the
present disclosure;

[0012] FIG. 3A is a conceptual diagram showing a cross-
section of the structure of the probe 200 according to the
embodiment of the present disclosure;

[0013] FIG. 3B is a conceptual diagram showing a bottom
surface of the structure of the probe 200 according to the
embodiment of the present disclosure;

[0014] FIG. 4 is a conceptual diagram showing a utility
form of the probe 200 according to the embodiment of the
present disclosure;

[0015] FIG. 5 is a diagram showing the flow in a process
to be performed in the system 1 according to the embodi-
ment of the present disclosure;

[0016] FIG. 6 is a diagram showing the flow in a process
to be performed in the information processing apparatus 100
according to the embodiment of the present disclosure;
[0017] FIG. 7A is a diagram showing an example of an
image captured via the probe 200 according to the embodi-
ment of the present disclosure;

[0018] FIG. 7B is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure;
[0019] FIG. 7C is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure;
[0020] FIG. 7D is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure;
[0021] FIG. 7E is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure;
[0022] FIG. 7F is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure;
[0023] FIG. 8 is a diagram showing the flow in a process
to be performed in the information processing apparatus 100
according to the embodiment of the present disclosure;
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[0024] FIG. 9 is a diagram showing an example of an
image outputted from the information processing apparatus
100 according to the embodiment of the present disclosure;
and

[0025] FIG. 10 is a diagram showing an example of an
image outputted from the information processing apparatus
100 according to the embodiment of the present disclosure.

DETAILED DESCRIPTION

[0026] The following is a description of various embodi-
ments of the present disclosure, with reference to the accom-
panying drawings. It should be noted that, in the drawings,
like components are denoted by like reference numerals.

1. Overview of a System According to the Present
Disclosure

[0027] One of the example systems according to various
embodiments of the present disclosure is a system that
captures an image of a microcirculating system (blood
vessels such as the arterioles, the capillaries, or the venules,
for example) of a biological tissue (an organ, for example)
with a probe, generates indices indicating the states of blood
(such as the oxygen saturation level of the blood) in the
blood vessels at one or more coordinate positions in the
captured image showing the blood vessels, associates the
generated indices with the respective coordinate positions,
and outputs the associated indices and coordinate positions.

[0028] A specific example of such a system captures an
image of a capillary vessel in the surface of a human
biological tissue with a probe. The captured image is trans-
ferred from the probe to an information processing appara-
tus. The information processing apparatus performs various
kinds of image processing and image analysis, and estimates
the oxygen saturation level of the blood at one or more
coordinate positions in the image. The indices generated
through the estimation of the oxygen saturation level are
arranged (mapped) in an overlapping manner at the coordi-
nate positions in the captured image, and the resultant image
is displayed on a display or the like of the information
processing apparatus.

[0029] Anindex indicating the state of the blood in a blood
vessel may be any kind of index that can be acquired from
an image captured with a probe. However, preferred
examples include the oxygen saturation level of the blood,
the total hemoglobin concentration in the blood, and a
combination thereof.

[0030] Further, an index indicating the state of the blood
in a blood vessel may be the numerical value of a calculated
or estimated oxygen saturation level or the total concentra-
tion. Alternatively, such numerical values may be classified
into predetermined ranges. That is, the index is not neces-
sarily the numerical value of a calculated or estimated
oxygen saturation level or the total concentration, but may
be information processed in accordance with the numerical
value.

[0031] Further, when an image is outputted to a display or
the like, the image in which generated indices are mapped
may be an image captured with a probe, or may be an image
subjected to image processing such as smoothing, binariza-
tion, or normalization.
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2. Configuration of a System 1 According to an Embodiment

[0032] FIG. 11is a diagram for explaining a system accord-
ing to an embodiment of the present disclosure. Referring to
FIG. 1, the system 1 includes: a probe 200 for capturing an
image of a biological tissue; an information processing
apparatus 100 that performs processing and the like on the
captured image; a light source control device 300 that
controls a light source included in the probe 200. The probe
200, the information processing apparatus 100, and the light
source control device 300 are connected to one another so as
to be capable of transmitting and receiving various kinds of
information, instruction commands, data, and the like.
Among these components, the probe 200 is used while being
in contact with the surface of a biological tissue, to enable
dark field imaging, instead of conventional imaging with a
bright field.

[0033] Although the light source control device 300 is
provided in FIG. 1, it is also possible to eliminate the light
source control device 300 by controlling the light source of
the probe 200 with a microprocessor or the like in the
information processing apparatus 100 or the probe 200.
Further, the information processing apparatus 100 is shown
as a component, but it is also possible to provide an
information processing apparatus for each of various pro-
cesses and each kind of information to be stored.

[0034] FIG. 2 is a block diagram showing example con-
figurations of the information processing apparatus 100, the
probe 200, and the light source control device 300 that
constitute the system 1 according to the embodiment of the
present disclosure. It should be noted that the information
processing apparatus 100, the probe 200, and the light
source control device 300 do not necessarily include all of
the components shown in FIG. 2. Some of the components
may be excluded, or some other components may be added
to the components shown in FIG. 2.

[0035] Referring to FIG. 2, the information processing
apparatus 100 includes a display 111, a processor 112, an
input interface 113 including a touch panel 114 and hard-
ware keys 115, a communication processing circuit 116, a
memory 117, and an 1/O circuit 118. These components are
electrically connected to one another via a control line or a
data line.

[0036] The display 111 functions as a display module that
reads out image information stored in the memory 117 and
performs various outputs in respornse to an instruction from
the processor 112. Specifically, the display 111 displays an
image in which an index indicating the state of the blood in
a blood vessel generated by the processor 112 is mapped on
an image of the blood vessel, and displays various setting
screens for generating the mapping image or images of the
generation process. The display 111 is formed with a liquid
crystal display, for example.

[0037] The processor 112 is formed with a CPU (a micro-
computer), for example, and executes an instruction com-
mand (a program) stored in the memory 117, to function as
a controller for controlling the other connected components.
For example, the processor 112 executes various image
analysis programs stored in the memory 117, to generate
indices indicating the states of blood in the blood vessels at
one or more coordinate positions in an image showing the
blood vessels imaged by the probe 200, arranges the gen-
erated indices at the one or more coordinate positions in the
captured images, and displays the indices on the display 111.
It should be noted that the processor 112 may be formed with
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a single CPU, or may be formed with two or more CPUs.
Further, some other kind of processor such as a GPU
specialized for image processing may be appropriately com-
bined with the processor 112.

[0038] The input interface 113 includes the touch panel
114 and/or the hardware keys 115, and functions as an
operation module that accepts various instructions and
inputs from the user. The touch panel 114 is disposed so as
to cover the display 111, and outputs information about the
positional coordinates corresponding to the image data dis-
played on the display 111 to the processor 112. As a touch
panel system, a known system such as a resistive film
system, a capacitive coupling system, or an ultrasonic sur-
face acoustic wave system can be used.

[0039] The communication processing circuit 116 per-
forms processing such as modulation and demodulation to
transmit and receive information to and from a server
apparatus or another information processing apparatus
installed at a remote location via a connected antenna (not
shown). For example, the communication processing circuit
116 performs processing to transmit a mapping image
obtained as a result of executing a program according to this
embodiment to the server apparatus or another information
processing apparatus. It should be noted that the communi-
cation processing circuit 116 performs processing according
to a wideband wireless communication system such as the
Wideband-Code Division Multiple Access (W-CDMA) sys-
tem, but may also perform processing according to a nar-
rowband wireless communication system such as a wireless
LAN, typically IEEE 802.11, or Bluetooth (registered trade-
mark). Alternatively, the communication processing circuit
116 can use known wired communications.

[0040] The memory 117 is formed with a ROM, a RAM,
a nonvolatile memory, an HDD, and the like, and functions
as a storage. The ROM stores instruction commands for
performing image processing and the like according to this
embodiment and a predetermined OS as a program. The
RAM is a memory used for writing and reading data while
the program stored in the ROM is being processed by the
processor 112. The nonvolatile memory or the HDD is a
memory in which data writing and reading is performed as
the program is executed, and the data written therein is saved
even after the execution of the program is completed. For
example, images such as images captured by the probe 200,
images such as mapping images, and information about the
user who is the object of imaging being performed by the
probe 200 are stored in the nonvolatile memory or the HDD.
[0041] The VO circuit 118 is connected to the /O circuits
included in the probe 200 and the light source control device
300, and functions as an information input/output module
for inputting/outputting information to/from the probe 200
and the light source control device 300. Specifically, the I/O
circuit 118 functions as an interface for receiving an image
captured by the probe 200 and for transmitting a control
signal for controlling the image sensor 212 included in the
probe 200. It should be noted that the I/O circuit 118 can
adopt a known connection form, such as a serial port, a
parallel port, or a USB, as desired.

[0042] Referring to FIG. 2, the probe 200 includes a light
source 211, an image sensor 212, and an I/O circuit 213.
These components are electrically connected to one another
via a control line or a data line.

[0043] The light source 211 is formed with at least one
LED. For example, the light source 211 is formed with light
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sources having different peak wavelengths: an LED for
emitting blue light with a peak wavelength of 470 nm and a
half-value width of 30 nm to a biological tissue or blood
vessels, and an LED for emitting green light having a peak
wavelength of 527 nm and a half-value width of 30 nm to a
biological tissue or blood vessels. The luminescent color of
the light source is not limited to the above particular
luminescent colors, as long as the peak wavelengths of the
luminescent colors fall within the range of 400 nm to 600
nm, which is a wavelength region in which the light absorp-
tion by the hemoglobin contained in the blood is dominant.
Although the light source that emits the two kinds of light,
blue light and green light, is described above, it is also
possible to provide another light source having different
peak wavelength regions. In a case where a light source (of
red light, for example) having no peak wavelengths in the
above light absorption wavelength region is used, the dif-
ference in light absorption between the blood vessel portion
and its surrounding portion is small. In a case where a light
source having a peak wavelength region in the light absorp-
tion wavelength region of hemoglobin is used, on the other
hand, the difference in light absorption between the blood
vessel portion and its surrounding portion is sufficiently
large. In such a case, the difference in pixel value between
the blood vessel portion and its surrounding portion in the
image captured by the probe 200 is clearer, and thus, it is
possible to extract the blood vessel portion in a preferred
manner.

[0044] Although not shown, the light source 211 may
include a known switching circuit for cyclically switching
its luminescent colors (peak wavelengths) in accordance
with a control signal received from the processor 311 of the
light source control device 300.

[0045] The image sensor 212 captures an image of the
imaging object by detecting light scattered in a biological
tissue and reflected from the surface of the biological tissue,
and generates an image signal to be outputted to the infor-
mation processing apparatus 100 via the I/O circuit 213. As
the image sensor 212, a known image sensor such as a
charge coupled device (CCD) imaging sensor or a comple-
mentary metal-oxide semiconductor (CMOS) imaging sen-
sor can be used. The generated image signal is processed by
the respective circuits such as a CDS circuit, an AGC circuit,
and an A/D converter, and is then transmitted as a digital
image signal to the information processing apparatus 100.

[0046] The I/O circuit 213 is connected to the respective
1/O circuits included in the information processing apparatus
100 and the light source control device 300, and functions as
an information input/output module that stores information
for inputting/outputting information from/to the information
processing apparatus 100 and the light source control device
300. Specifically, the 1/O circuit 213 functions as an intet-
face for transmitting a digital image signal generated by the
image sensor 212 or the like to the information processing
apparatus 100, and receiving control signals for controlling
the light source 211 and the image sensor 212 from the
information processing apparatus 100 and the light source
control device 300. It should be noted that the I/O circuit 213
can adopt a known connection form, such as a serial port, a
parallel port, or a USB, as desired.

[0047] Referring to FIG. 2, the light source control device
300 includes a processor 311, a memory 312, an input
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interface 313, and an I/O circuit 314. These components are
electrically connected to one another via a control line or a
data line.

[0048] The processor 311 is formed with a CPU (a micro-
computer), for example, and executes instruction commands
(various programs, for example) stored in the memory 312,
to function as a controller for controlling the other connected
components. For example, the processor 311 executes a light
source control program stored in the memory 312, and
outputs a control signal for cyclically switching the color of
light to be outputted from the light source 211 provided in
the probe 200. It should be noted that the processor 311 may
be formed with a single CPU, or may be formed with two or
more CPUs.

[0049] The memory 312 is formed with a ROM, a RAM,
a nonvolatile memory, an HDD, and the like, and functions
as a storage. The ROM stores instruction commands for
performing light source control according to this embodi-
ment and a predetermined OS as a program. The RAM is a
memory used for writing and reading data while the program
stored in the ROM is being processed by the processor 311.
The nonvolatile memory or the HDD is a memory in which
data writing and reading is performed as the program is
executed, and the data written therein is saved even after the
execution of the program is completed. For example, the
nonvolatile memory and the HDD store setting information
such as the peak wavelength of the light source, the light
emission cycle of light to be emitted from the light source
(or the switching cycle in a case where two or more
luminescent colors are used).

[0050] The input interface 313 is formed with hardware
keys and the like, and functions as an operation module that
accepts various kinds of setting information of the light
source from the user.

[0051] The I/O circuit 314 is connected to the respective
1/O circuits included in the information processing apparatus
100 and the probe 200, and functions as an information
input/output module for inputting/outputting information
from/to the information processing apparatus 100 and the
probe 200. Specifically, the 1/O circuit 314 functions as an
interface for transmitting a control signal for controlling the
light source 211 of the probe 200, to the probe 200. It should
be noted that the 1/0 circuit 314 can adopt a known
connection form, such as a serial port, a parallel port, or a
USB, as desired.

3. Structure of the Probe 200

[0052] FIG. 3A is a conceptual diagram showing a cross-
section of the structure of the probe 200 according to the
embodiment of the present disclosure. FIG. 3B is a concep-
tual diagram showing a bottom surface of the structure of the
probe 200 according to the embodiment of the present
disclosure. As shown in FIGS. 3A and 3B, to deliver light to
an image sensor 221 provided in the camera through a
contact surface 225 in contact with the surface of a biologi-
cal tissue, the probe 200 has an optical path 224 that is
disposed between the contact surface 225 and the image
sensor 221. A lens 233, an optical filter, and the like may be
disposed in the optical path 224 in accordance with desired
image data and the position of the image sensor 221.

[0053] The probe 200 also includes LEDs 222 as light
sources disposed around the optical path 224, and a sepa-
ration wall 232 that is formed around the optical path 224
and is designed to physically separate the optical path 224
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from the LEDs 222. The LEDs 222 are completely separated
from the optical path 224 leading to the image sensor 221 by
the separation wall 232 in optical terms, to capture images
of biological tissues by a dark field imaging method (spe-
cifically, a side stream dark field imaging method). Specifi-
cally, the LEDs 222 are installed so that the optical axis of
the light to be emitted to a biological tissue as the object is
tilted at a predetermined angle (about 50 degrees, for
example) with respect to the optical axis of the light passing
through the optical path 224. As light emitted from the LEDs
222 has directivity, it is possible not only to completely
separate the LEDs 222 from the optical path 224 in optical
terms, but also to increase the intensity of the light to be
emitted to the biological tissue as the object. In the example
shown in FIGS. 3A and 3B, the probe 200 includes six
multicolor LEDs 222 around the optical path 224. As the
LEDs 222 are arranged at even intervals in this manner, light
can be uniformly emitted onto the object.

[0054] In the example shown in FIGS. 3A and 3B, mul-
ticolor LEDs are used so that light colors (blue light and
green light, for example) are switched at predetermined
intervals, in accordance with a control signal from the light
source control device 300. An example of the switching
cycle is 500 msec, or preferably 200 msec, or more prefer-
ably 100 msec.

[0055] It should be noted that the present invention is not
limited to this, and it is also possible to adopt two or more
kinds of light sources of different luminescent colors in
advance. In the example shown in FIGS. 3A and 3B, the six
LEDs 222 are used, but it is of course possible to increase
or decrease the number of LEDs 222 as desired. For
example, it is possible to use only one LED or use eight
LEDs.

[0056] Further, the probe 200 is provided with a cover 223
on the contact surface to be brought into contact with a
biological tissue, so that the LEDs 222 are covered. The
cover 223 is made of a silicone resin, for example, and
prevents the LEDs 222 from being brought into direct
contact with a biological tissue and its secretion, and being
contaminated.

[0057] FIG. 4 is a conceptual diagram showing a utility
form of the probe 200 according to the embodiment of the
present disclosure. In this embodiment, an image captured
by the probe 200 is an image captured according to a dark
field imaging method. Therefore, light emitted from the
LEDs 222 needs to be optically separated from the optical
path 224. In view of this, the above image is captured while
the contact surface 225 and the cover surface 226 of the
probe 200 are in contact with the surface 231 of a biological
tissue 228.

[0058] Specifically, as shown in FIG. 4, light (blue light or
green light, for example) emitted from the LEDs 222 passes
through the cover surface 226 and the surface 231 of the
biological tissue 228, and then enters the biological tissue
228. The incident light 227 is scattered in the biological
tissue 228 like light 227a. At this stage, the incident light
227 has its peak wavelength in the absorption wavelength
region of the hemoglobin of the red blood cells. Therefore,
part of the scattered light 227a (light 2275, for example) is
absorbed by the hemoglobin 230 of the red blood cells
contained in a capillary vessel 229 in the vicinity of the
surface 231. On the other hand, part of the light not absorbed
by the hemoglobin 230 of the red blood cells (light 227¢, for
example) passes through the surface 231 of the biological
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tissue 228 and the contact surface 225 of the probe 200, and
then enters the optical path 224. The light 227¢ finally
reaches the image sensor 221, and is imaged by the image
sensor 221.

[0059] As described above, in this embodiment, the probe
200 is used while the contact surface 225 and the cover
surface 226 of the probe 200 are in contact with the surface
231 of the biological tissue 228. Thus, light reflection from
the surface 231 of the biological tissue 228 can be reduced.
Further, as a dark field imaging method is used, clearer
imaging of the capillary vessel 229 is enabled.

4. Qutline of a Process to Be Performed by the Information
Processing Apparatus 100

[0060] FIG. 5 is a diagram showing the flow in a process
to be performed in the system 1 according to the embodi-
ment of the present disclosure. Specifically, FIG. 5 is a
diagram showing the flow in a process to be performed by
the processor 112 of the information processing apparatus
100 and the processor 311 of the light source control device
300 executing instruction commands stored in the respective
memories 117 and 312.

[0061] As shown in FIG. 5, the process is started when the
probe 200 receives a control signal from the processor 311
as a result of setting of the LEDs 222 as the light sources in
the light source control device 300, and a control signal for
imaging from the processor 112 of the information process-
ing apparatus 100. First, the probe 200 that has received the
control signals controls the peak wavelength of light to be
emitted from the LEDs 222 and the switching cycle thereof,
and emits light to the biological tissue to be imaged. The
probe 200 then detects scattered light received by the image
sensor 212, and captures an image showing the blood vessels
of the biological tissue (S101). At this stage, the blue light
and the green light are switched at predetermined switching
intervals as described above, and the blue light and the green
light are separately detected in the image sensor 212. There-
fore, in the imaging process, two spectral images, a spectral
image of blue light and a spectral image of green light, are
obtained.

[0062] In the imaging process, the depth of focus is 5.6
mm, the color switching cycle of the LEDs 222 is 100 msec,
and the frame rate is 30 fps, for example. Through the
imaging process, an image of 640x640 pixels is generated.
[0063] Each of the captured spectral images is transmitted
to the information processing apparatus 100 via the 1/O
circuit 213 of the probe 200 and the I/O circuit 118 of the
information processing apparatus 100. Each spectral image
is stored into the memory 117 under the control of the
processor 112. The processor 112 reads each spectral image
and instruction commands (a program) for processing the
spectral images from the memory 117, and performs a
process of extracting a blood vessel region from each
spectral image (S102). In the blood vessel extraction pro-
cess, it is possible to combine a process of extracting a
tubular structure in accordance with a Hessian matrix, a
binarization process, an analysis process based on pixel
values, and the like as appropriate, and perform the com-
bined process on each spectral image, for example.

[0064] After the coordinate positions of the blood vessels
shown in the image are identified through the above blood
vessel extraction process, the processor 112 performs a
process of calculating the optical density at one or more
coordinate positions indicating the blood vessels in accor-
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dance with an instruction command stored in the memory
117 (S103). It should be noted that the optical density is
calculated in accordance with the pixel value of the portion
extracted as a blood vessel and the average pixel value of the
background portion around the blood vessel portion, for
example.

[0065] The processor 112 then performs a process of
generating an index (indices) indicating the oxygen satura-
tion levels of the blood at one or more coordinate positions
in accordance with an instruction command stored in the
memory 117 (S104). It should be noted that the oxygen
saturation level calculation process is performed by using
the calculated optical density, the molar absorption coefli-
cients of oxygenated hemoglobin and deoxygenated hemo-
globin, and the like.

[0066] After the index (indices) indicating the oxygen
saturation level(s) at one or more coordinate positions
corresponding to the blood vessels in the image is/are
generated through the above described oxygen saturation
level calculation process, the processor 112 performs a
process of outputting the indices associated with the respec-
tive coordinate positions, in accordance with an instruction
command stored in the memory 117 (S105). For example, in
accordance with the coordinate positions, the respective
indices are arranged in one of the spectral images received
from the probe 200 or in a processed image created in
accordance with the respective spectral images during the
above processes, and the indices are then outputted to the
display 111 of the information processing apparatus 100.
[0067] In the above manner, from the image captured by
the probe 200, indices based on the oxygen saturation levels
are generated as indices indicating the state of the blood in
the blood vessel, and the series of processes till the output-
ting of the indices to the display 111 comes to an end. Each
of these processes will be described later in detail.

5. Blood Vessel Extraction Process

[0068] FIG. 6 is a diagram showing the flow in a process
to be performed in the information processing apparatus 100
according to the embodiment of the present disclosure.
Specifically, FIG. 6 is a diagram showing the flow in a
process to be performed by the processor 112 of the infor-
mation processing apparatus 100 executing an instruction
command stored in the memory 117.

[0069] First, the processor 112 controls the I/O circuit 118
and the memory 117 so that the I/O circuit 118 of the
information processing apparatus 100 receives an image
showing the blood vessels in a biological tissue imaged by
the probe 200, and stores the image into the memory 117
(S201).

[0070] FIG. 7A is a diagram showing an example of the
image captured via the probe 200 according to the embodi-
ment of the present disclosure. Specifically, FIG. 7A is an
image showing an example of the image (a spectral image)
showing the blood vessels of a biological tissue imaged by
the probe 200 and stored in the memory 117 in S201. As
described above, in this embodiment, the respective spectral
images captured in the two luminescent colors of blue light
and green light are stored. Accordingly, at least two spectral
images like the one shown in FIG. 7A are stored, though not
shown in the drawing.

[0071] Referring back to FIG. 6, the processor 112 reads
each spectral image stored in the memory 117, and performs
a normalization process for each pixel by a known method
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(S202). For example, the processor 112 performs a process
of increasing the luminance in the image so that the darkest
point in the image becomes “black”, and the brightness of
the brightest point in the image is maximized. It should be
noted that each of the processed images (normalized images)
is temporarily stored into the memory 117.

[0072] FIG. 7B is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure.
Specifically, FIG. 7B is a diagram showing an example of a
normalized image. As is apparent from the comparison with
the spectral image shown in FIG. 7A, it becomes possible to
make the dark portion (the portion corresponding to the
blood vessels in this embodiment) of the image more
conspicuous with respect to the background by performing
the normalization processing.

[0073] Referring back to FIG. 6, the processor 112 then
reads each normalized image from the memory 117, and
analyzes the images with a Hessian matrix for each pixel, to
extract a tubular structure (which is the structure corre-
sponding to the blood vessels) (S203). For this processing,
known methods can be used, including the method reported
in “A. F. Frangi et al. Multiscale vessel enhancement filter-
ing, Proceedings of MICCALI 130-137, 1998”. Each image
(extracted tubular structure image) after the tubular structure
is extracted through the image analysis using a Hessian
matrix is temporarily stored into the memory 117.

[0074] FIG. 7C is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure.
Specifically, FIG. 7C is a diagram showing an example of an
extracted tubular structure image. The portions analyzed as
a tubular structure among the blood vessels shown in
“black” or in a color close to black in FIG. 7B are subjected
to black and white reversal, and are displayed in white.
[0075] Referring back to FIG. 6, the processor 112 then
reads each extracted tubular structure image from the
memory 117 and performs a binarization process for each
pixel (S204). Specifically, the processor 112 performs a
process of comparing each pixel value indicated by the gray
scales from 0 to 255 with a predetermined threshold value,
and converting each pixel value into two tones: black and
white. The threshold value can be set as desired. Fach image
(binarized image) subjected to the binarization process is
temporarily stored into the memory 117.

[0076] FIG. 7D is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure.
Specifically, FIG. 7D is a diagram showing an example of a
binarized image. As is apparent from FIG. 7D, the image
drawn in the gray scales in FIG. 7C is displayed as an image
converted into the two tones: black and white. This makes it
possible to speed up the processes that follow.

[0077] As shown in FIGS. 7A and 7D, the biological tissue
has regions that are displayed in a blurred manner due to a
region 12 in which blood vessels overlaps or a region 11
displaced in the depth direction. In a case where a tubular
structure extraction process and a binarization process are
performed on an image including such regions, there exist
regions that are not extracted as a tubular structure (the
regions shown in black in regions 13 and 14 in FIGS. 7C and
7D), though these regions should be extracted as a tubular
structure (the regions shown in write in the regions 13 and
14 in FIGS. 7C and 7D).
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[0078] Referring back to FIG. 6, the processor 112 again
reads each spectral image of S201 from the memory 117,
and performs a smoothing process (S205). This process may
be a known smoothing process, such as a process using a
moving average filter or a process using a Gaussian filter.
Each image (smoothed image) subjected to the smoothing
process is temporarily stored into the memory 117.

[0079] The processor 112 then reads each smoothed image
from the memory 117, and performs an analysis process
using pixel values for each pixel in the regions other than the
regions analyzed as a tubular structure (blood vessels) as a
result of the binarization process in S204 (which is the
regions shown in black in FIG. 7D) (S206). Specifically, for
each smoothed image, the processor 112 calculates the
average pixel value of the entire image. Using the calculated
average pixel value as a threshold value, the processor 112
compares the pixel value of each pixel with the threshold
value. In a case where the pixel value is smaller than the
threshold value, the portion should be recognized as a blood
vessel, and the processor 112 assigns a white tone to the
portion accordingly. In a case where the pixel value is
greater than the threshold value, the processor 112 assigns a
black tone to the portion. Each pixel (pixel-value analyzed
image) subjected to the analysis process using pixel values
is temporarily stored into the memory 117.

[0080] FIG. 7E is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure.
Specifically, FIG. 7E is a diagram showing an example of a
pixel-value analyzed image. As described above with refer-
ence to FIGS. 7C and 7D, in an extracted tubular structure
image, there exist regions that are not recognized as a
tubular structure, though these regions correspond to blood
vessels (the regions 13 and 14 in FIGS. 7C and 7D, for
example). In the pixel-value analyzed image shown in FIG.
7E, a white tone is assigned to each region that should be
analyzed as a blood vessel in the regions 13 and 14.
Accordingly, a combination of the tubular structure extrac-
tion process and the pixel value analysis process enables
more accurate analysis of blood vessel regions.

[0081] Referring back to FIG. 6, the processor 112 reads
out the binarized image and the pixel-value analyzed image
stored in the memory 117, and performs a process of
combining the two images (S207). Any known combining
method may be used as the combining method in this
process. The image (composite image) after the combining
is stored into the memory 117.

[0082] FIG. 7F is a diagram showing an example of an
image processed in the information processing apparatus
100 according to the embodiment of the present disclosure.
Specifically, FIG. 7F shows an example of the composite
image. In the composite image, the region shown in a white
tone is the region recognized as the blood vessels. As is
apparent from FIG. 7F, the regions that cannot be analyzed
as blood vessels in FIGS. 7C and 7D are interpolated
through the process illustrated in FIG. 7E, so that more
accurate analysis of the blood vessel regions can be carried
out.

[0083] The above process is performed on each spectral
image captured in blue light and green light.

[0084] In the above manner, the process for extracting
blood vessels from each spectral image captured by the
probe 200 is completed.
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6. Optical Density Calculation Process

[0085] FIG. 8 is a diagram showing the flow in a process
to be performed in the information processing apparatus 100
according to the embodiment of the present disclosure.
Specifically, FIG. 8 is a diagram showing the flow in a
process to be performed by the processor 112 of the infor-
mation processing apparatus 100 executing an instruction
command stored in the memory 117.

[0086] First, the processor 112 reads the composite image
(the image generated in S207) stored in the memory 117, and
performs a black-and-white reversal process (S301). The
reversal process is performed by a known method. In
accordance with the image (reversed image) after the rever-
sal, the processor 112 detects the region that has not been
recognized as blood vessels in the process shown in FIG. 6,
which is the background region. The processor 112 then
reads each smoothed image of S205 of FIG. 6 from the
memory 117, and extracts the pixel value of each pixel
included in the region identified as the background region
(8302). The processor 112 then calculates the average pixel
value of the background region from the extracted pixel
values (8303). It should be noted that the average pixel value
of the background region is the average pixel value of the
background region surrounding the coordinate position (x,
y) of the blood vessel portion at which the optical density is
to be calculated. The surrounding background region may be
a surrounding region of a predetermined size centered at the
coordinate position (x, y), or may be the portion of the
background region in the grid that includes the coordinate
position (X, y) in a case where the entire image is divided
into grids. The processor 112 then calculates the optical
density from the pixel value of each pixel and the calculated
average pixel value of the background region of the region
in the smoothed image corresponding to the region recog-
nized as the blood vessels in FIG. 7F (S304).

[0087] Specifically, the optical density D (x, y) in each
pixel is calculated according to the following equation (I).

[Mathematical Formula 1]

It
Dis, = log[ 2|

Equation (I)

[0088] In the equation (I), D(x, y) represents the optical
density at the coordinate position (x, y), I(x, y) represents the
transmitted light intensity at the coordinate position (X, y),
and I, (X, y) represents the incident light intensity at the
coordinate position (X, y). Here, the transmitted light inten-
sity is the pixel value of the pixel identified by the coordinate
position (x, y) of the blood vessel portion in the smoothed
image. The incident light intensity is the average pixel value
of the background region calculated in S303.

[0089] For each smoothed image, the optical density in
each pixel is calculated according to the above equation (I).
In this manner, the optical density calculation process is
completed.

7. Oxygen Saturation Level Calculation Process

[0090] In accordance with an instruction command stored
in the memory 117, the processor 112 performs a process of
estimating the oxygen saturation level of blood, using the
information obtained through the respective processes

Dec. 27,2018

shown in FIGS. 6 and 8. Specifically, for each coordinate
position (X, y), the oxygen saturation level is estimated
according to the following equation (I1).

[Mathematical Formula 2]

[0091]
D(AN=[s egpos (MH1-5Ezs(W]cd Equation (II)
[0092] In the equation (II), D(A) represents the optical

density at the coordinate position (X, y) calculated in S304,
s represents the blood oxygen saturation level at the coor-
dinate position (X, V), €;,0, and €, represent the molar
absorption coeflicients of oxygenated hemoglobin and
deoxygenated hemoglobin, respectively, ¢ represents the
total concentration of hemoglobin, and d represents the
vessel diameter.

[0093] Here, the oxygen saturation level s is calculated by
solving a system of equations: an equation obtained by
assigning the respective numerical values calculated from an
image captured with blue light to variables, and an equation
obtained by assigning the respective numerical values cal-
culated from an image captured with green light to variables.
That is, the oxygen saturation level s is calculated according
to the following equation (IIT).

[Mathematical Formula 3]
_ Yepp(h) —emp(2) Equation (IIT)
T Al -TAN

[0094] In the equation (IIT), W represents the optical
density ratio (D(A,)/D(A,)) between the image captured with
the blue light (A,) and the image captured with the green
light (A,) at the coordinate position (X, y), and AA, represents
[eHbO, (A, )-eHb(A,)] (n being 1 or 2).

[0095] According to the above equation (III), the proces-
sor 112 estimates the oxygen saturation level(s) at one or
more coordinate positions (X, y) corresponding to the blood
vessel(s) included in the image.

8. Output Process

[0096] The processor 112 performs a process of outputting
the estimated oxygen saturation level as an index indicating
the state of the blood in the blood vessel, in accordance with
an instruction command stored in the memory 117. FIG. 9 is
a diagram showing an example of an image outputted from
the information processing apparatus 100 according to the
embodiment of the present disclosure. Specifically, the pro-
cessor 112 classifies tones from blue to red in accordance
with the oxygen saturation levels estimated for the respec-
tive coordinate positions, and performs control so that the
pixels corresponding to the coordinate positions are dis-
played in the classified tones. At this stage, of the pixels
constituting the spectral images stored in the memory 117,
the pixels corresponding to the coordinate positions at which
oxygen saturation levels have been estimated are replaced
with the classified tones, and are then displayed.

[0097] As described above, in this embodiment, an oxygen
saturation level can be calculated as an index indicating the
state of blood in the blood vessel at each coordinate position.
Thus, it becomes possible to create a distribution map of



US 2018/0374211 Al

oxygen saturation levels of blood, and more accurately
analyze the points of high and low oxygen saturation levels.

9. Modifications

[0098] In the above embodiment, the oxygen saturation
level of blood is estimated as an index indicating the state of
the blood in a blood vessel. However, it is also possible to
estimate the total hemoglobin concentration, instead of or
together with the oxygen saturation level. Specifically, the
equation (II) has the two unknowns: the oxygen saturation
level s and cd, which is the product of the total hemoglobin
concentration ¢ and the vessel diameter d. For example, the
vessel diameter d can be calculated by a known method,
such as setting the half-value width as the vessel diameter
from the distribution (profile) of the pixel values in the
direction perpendicular to the blood vessel. Therefore, the
numerical values necessary in the equation (II) are calcu-
lated not only from images obtained from blue light and
green light, but also from an image obtained by emitting
light in yet another color (blue-green light, for example)
having its peak wavelength within the absorption wave-
length region of hemoglobin. Thus, it is possible to estimate
the total hemoglobin concentration ¢ as well as the oxygen
saturation level s.

[0099] Although the oxygen saturation level and/or the
total hemoglobin concentration are/is used as an index
indicating the state of blood in a blood vessel, the index may
not be an estimated numerical value, and each estimated
numerical value may be divided and classified into prede-
termined ranges. In other words, the index may be an
estimated numerical value, or may be information processed
in accordance with the numerical value.

[0100] Further, as an index indicating the state of blood in
a blood vessel, a predetermined coordinate position in a
spectral image is replaced with a predetermined tone and
displayed on the display 111. However, it is not always
necessary to use spectral images. For example, it is also
possible to use normalized images, smoothed images, com-
posite images, or the like stored in the memory 117. Further,
when an image is displayed on the display 111, the image is
outputted in the form of a map image as shown in FIG. 9.
However, the form of a map image is not necessarily used,
and a generated index may be displayed at a predetermined
position (an upper right portion in the screen, for example)
on the display 111, together with an indication line indicat-
ing the coordinate position thereof. Although displaying on
the display 111 has been described as an output form, images
may be outputted from a printer connected to the informa-
tion processing apparatus 100.

[0101] An index indicating the state of blood in a blood
vessel is outputted in the form of a two-dimensional map
image as shown in FIG. 9. However, oxygen saturation
levels estimated along the extracted blood vessel may be
plotted in a graph. FIG. 10 is a diagram showing an example
of an image outputted from the information processing
apparatus 100 according to the embodiment of the present
disclosure. Specifically, FIG. 10 shows a graph in which
each oxygen saturation level calculated on a line segment 16
in FIG. 9 is plotted for each distance. In this manner, it is
also possible to display indices in the form of a graph,
instead of the form of a map image, on the display 111.
[0102] In the above described embodiment, blue light and
green light are cyclically switched and are emitted from the
same LEDs 222 of the probe 200. However, LEDs that emit
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blue light and LEDs that emit green light may be prepared
and installed in advance. Also in the above described
embodiment, multicolor LEDs are used as light sources, and
colors are cyclically switched. However, it is also possible to
use white light. In such a case, it is preferable to use a
so-called spectroscopic camera, instead of a camera includ-
ing a conventional image sensor, or to take spectral images
of blue light and green light by using a spectral filter.
[0103] Inthe blood vessel extraction process of the above
embodiment, the normalization process, the binarization
process, the smoothing processing, the analysis process
using pixel values, the combining process, and the like are
performed. However, it is not necessary to perform these
processes. That is, as long as the blood vessel portion can be
extracted from each captured spectral image, only the analy-
sis process using a Hessian matrix is performed if a suffi-
ciently high accuracy is guaranteed.

[0104] In the above embodiment, the image sensor 212
and the like are disposed in the probe 200. However, the
probe 200 is not necessarily provided exclusively for the
system 1. That is, it is also possible to provide a light source
at the top end portion of an endoscope or a laparoscope, and
use the light source as a probe as in this embodiment.
[0105] In the above embodiment, a threshold value for
determining whether an estimated oxygen saturation level or
the total hemoglobin concentration is acceptable is set in
advance, and the state of blood in a blood vessel may be
reported in accordance with the threshold value. For
example, in a case where the blood in a blood vessel is in a
poor state, an attention-seeking message, such as “recheck
required” or “extra attention required in surgery”, may be
displayed on the display 111.

[0106] The processes and procedures described in this
specification can be realized not only by those explicitly
described in the embodiment but also by software, hardware,
or a combination thereof. Specifically, the processes and
procedures described in this specification can be realized
where logics corresponding to the processes are mounted on
a medium such as an integrated circuit, a volatile memory,
anonvolatile memory, a magnetic disk, or an optical storage.
Also, the processes and procedures described in this speci-
fication can be implemented by various computers that store
the processes and procedures as computer programs, and
include an information processing apparatus and a server
apparatus.

[0107] Although the processes and procedures described
in this specification are performed by a single apparatus, a
single set of software, a single component, and a single
module, these processes or procedures may be performed by
more than one apparatus, more than one set of software,
more than one component, and/or more than one module.
Also, even though the various kinds of information
described in this specification are stored in a single memory
or a single storage, such information may be stored in more
than one memory provided in a single apparatus or in more
than one memory provided in more than one apparatus.
Further, the software and hardware components described in
this specification may be integrated into a smaller number of
components, or may be divided into a larger number of
components.

1. An information processing apparatus comprising:

a memory configured to store a predetermined instruction
command, and store an image showing a blood vessel
of a biological tissue imaged by a probe; and
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a processor configured to execute the instruction com-
mand stored in the memory, to generate an index
indicating a state of blood in the blood vessel at one or
a plurality of coordinate positions in the image, and
output each generated index associated with each cor-
responding coordinate position.

2. The information processing apparatus according to
claim 1, wherein the index is generated by calculating an
oxygen saturation level of the blood.

3. The information processing apparatus according to
claim 2, wherein the oxygen saturation level is calculated in
accordance with an optical density calculated at the coordi-
nate position of the blood vessel identified from the image.

4. The information processing apparatus according to
claim 1, wherein the image is an image captured while the
probe is in contact with a surface of the biological tissue.

5. The information processing apparatus according to
claim 1, wherein the image is an image captured by a dark
field imaging method.

6. The information processing apparatus according to
claim 1, further comprising

a display,

wherein the processor executes the instruction command
to output the index to the display.

7. The information processing apparatus according to
claim 1, wherein the processor executes the instruction
command to set and output the index at the coordinate
position in the image or in another image generated in
accordance with the image.

8. The information processing apparatus according to
claim 1, wherein the image is an image captured by emitting
a plurality of light beams having different peak wavelength
regions.

9. The information processing apparatus according to
claim 1, wherein the probe includes an LED light source
configured to emit a plurality of light beams having different
peak wavelength regions to the biological tissue.

10. The information processing apparatus according to
claim 8, wherein each of the peak wavelength regions of the
plurality of light beams is included in a light absorption
wavelength region of hemoglobin contained in the blood.
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11. The information processing apparatus according to
claim 10, wherein the plurality of light beams include at
least blue light and green light.

12. The information processing apparatus according to
claim 1, wherein the coordinate position is a coordinate
position corresponding to the blood vessel identified from
the image.

13. A computer program product embodying computer-
readable instructions stored on a non-transitory computer
readable medium for causing a computer to execute a
process by a processor, the computer comprising a memory
storing an image showing a blood vessel of a biological
tissue imaged by a probe,

the computer configured to perform the steps of:

generating an index indicating a state of blood in the

blood vessel at one or a plurality of coordinate posi-
tions in the image; and

outputting each generated index associated with each

corresponding coordinate position.

14. A method implemented by a processor executing a
predetermined instruction command stored in a memory,

the method comprising:

storing an image showing a blood vessel of a biological

tissue imaged by a probe;

generating an index indicating a state of blood in the

blood vessel at one or a plurality of coordinate posi-
tions in the image; and

outputting each generated index associated with each

corresponding coordinate position.
15. A system comprising:
the information processing apparatus according to claim
1; and

a probe including: a light source that is configured to emit
a plurality of light beams having different peak wave-
length regions, the light source being communicably
connected to the information processing apparatus; and
an image sensor that detects light reflected from a
surface of a biological tissue among the light beams
emitted from the light source.
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