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1
IMAGE CAPTURING SYSTEM AND
ELECTRONIC ENDOSCOPE SYSTEM

BACKGROUND OF THE INVENTION

The present invention relates to an image capturing sys-
tem and an electronic endoscope system.

Recently, an endoscope device (a spectroscopic endo-
scope device) equipped with a function to capture spectral
images has been proposed. With such an spectroscopic
endoscope device, it may be possible to obtain image
information containing spectral property (e.g. a reflectivity
spectrum) of a living tissue such as a mucous membrane in
a digestive organ. It is known that the reflectivity spectrum
of a living tissue reflects information concerning types or
densities of components contained in the vicinity of a
surface layer of the subject living tissue targeted for mea-
surement. Specifically, it is known that absorbance calcu-
lated from the reflectivity spectrum of the living tissue can
be obtained by linearly superimposing absorbance of a
plurality of substances which constitute the living tissue.

It is known that a living tissue in a diseased portion is
different from a living tissue in a healthy portion in regard
to a composition and component amounts. It is reported in
prior research that abnormality of a diseased portion, rep-
resented by a cancer, is deeply related to a state of blood,
namely, a state of whole blood volume and oxygen satura-
tion. It is a frequently used manner in spectroscopic ana-
Iytical chemistry to qualitatively and quantitatively analyze
interesting two living tissues using spectroscopically char-
acteristic amounts of the two living tissues in the visible
light region. Therefore, it is possible to estimate whether or
not a living tissue contains a diseased portion by comparing
a spectral property of blood of a living tissue containing a
diseased portion with a spectral property of blood of a living
tissue containing only a healthy portion.

The spectral images are constituted by a plurality of
image information captured with light having different
wavelengths. As the wavelength information contained in
the spectral image (the numbers of wavelengths used to
obtained image information) increases, obtained informa-
tion concerning the living tissue becomes more accurate.
Japanese Patent Provisional Publication No. 2012-245223A
(hereafter, referred to as patent document 1) discloses an
example of a spectroscopic endoscope device which obtains
spectral images at intervals of wavelength of 5 nm within a
wavelength region of 400 nm to 800 nm.

SUMMARY OF THE INVENTION

However, in order to obtain spectral images with a high
degree of wavelength resolution as described in patent
document 1, it is necessary to capture a number of images
while changing wavelength of illumination light. Further-
more, since the required calculation amount for analyzing
images is larger, a long calculation time is needed for the
analysis. That is, in order to obtain effective information for
assisting diagnosis, it is necessary to repeatedly execute
relatively complicated capturing and calculation, which
requires a long time.

The present invention is advantageous in that it provides
an image capturing system and an electronic endoscope
system capable of obtaining, in a short time, image infor-
mation representing distribution of biological substances,
such as, distribution of oxygen saturation.

According to an aspect of the invention, there is provided
an image capturing system, comprising: a light source
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2

device that emits illumination light containing a plurality of
wavelength regions separated from each other; an image
pickup device that generates image data by capturing an
image of a living tissue being a subject illuminated with the
illumination light, the image pickup device having an RGB
filter; and an image processing unit configured to calculate
a first index representing a molar concentration ratio of a
first biological substance and a second biological substance
contained in the living tissue based on the image data
generated by the image pickup device. In this configuration,
The plurality of wavelength regions comprise: a first wave-
length region corresponding to a B filter of the RGB filter;
and a second wavelength region corresponding to a G filter
of the RGB filter. In the first wavelength region, a value of
image data B of the living tissue captured by a light-
receiving element of the image pickup device to which the
B filter is attached varies depending on the molar concen-
tration ratio. The second wavelength region contains a
plurality of isosbestic points of the living tissue, and, in the
second wavelength region, a value of image data G of the
living tissue captured by a light-receiving element of the
image pickup device to which the G filter is attached takes
a constant value without depending on the molar concen-
tration ratio. The image processing unit is configured to
calculate the first index having correlation with the molar
concentration ratio based on the image data B and the image
data G.

With this configuration, it becomes possible to obtain, in
a short time, image information representing distribution of
biological substances, such as, distribution of oxygen satu-
ration.

In at least one aspect, the light source device may com-
prises: a white light source; and an optical filter that sepa-
rates the illumination light from white light emitted by the
white light source.

In at least one aspect, the first index may be defined as a
value obtained by dividing the image data B by the image
data G.

In at least one aspect, the plurality of wavelength regions
may comprise a third wavelength region corresponding to an
R filter of the RGB filter. In this case, absorbance of the
living tissue in the third wavelength region is regarded as
almost zero, and the image processing unit is configured to
calculate a second index having correlation with a sum of
molar concentrations of the first biological tissue and the
second biological tissue based on the image data G and
image data R of the living tissue captured by a light-
receiving element of the image pickup device to which the
R filter is attached.

In at least one aspect, the second index may be defined as
a value obtained by dividing the image data G by the image
data R.

In at least one aspect, the image capturing system may
further comprise a memory storing base line image data
BLz, BL; and BL, respectively corresponding to image data
of R, G and B colors obtained by capturing a color reference
plate illuminated with the illumination light.

In at least one aspect, the image processing unit may be
configured to calculate the first index and the second index
using, in place of the image data R, the image data G and the
image data B, standardization image data R, Gg and By
defined by following expressions:

Rs=R/BLn
Gs=G/BLe

Bs=B/BL
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In at least one aspect, the image processing unit may be
configured to generate first index image data representing
distribution of the first index in the living tissue.

In at least one aspect, the first index image data may be
image data having a pixel value being the first index.

In at least one aspect, the first biological substance may be
oxyhemoglobin, the second biological substance may be
deoxyhemoglobin, and the first index may have correlation
with oxygen saturation.

In at least one aspect, the image processing unit may be
configured to calculate a third index representing a degree of
possibility of a malignant tumor of the living tissue based on
the first index and the second index.

In at least one aspect, for a pixel having the first index
lower than a first reference value and the second index
higher than a second reference value, a value representing a
high possibility of a malignant tumor may be assigned to the
third index.

In at least one aspect, the second wavelength region may
be comparted by a first pair of isosbestic points of the living
tissue, and may include a second pair of isosbestic points of
the living tissue lying within a range defined by the first pair
of isosbestic points.

According to another aspect of the invention, there is
provided an electronic endoscope system, comprising: the
above described image capturing system; and an electronic
scope provided with the image pickup device.

BRIEF DESCRIPTION OF THE
ACCOMPANYING DRAWINGS

FIG. 1 illustrates a transmittance spectrum of hemoglobin.

FIG. 2 is a graph plotting relationship between a trans-
mitted light amount of'blood in a wavelength region W2 and
oxygen saturation.

FIG. 3 is a graph plotting relationship between a trans-
mitted light amount of blood and oxygen saturation within
a wavelength region W7,

FIG. 4 is a block diagram illustrating a configuration of an
electronic endoscope system according to an embodiment of
the invention.

FIG. 5 illustrates a transmittance spectrum of a color filter
of a solid state image pickup device.

FIG. 6 illustrates a transmittance spectrum of an optical
filter.

FIG. 7 is a flowchart illustrating an analysis process
according to the embodiment.

FIGS. 8A and 8B are examples of images generated by the
electronic endoscope system according to the embodiment,
in which FIG. 8A is an endoscopic image and FIG. 8B is an
image of oxygen saturation distribution.

FIG. 9 is a graph plotting results of simulation in which
errors of an index X caused when a transmittance wave-
length region of the optical filter corresponding to the
wavelength region W2 is shifted are simulated.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

Hereinafter, an embodiment according to the invention is
described with reference to the accompanying drawings. In
the following, an electronic endoscope system is explained
as an embodiment of the invention by way of example.

The electronic endoscope system according to the
embodiment explained below quantitatively analyzes bio-
logical information (e.g., oxygen saturation and blood vol-
ume) of a subject based on a plurality of images (three
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4

primary color images of R, G, B constituting one color
image in this embodiment) captured using light having
different wavelength regions, and the electronic endoscope
system images and displays analysis results. In the quanti-
tative analysis for, for example, oxygen saturation,
explained below using the electronic endoscope system
according to the embodiment, a characteristic where a
spectral property of blood in a visible light region continu-
ously changes depending on oxygen saturation is utilized.

Calculation Principle of Spectral Property of Hemoglobin
and Oxygen Saturation Before explaining in detail a con-
figuration of the electronic endoscope system according to
the embodiment of the invention, a calculation principle of
the spectral property of hemoglobin in a visible light region
and oxygen saturation according to the embodiment is
explained.

FIG. 1 illustrates a transmittance spectrum of hemoglobin.
The spectral property of hemoglobin changes depending on
oxygen saturation (a ration of oxyhemoglobin with respect
to total hemoglobin). A waveform indicated by a solid line
in FIG. 1 represents a transmittance spectrum in the case of
oxygen saturation of 100% (i.e., oxyhemoglobin HbO,), and
a waveform indicated by a long dashed line represents a
transmittance spectrum in the case of oxygen saturation of
0% (i.e., deoxyhemoglobin Hb). Further, a waveform indi-
cated by a short dashed line represents a transmittance
spectrum of hemoglobin (a mixture of oxyhemoglobin and
deoxyhemoglobin) at an intermediate oxygen saturation
(10%, 20%, 30%, . . . 90%).

The absorbance A of hemoglobin is calculated from light
transmittance T by the following equation (1):

A=-log T O

Since the transmittance spectrum of hemoglobin shown in
FIG. 1 is an optical spectrum of two components where the
total density of respective components (oxyhemoglobin and
deoxyhemoglobin) takes a constant value, isosbestic points
E1 (424 nm), E2 (452 nm), E3 (502 nm), E4 (528 nm), ES
(546 nm), E6 (570 nm) and E7 (584 nm) appear. At each of
the isosbestic points, the absorbance A (i.e., the transmit-
tance T) takes a constant value without depending on a
density ratio (i.e., oxygen saturation) of respective compo-
nents. In this embodiment, a wavelength region from the
isosbestic point E1 to the isosbestic point E2 is defined as a
wavelength region W1, a wavelength region from the isos-
bestic point E2 to the isosbestic point E3 is defined as a
wavelength region W2, a wavelength region from the isos-
bestic point E3 to the isosbestic point E4 is defined as a
wavelength region W3, a wavelength region from the isos-
bestic point E4 to the isosbestic point E5 is defined as a
wavelength region W4, a wavelength region from the isos-
bestic point E5 to the isosbestic point E6 is defined as a
wavelength region W5, and a wavelength region from the
isosbestic point E6 to the isosbestic point E7 is defined as a
wavelength region W6.

Between the neighboring isosbestic points, the absor-
bance monotonously increases or decreases in accordance
with increase of oxygen saturation. Furthermore, between
the neighboring isosbestic points, the absorbance A of hemo-
globin changes approximately linearly with respect to oxy-
gen saturation. FIG. 2 is a graph where relationship between
the transmitted light amount of blood (the vertical axis) in
the wavelength region W2 and oxygen saturation (the hori-
zontal axis) is plotted. The transmitted light amount of the
vertical axis represents an integrated value within the entire
wavelength region W2. From the graph of FIG. 2, it is
understood that the absorbance of hemoglobin decreases
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approximately linearly with respect to oxygen saturation in
the wavelength region W2. It should be noted that, within
the neighboring wavelength region W1, the absorbance of
hemoglobin increases linearly with respect to oxygen satu-
ration. Although, to be precise, light transmittance is a
changing amount which conforms to Beer-Lambert Law, the
light transmittance can be regarded as changing approxi-
mately linearly within a comparatively narrow wavelength
region, such as within a range of 20 nm to 80 nm.

Focusing on the wavelength region from the isosbestic
point E4 to the isosbestic point E7 (ie., a continuous
wavelength region from the wavelength region W4 to W6,
which is defined as a wavelength region W7 in this embodi-
ment), the absorbance of blood increases monotonously in
accordance with increase of oxygen saturation within the
wavelength regions W4 and W6; however, the absorbance of
blood inversely decreases monotonously within the wave-
length region W5 in accordance with increase of oxygen
saturation. However, the inventor of the present invention
has found that the decreasing amount of absorbance of blood
in the wavelength region W5 is approximately equal to the
increasing amount of absorbance of blood in the wavelength
regions W4 and W6, and therefore, within the whole wave-
length region W7, the absorbance of blood becomes
approximately constant value without depending on oxygen
saturation.

FIG. 3 is a graph in which the relationship between the
transmitted light amount of blood (the vertical axis) and
oxygen saturation (the horizontal axis) within the wave-
length region W7 is plotted. The transmitted light amount of
the vertical axis is an integrated value of the whole wave-
length region W7. The average value of the transmitted light
amount is 0.267 (an arbitrary unit), and the standard devia-
tion is 1.86x107. From FIG. 3, it is understood that, as a
whole, the transmitted light amount of blood becomes
approximately constant in the wavelength region W7 with-
out depending on oxygen saturation.

Furthermore, as shown in FIG. 1, in a wavelength region
larger than or equal to approximately 630 nm (in particular
in a region larger than or equal to 650 nm), the absorbance
of hemoglobin is small, and almost no change occurs in the
light transmittance even when oxygen saturation changes.
When a xenon lamp is used for a white light source, a
sufficiently large amount of light can be obtained for a white
light source within a wavelength region smaller than or
equal to 750 nm (in particular within a wavelength region
smaller than or equal to 720 nm). Therefore, for example, a
wavelength region of 650 nm to 720 nm can be used as a
reference wavelength region for the transmitted light amount
while regarding this wavelength region as a transparent
region not having absorption for hemoglobin. In this
embodiment, the wavelength region of 650 nm to 720 nm is
defined as a wavelength region WR.

As described above, it is known that the absorbance A,
of hemoglobin in the wavelength region W2 decreases
linearly depending on increase of oxygen saturation. Since
the absorbance A, of hemoglobin in the wavelength region
W7 (the wavelength regions W4 to W6) can be regarded as
a constant value regardless of oxygen saturation, a value of
absorbance A, with respect to absorbance A, represents
an index reflecting oxygen saturation. Specifically, an index
X defined by the following equation (2) represents oxygen
saturation.

X=dyr-dyp %)
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Therefore, by obtaining the relationship between oxygen
saturation and the index X experimentally in advance or by
calculation, oxygen saturation can be estimated from the
index X.

General Configuration of Electronic Endoscope System
FIG. 4 is a block diagram illustrating a configuration of the
electronic endoscope system 1 according to the embodi-
ment. As shown in FIG. 4, the electronic endoscope system
1 includes an electronic scope 100, a processor 200 and a
monitor 300.

The processor 200 includes a system controller 202, a
timing controller 204, an image processing circuit 220, a
lamp 208 and an optical filer device 260. The system
controller 202 executes various programs stored in a
memory 212, and controls totally the entire electronic endo-
scope system 1. The system controller 202 is connected to an
operation panel 214. The system controller 202 changes
operation of the electronic endoscope system 1 and param-
eters for operation of the electronic endoscope system 1. The
timing controller 204 outputs clock pulses for adjusting
timings of various types of operation to respective circuits in
the electronic endoscope system 1.

The lamp 208 emits illumination light [ after being
activated by a lamp power igniter 206. For example, the
lamp 208 is a high luminance lamp, such as, a xenon lamp,
a halogen lamp, a mercury lamp or a metal halide lamp, or
an LED (Light Emitting Diode). The illumination light L is
light having a spectrum expanding principally from the
visible light region to the invisible infrared region (or is
white light including at least a visible light region).

Between the lamp 208 and a condenser lens 210, the
optical filer device 260 is disposed. The optical filter device
260 includes a filer driving unit 264 and an optical filter 262
attached to the filer driving unit 264. The filer driving unit
264 is configured to be able to move the optical filter 262
between a position (indicated by a solid line) on an optical
path of the illumination light L and a position (indicated by
a dashed line) retracted from the optical path by causing the
optical filer 262 to slide in a direction perpendicular to the
optical path. It should be noted that the configuration of the
filter driving unit 264 is not limited to the above described
configuration, but the filter driving unit 264 may be config-
ured such that the optical filter 262 is inserted into or drawn
from the optical path of the illumination light L by rotating
the optical filer 262 about a rotation axis which is shifted
from the barycenter of the optical filter 262. The details
about the optical filter 262 are explained later.

The electronic endoscope system 1 according to the
embodiment is configured to be able to operate in three
operation modes: a normal observation mode in which the
white light emitted from the lamp 208 is used as the
illumination light (normal light Ln) without change (or
while removing an infrared component and/or a ultraviolet
component) and endoscopic observation is conducted; a
special observation mode in which filtered light Lf obtained
by letting the white light pass the optical filter 262 is used
as the illumination light and endoscopic observation is
conducted; and a base line measurement mode in which a
correction value used for the special observation mode is
obtained. The optical filter 262 is disposed at the retracted
position from the optical path in the normal observation
mode, and is disposed on the optical path in the special
observation mode.

The illumination light L (the filtered light Lf or the normal
light Ln) which has passed the optical filter 260 is converged
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onto an entrance end face of an LCB (Light Carrying
Bundle) 102 by the condenser lens 210, and is guided into
the inside of the LCB 102.

The illumination light guided into the LCB 102 propa-
gates through the LCB 102, and is emitted from an exit end
face of the LCB 102 disposed in a tip portion of the
electronic scope 100, and illuminates a subject via a light
distribution lens 104. Light returning from the subject illu-
minated with the illumination light forms an optical image
on a light-receiving surface of a solid state image pickup
device 108 via an objective lens 106.

The solid state image pickup device 108 is a single chip
color CCD (Charge Coupled Device) image sensor having a
Bayer type pixel array. The solid state image pickup device
108 accumulates charges according to a light amount of an
optical image converted at each pixel on the light-receiving
surface, and generates and outputs an image signal (image
data). The solid state image pickup device 108 has a
so-called on-chip filter in which an R filter for letting red
light pass therethrough, a G filter for letting green light pass
therethrough and a B filter for letting blue light pass there-
through are directly formed on respective light receiving
elements. The image signal generated by the solid state
image pickup device 108 includes an image signal R cap-
tured by a light receiving element to which the R filter is
attached, an image signal G captured by a light receiving
element to which the G filter is attached and an image signal
B captured by a light receiving element to which the B filter
is attached.

FIG. 5 illustrates transmittance spectrums of the R filter,
the G filter and the B filter of the solid state image pickup
device 108. The R filter is a filter for letting light having a
wavelength region of approximately 600 nm or more includ-
ing the wavelength region WR pass therethrough. The G
filter is a filter for letting light having a wavelength region
of approximately 510 nm to 630 nm including the wave-
length region W7 pass therethrough. The B filter is a filter
for letting light having a wavelength region of approxi-
mately 510 nm or less including the wavelength regions of
W1 and W2 pass therethrough. As described later, the
optical filter 262 has the optical property where only light in
the three wavelength regions WR, W7 and W2 is selectively
allowed to pass therethrough. An optical image of light
having the wavelength regions of WR, W7 and W2 which
has passed through the optical filter 262 is then picked up by
the light receiving elements of the solid state image pickup
device 108 to which the R filter, the G filter and the B filter
are attached, and is output as the image signals R, G and B.

The solid state image pickup device 108 is not limited to
the CCD image sensor, but may be replaced with another
type of image pickup devices, such as a CMOS (Comple-
mentary Metal Oxide Semiconductor) image sensor.

As shown in FIG. 4, in a connection part of the electronic
scope 100, a driver signal processing circuit 110 is provided.
To the driver signal processing circuit 110, an image signal
is input from the solid state image pickup device 108 in a
field cycle. The driver signal processing circuit 110 executes
a predetermined process for the image signal input from the
solid state image pickup device 108, and outputs the pro-
cessed image signal to the image processing circuit 220 of
the processor 200.

The driver signal processing circuit 110 accesses a
memory 112 to read out unique information of the electronic
scope 100. The unique information of the electronic scope
100 stored in the memory 112 includes, for example, sen-
sitivity and the pixel number of the solid state image pickup
device 108, operable field rates and a model number. The
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driver signal processing circuit 110 outputs the unique
information read from the memory 112 to the system con-
troller 202.

The system controller 202 executes various types of
operation based on the unique information of the electronic
scope 100, and generates control signals. By using the
generated control signals, the system controller 202 controls
the operation and timings of the various circuits in the
processor 200 so that processes suitable for the electronic
scope connected to the processor 200 are executed.

The timing controller 204 supplies clock pulses to the
driver signal processing circuit 110 in accordance with the
timing control by the system controller 202. In accordance
with the clock pulses supplied from the timing controller
204, the driver signal processing circuit 110 drives and
controls the solid state image pickup device 108 in synchro-
nization with the field rate of video processed by the
processor 200.

The image processing circuit 220 executes predetermined
signal processing, such as color interpolation, a matrix
operation and Y/C separation, and generates image data for
monitor representation, and then converts the generated
image data for monitor representation to a predetermined
video format signal. The converted video format signal is
output to the monitor 300. As a result, an image of the
subject is displayed on a display screen of the monitor 300.

The image processing circuit 220 includes an analysis
processing circuit 230. The analysis processing circuit 230
executes an analysis process The analysis processing circuit
230 executes a spectroscopic analysis process based on the
obtained image signals R (Red), G (Green) and B (Blue) in
the special observation mode, calculates an index value
having correlation with oxygen saturation in a living tissue
being the subject, and generates image data for visually
displaying calculation results.

As described above, the electronic endoscope system 1
according to the embodiment is configured to be able to
operate in the three operation modes including the normal
observation mode where the white light (the normal light
Ln) emitted from the lamp 208 is used as the illumination
light, the special observation mode where spectroscopic
analysis is executed using, as the illumination light, the
filtered light Lf obtained by letting the white light pass the
optical filter 262, and the base line measurement mode for
obtaining the correction value for the special observation.
Switching between the modes is executed by a user opera-
tion to an operation unit of the electronic scope 100 or the
operation panel 214 of the processor 200.

In the normal observation mode, the system controller
202 controls the optical filter device 260 to retract the optical
filter 262 from the optical path, and performs image-cap-
turing by illuminating the subject with the normal light Ln.
Then, the system controller 202 converts the image data
obtained by the solid state image pickup device 108 to a
video signal after subjecting the image data to image pro-
cessing according to need, and displays an image corre-
sponding to the image data on the monitor 300.

In the special observation mode and the base line mea-
surement mode, the system controller 202 controls the
optical filter device 260 to dispose the optical filter 262 on
the optical path, and performs image-capturing by illumi-
nating the subject with the filtered light Lf. Further, in the
special observation mode, the analysis process which is
described later is executed based on the image data obtained
by the solid state image pickup device 108.

In the base line measurement mode, image-capturing is
performed under illumination by the filtered light Lf using a
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color reference plate, such as, an achromatic diffusion plate
or a standard reflector, and data to be used for a standard-
ization process for the special observation mode which is
described later is obtained.

The three primary color image data R(x, v), G(X, y) and
B(x, y) obtained by using the filtered light L{in the base line
measurement mode is stored respectively, as base line image
data BLg(x, y), BL4(X, y) and BL(X, y), in an inside
memory of the analysis processing circuit 230. Tt should be
noted that each of R(x, y), G(x, y) and B(x, y) 1s a value of
the image data at a pixel (X, y), and each of BL,(X, y),
BL4(x, y) and BLg(x, y) is a value of the base line image
data at a pixel (x, y). The pixel (%, y) is identified by a
coordinate x in the horizontal direction and a coordinate y in
the vertical direction.

Configuration and Property of Optical Filter
FIG. 6 illustrates a transmittance spectrum of the optical
filter 262. The optical filter 262 is a so-called multi-peak
dielectric multilayer filter having an optical property that
only light of the three wavelength regions of W2, W7 and
WR is selectively allowed to pass the optical filter 262 at
least in the visible light wavelength region. The optical filter
262 has a flat transmittance in each of the wavelength
regions W2, W7 and WR, and the transmittance in the
wavelength region W7 is set to be lower than those of the
other wavelength regions W2 and WR. This is because,
since a light-emission spectrum of the white light source
used in this embodiment has a peak in the wavelength region
W7, the light amounts in the wavelength regions W2, W7
and WR after passing through the optical filter 262 can be
maintained at approximately the same light amount in the
wavelength regions W2, W7 and WR and thereby a noise
level of the received light data can be kept constant. The
transmittance property of the filter can be determined based
on the spectral wavelength luminance property of an actu-
ally used light source and the sensitivity property of a
light-receiving element. As the optical filter 262, another
type of filter (e.g., an absorption type optical filter or an
etalon filter in which a dielectric multilayer is used as a
reflection coating of wavelength-selectivity) may be used.

Analysis Process in Special Observation Mode
Next, the analysis process executed in the special observa-
tion mode is explained.

FIG. 7 is a flowchart illustrating the analysis process. In
the analysis process, first the subject is captured by the solid
state image pickup device 108, and the analysis processing
circuit 230 obtains the three primary color image data R(x,
y), G(x, y) and B(X, y) generated by the solid state image
pickup device 108 (S1).

Next, the analysis processing circuit 230 executes a pixel
selection process S2 in which pixels (x, y) targeted for the
following analysis process (S3 to S6) are selected by using
the image data R(X, y), G(x, y) and B(x, y).

Regarding a portion not containing blood or a portion in
which color of a tissue is dominantly affected by a substance
other than hemoglobin, it is impossible to obtain a mean-
ingful value even when oxygen saturation or blood volume
is calculated from color of a pixel. Therefore, information
from such a portion becomes noise. If such noise is calcu-
lated and is presented to a medical doctor, the noise not only
becomes an obstacle to appropriate diagnosis, but also
causes a harmful influence where a meaningless load is
applied to the image processing circuit 220 and thereby the
processing speed is decreased. For this reason, in an image
generation process according to the embodiment, pixels
(pixels in which the spectroscopic characteristic of hemo-
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globin is recorded) suitable for the analysis process are
selected. and the analysis process is executed only for the
selected pixels.

In the pixel selection process S2, only pixels satisfying all
of the following conditions (3) to (5) are selected as target
pixels for the analysis process.

B(xy)iGk.y)>a, G

Ry Glry)>a “

Rey)BE.y)>as )

where al, a2 and a3 are positive constants.

The above described three conditions are set based on the
magnitude correlation of “G component<B component<R
component” in the transmittance spectrum of blood. It
should be noted that the pixel selection process S2 may be
performed by using only one or two of the above described
three conditions. For example, only the condition (4) and/or
the condition (5) may be used to execute the pixel selection
process S2 by focusing on red color unique to blood.

Next, the analysis processing circuit 230 executes a
standardization process S3. The standardization process S3
according to the embodiment is a process for making it
possible to perform quantitative analysis by correcting the
optical property (e.g., transmittance of an optical filter or
light-receiving sensitivity of an image pickup device) of the
electronic endoscope system 1 itself.

In the standardization process, the analysis processing
circuit 230 calculates standardization image data R (x, y) by
the following expression (6) using the image data R(x, y)
obtained by using the filtered light Lf passed through the
optical filter 262 and the base line image data BL4(x, y).

Rs(®y)=R(x,y)/BLa(x.y) (6)

Similarly, from the following expressions (7) and (8),
standardization image data G(x, y) and B(x, y) is calcu-
lated.

Gsxy)=Gx.y)/BLsxy) ™

B(x.y)=B(x.y)/BL(x.y) ®)

Although, in the following explanation, the standardiza-
tion image data R¢(X, y), G4(X, y) and By(x, v) is used;
however, calculation for the index may be performed by
using the image data R(X, y), G(x, y) and B(x, y) in place of
the standardization data Ry(X, y), Gs(X, y) and B(x. v)
without executing the standardization process.

Next, the analysis processing circuit 230 calculates a first
index X having a correlation with oxygen saturation by the
following expression (9) (54).

X=B(x,p)/Gg(x.p) ©

The image data G(x, y) represents an optical image
formed by light in the wavelength region W7 which has
passed through the optical filter 262. The image data B(x, y)
represents an optical image formed by light in the wave-
length region W2 which has passed through the optical filter
262. As described above, the reflectivity of a living tissue
with respect to light in the wavelength region W2 (i.e., a
value of the image data B) depends on both of oxygen
saturation and a total hemoglobin amount. On the other
hand, the reflectivity of a living tissue with respect to light
in the wavelength region W7 (i.e., a value of the image data
G) does not depend on oxygen saturation, but depends on a
total hemoglobin amount. By dividing the standardization
reflectivity By (a value of the image data B after correction)
by the standardization reflectivity G (a value of the image
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data G after correction), it becomes possible to cancel out
contribution by a total hemoglobin amount. Furthermore,
through such division, contribution by an incident angle of
the illumination light IL (the filtered light Lf) with respect to
a living tissue or a surface condition of a living tissue can
also be cancelled out, and thereby only contribution by
oxygen saturation can be extracted. Therefore, the first index
X becomes a suitable index for representing oxygen satu-
ration.

Next, the analysis processing circuit 230 calculates a
second index Y having correlation with the blood volume in
a living tissue (a total hemoglobin amount) from the fol-
lowing expression (10) (55).

Y=Ggx.y)/Rg(x.) (10)

As described above, the standardization reflectivity G
does not depend on oxygen saturation but depends on a total
hemoglobin amount. On the other hand, since the standard-
ization reflectivity Ry (a value of the image data R after
correction) is reflectivity of a living tissue in the wavelength
region WR in which there is almost no absorption for
hemoglobin, the standardization reflectivity Ry does not
depend on oxygen saturation nor on a total hemoglobin
amount. By dividing the standardization reflectivity G5 by
the standardization reflectivity R, contribution to reflectiv-
ity of a living tissue by an incident angle of the illumination
light IL to a living tissue or a surface condition of a living
tissue can be canceled out, and thereby only contribution to
a total hemoglobin amount can be extracted. Therefore, the
second index Y becomes a suitable index for a total hemo-
globin amount.

Next, the analysis processing circuit 230 calculates a third
index 7 representing a possibility of a malignant tumor
based on the first index X and the second index Y.

It is known that a tissue of a malignant tumor has a larger
amount of total hemoglobin than a normal tissue by vascu-
larization, and oxygen saturation in a tissue of a malignant
tumor is lower than that of a normal tissue since metabolism
of oxygen in a tissue of a malignant tumor is remarkable. For
this reason, the analysis processing circuit 230 extracts a
pixel having the first index X representing oxygen saturation
calculated by the expression (9) is smaller than a predeter-
mined reference value (a first reference value) and the
second index Y representing a total hemoglobin amount
calculated by the expression (10) larger than a predeter-
mined reference value (a second reference value), and
assigns “1” representing a possibility of a malignant tumor
to the third index Z of the extracted pixel and assigns “0” to
the third indexes X of the other pixels.

Each of the first index X, the second index Y and the third
index Z may be defined as a binary index, and the third index
7 may be calculated as a logical product or a logical sum of
the first index X and the second index Y. In this case, for
example, by defining X=1 (low oxygen saturation) when the
right term of the expression (9) is smaller than a predeter-
mined value, defining X=0 (a normal value) when the right
term of the expression (9) is larger than or equal to the
predetermined value, defining Y=1 (large blood volume)
when the right term of the expression (10) is larger than or
equal to a predetermined value and defining Y=0 (a normal
value) when the right term of the expression (10) is smaller
than the predetermined value, Z can be calculated as Z=X-Y
(logical product) or Z=X+Y (logical sum).

The foregoing is an example where the third index Z is
defined as a binary index; however, the third index Z may be
defined as a multiple value (or as a continuous value) index
representing a degree of possibility of a malignant tumor. In
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this case, the third index Z(x, v) representing a degree of
possibility of a malignant tumor may be calculated based on
a deviation from the first reference value or an average of the
first index X(x, y) and a deviation from the second reference
value or an average of the second index Y(x, y). For
example, the third index Z(x, y) may be calculated as a sum
or a product of the deviation of the first index X(x, v) and
the deviation of the second index Y(x, y).

Next, the analysis processing circuit 230 generates index
mage data in which one of the first index X(x, y), the second
index Y (X, y) and the third index Z(x, y) is designated in
advance by a user as a pixel value (luminance) (S7). It
should be noted that in step S7 index image data for all the
first index X(x, y), the second index Y (x, y) and the third
index 7Z(x, y) may be generated.

Next, the analysis processing circuit 230 executes a color
correction process S8 for the image data R(x, y), G(x, y) and
B(x, y). Since the filtered light Lf which has passed through
the optical filter 262 includes the three primary color spec-
trum components of R (the wavelength region WR), G (the
wavelength region W7) and B (the wavelength region W2),
it is possible to obtain a color image using the filtered light
Lf. However. since the band of the spectrum of the filtered
light Lf is restricted, an image captured by using the filtered
light Lf has a relatively unnatural tone of color in compari-
son with an image captured by using the normal light Ln. For
this reason, in this embodiment, the color correction process
S8 is executed for the image data R(x, y), G(x, y) and B(x,
y) obtained by using the filtered light Lf so that a tone of
color of an image captured by using the filtered light Lf
approaches a tone of color of an image captured by using the
normal light Ln.

The color correction process S8 is executed, for example,
by adding correction values Cp, C; and Cj obtained in
advance to the image data R(x, y), G(x, y) and B(x, y) or
multiplying the image data R(x, y), G(x, y) and B(x, y) by
the correction values Cp, C; and Cg. Alternatively, by
preparing a color matrix Mf for the filtered light Lf in
addition to a color matrix Mn for the normal light Ln, the
color collection may be performed through a color matrix
operation. The correction values C,, C; and C; and the
color matrix Mf are set in advance based on image data
which the electronic endoscope system 1 obtains by captur-
ing a color reference plate illuminated with the filtered light
Lf, and are stored in the inside memory of the analysis
processing circuit 230. The analysis process may be con-
figured to omit the color correction process S8.

Next, the analysis processing circuit 230 generates image
data for displaying on the monitor 300 based on the image
data subjected to the color correction process S8 and the
index image data generated in step S7 and the like (S9). In
an image data generation process S9, various types of image
data for, for example, multiple image representation in
which an endoscopic image after color correction and one or
more types of index images are displayed side by side on one
screen, endoscopic image representation in which only an
endoscopic image after color correction is displayed, and
index image representation in which only one or more types
of index images designated by the user is displayed, may be
generated. The type of image data to be generated is selected
by a user operation to the operation unit of the electronic
scope 100 or to the operation panel 214 of the processor 200.
Furthermore, related information, such as, patient informa-
tion, input from, for example, the operation panel 214 of the
processor 200 is displayed on the display screen in a
superimposing manner.
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FIGS. 8A and 8B are examples displayed on the monitor
300. Specifically, FIG. 8A is an endoscopic image, and FIG.
8B is an index image of the first index X(x, y). Each of
FIGS. 8A and 8B is obtained by observing the right hand in
a state where a portion around a proximal interphalangeal
joint of the middle finger is pressed by a rubber band. FIG.
8B shows a state where oxygen saturation becomes lower in
a distal part with respect to the pressed part of the right
middle finger due to hampering of blood flow by pressure.
Furthermore, it can be read that, on a proximal side imme-
diately near the pressed part, arterial blood stays and there-
fore oxygen saturation becomes high locally.

By conducting endoscopic observation while displaying
two screens including an endoscopic image and an index
image on the monitor 300 in the special observation mode,
it becomes possible to securely find a malignant tumor
showing characteristic change in a total hemoglobin amount
and oxygen saturation. Furthermore, when a portion having
a possibility of a malignant tumor is found, by switching
from the special observation mode to the normal observation
mode through an operation to the electronic scope 100 and
thereby displaying a normal observation image having
proper color reproducibility on the entire screen, more
delicate diagnosis can be conducted. The electronic endo-
scope system 1 according to the embodiment is configured
to be able to switch between the normal observation mode
and the special observation mode easily and rapidly by
simply changing an image processing manner while insert-
ing or retracting the optical filter 262 to or from the optical
path by an operation to the electronic scope 100.

Furthermore, in the electronic endoscope system 1, the
multi-peak optical filter 262 which divides light into the
three wavelength regions W2, W7 and WR is employed, and
further the configuration where light of the three wavelength
regions W2, W7 and WR respectively passes the B filter, the
G filter and the R filter of the solid state image pickup device
108 is employed. With this configuration, it becomes pos-
sible to generate a frame of endoscopic image and an index
image by capturing one frame (2 fields). Accordingly, a
video image having a high effective frame rate can be
obtained.

The three transmittance wavelength regions of the optical
filter 262 may be shifted somewhat from the wavelength
regions W2, W7 and WR defined by the isosbestic points of
hemoglobin as long as the indexes X and Y having a desired
degree of accuracy can be obtained. FIG. 9 is a graph
plotting results of simulation in which errors of the index X
caused when the transmittance wavelength region of the
optical filter 262 corresponding to the wavelength region
W2 (452 nm to 502 nm) is shifted are simulated. In FIG. 9,
the horizontal axis represents oxygen saturation, and the
vertical axis represents an error of the index X.

In FIG. 9, a plotted point A represents an error caused
when the optical filter 262 configured to let light of a
wavelength region of 454 nm to 504 nm shifted to the longer
wavelength side by 2 nm from the wavelength region W2
pass therethrough is used. A plotted point B represents an
error caused when the optical filter 262 configured to let
light of a wavelength region of 446 nm to 496 nm shifted to
the shorter wavelength side by 6 nm from the wavelength
region W2 pass therethrough is used. A plotted point C
represents an error caused when the optical filter 262 con-
figured to let light of a wavelength region of 440 nm to 490
nm shifted to the shorter wavelength side by 12 nm from the
wavelength region W2 pass therethrough is used. The error
of each of the plotted points is smaller than 8%. Further-
more, it is understood that the graph shows a tendency that

20

25

30

40

45

60

65

14

the error becomes a little larger in the case where the
transmittance wavelength region is shifted to the longer
wavelength side relative to the case where the transmittance
wavelength region is shifted to the shorter wavelength side.

Tt is reported that oxygen saturation in a normal living
tissue is larger than or equal to approximately 90%, and, by
contrast, oxygen saturation in a malignant tumor is smaller
than or equal to approximately 40%. Therefore, it is con-
sidered that, if the error of the index X is suppressed to be
smaller than or equal to approximately +5%, the index
becomes sufficiently usable in practical use for the purpose
of identifying a malignant tumor.

Therefore, regarding the shift amount of the transmittance
wavelength region of the optical filter 262 corresponding to
the wavelength region W2, a range of 12 nm (or a range of
-12 nm to +10 nm, considering that the error becomes larger
when the transmittance wavelength region shifts to the
longer wavelength side) is sufliciently acceptable. At least in
a range of the plotted condition in FIG. 9 (i.e., in the range
of the wavelength shift amount of -12 nm to +2 nm), the
error of the index X can be suppressed to a sufficiently
usable range in practical use.

Furthermore, although FIG. 9 shows simulation results
when the wavelength is shifted without changing the wave-
length width; however, it is considered that substantially the
same tolerance can be applied to shift of the wavelength
region accompanying increase or decrease of a wavelength
width. That is, it is considered that an error within a range
of £12 nm (preferably, -12 nm to +10 nm, and more
preferably, —12 nm to +2 nm) is allowed for each of a longer
wavelength edge and a shorter wavelength edge of a trans-
mittance wavelength region corresponding to the wave-
length region W2.

Furthermore, it is considered that, regarding the wave-
length region corresponding to each of the wavelength
region W7 and the wavelength region WR, at least substan-
tially the same tolerance can be accepted.

According to the above described embodiment, a rela-
tively wide wavelength region having a property that
absorption of the entire wavelength region does not depend
on oxygen saturation is used in place of an isosbestic point
of which wavelength region is extremely narrow. Therefore,
it becomes unnecessary to use light having an extremely
narrow band and having a high spectral energy density, such
as laser, and it becomes possible to accurately estimate
information concerning hemoglobin density (blood density)
without being affected by oxygen saturation even when
narrowband light having a low spectral energy density, such
as, light whose wavelength region is separated from white
light by a bandpass filter, is used.

The foregoing is the explanation about the embodiments
of the invention. The invention is not limited to the above
described embodiments, but can be varied in various ways
within the scope of the invention. For example, the invention
includes a combination of embodiments explicitly described
in this specification and embodiments easily realized from
the above described embodiment.

In the above described embodiment, the example where
the wavelength region W2 is used as a wavelength region for
blue color used for the special observation mode is
described; however, the wavelength region W1 may be used
in place of the wavelength region W2. The wavelength
region W1 has a property that a difference between absorp-
tion of oxyhemoglobin and absorption of deoxyhemoglobin
is larger than that of the wavelength region W2. Therefore,
by using the wavelength region W1, it becomes possible to
detect change in oxygen saturation with higher sensitivity.



US 10,426,325 B2

15

On the other hand, the wavelength region W2 has a property
that absorption of hemoglobin is smaller than that of the
wavelength region W1, and, when a xenon lamp is used as
the lamp 208, the light emission intensity of the lamp 208
becomes higher and therefore a larger light amount can be
obtained. For this reason, by using the wavelength region
W2, it becomes possible to detect oxygen saturation with a
high degree of accuracy (with low noise).

The above described embodiment is an example where a
spectroscopic analysis result is displayed as an gray scale
index image or a monochrome index image; however, the
displaying manner of analysis result is not limited to such an
example. For example, the image data R(x, y), G(x, y) and
B(x, y) may be altered depending on the index value. For
example, for a pixel whose index value exceeds a reference
value, a process for increasing the brightness of the pixel, a
process for changing color phase of the pixel (e.g., a process
for intensifying redness by increasing a red component or a
process for rotating color phase by a predetermined angle),
or a process for blinking the pixel (or a process for periodi-
cally changing color phase) may be performed.

In the above described embodiment, the solid state image
pickup device 108 is explained as a solid state image pickup
device for capturing a color image having an on-chip color
filter; however, the present invention is not limited to such
a configuration. For example, a solid state image pickup
device for capturing a monochrome image having a so-
called frame sequential type color filter may be used. The
color filter may be disposed at any point on the optical path
extending from the lamp 208 to the solid state image pickup
device 108.

In the above described embodiment, the optical filter
device 260 is disposed on the light source side to filter the
illumination light IL; however, the present invention is not
limited to such a configuration. The optical filter 260 may be
disposed on an image pickup device side, and filtering may
be performed for returning right from the subject.

In the above described embodiment, the present invention
is applied to an electronic endoscope system which is an
example of a digital camera; however, the present invention
may be applied to a system in which another type of digital
camera (e.g., a digital single-lens reflex camera or a digital
video camera) is used. For example, when the present
invention is applied to a digital still camera, observation for
a body surface tissue and observation (e.g., rapid examina-
tion for brain blood volume) for a brain tissue during
craniotomy can be conducted.

This application claims priority of Japanese Patent Appli-
cation No. P2014-179036, filed on Sep. 3, 2014. The entire
subject matter of the application is incorporated herein by
reference.

What is claimed is:

1. An image capturing system, comprising:

a light source device that emits illumination light con-
taining a plurality of wavelength regions spaced from
each other and not overlapping with each other;

an image pickup device that generates image data by
capturing an image of a living tissue as a subject
illuminated with the illumination light, the image
pickup device having an RGB filter, the plurality of
wavelength regions comprising a first wavelength
region corresponding to a B filter of the RGB filter, and
a second wavelength region corresponding to a G filter
of the RGB filter; and

an image processor configured to calculate a first index
representing a molar concentration ratio of a first
biological substance and a second biological substance
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contained in the living tissue based on the image data
which includes information on the first wavelength
region and the second wavelength region obtained by
the image pickup device in a single frame,

wherein:

in the first wavelength region, a value of image data B of

the living tissue captured by a light-receiving element
of the image pickup device to which the B filter is
attached varies depending on the molar concentration
ratio;

the second wavelength region contains a plurality of

isosbestic points of the living tissue, and, in the second
wavelength region, a value of image data G of the
living tissue captured by a light-receiving element of
the image pickup device to which the G filter is
attached has a constant value independent of the molar
concentration ratio; and

the image processor is configured to calculate the first

index representing the molar concentration ratio based
on the image data B and the image data G.

2. The image capturing system according to claim 1,

wherein the light source device comprises:

a white light source; and

an optical filter that separates the illumination light from

white light emitted by the white light source.

3. The image capturing system according to claim 1,
wherein the first index is defined as a value obtained by
dividing the image data B by the image data G.

4. The image capturing system according to claim 1,

wherein:

the plurality of wavelength regions comprise a third

wavelength region corresponding to an R filter of the
RGB filter;

absorbance of the living tissue in the third wavelength

region is substantially zero; and

the image processor is configured to calculate a second

index having correlation with a sum of molar concen-
trations of the first biological tissue and the second
biological tissue based on the image data G and image
data R of the living tissue captured by a light-receiving
element of the image pickup device to which the R filter
is attached.

5. The image capturing system according to claim 4,
wherein the second index is defined as a value obtained by
dividing the image data G by the image data R.

6. The image capturing system according to claim 4,

further comprising a memory that stores base line image

data BL, BL; and BL respectively corresponding to
image data of R, G and B colors obtained by capturing
a color reference plate illuminated with the illumination
light.

7. The image capturing system according to claim 6,

wherein the image processor is configured to calculate the

first index and the second index by using, as the image
data R, the image data G and the image data B,
standardization image data R, G and B defined by
following expressions:

Re=R/BLy
Gs=G/BLg

Bs=B/BL.

8. The image capturing system according to claim 1,
wherein the image processor is configured to generate first
index image data representing distribution of the first index
in the living tissue.
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9. The image capturing system according to claim 8,
wherein the first index image data is image data having a
pixel value being the first index.

10. The image capturing system according to claim 1,

wherein:

the first biological substance is oxyhemoglobin;

the second biological substance is deoxyhemoglobin; and

the first index has correlation with oxygen saturation.

11. The image capturing system according to claim 4,

wherein the image processor is configured to calculate a

third index representing a degree of possibility of a
malignant tumor of the living tissue based on the first
index and the second index.

12. The image capturing system according to claim 11,

wherein, for a pixel having the first index lower than a first

reference value and the second index higher than a
second reference value, a value representing a high
possibility of a malignant tumor is assigned to the third
index.

13. The image capturing system according to claim 1,

wherein the second wavelength region is comparted by a

first pair of isosbestic points of the living tissue, and
includes a second pair of isosbestic points of the living
tissue lying within a range defined by the first pair of
isosbestic points.

14. An electronic endoscope system, comprising:

the image capturing system according to claim 1; and

an electronic endoscope provided with the image pickup

device.

15. The electronic endoscope system according to claim
14, wherein the system is operable in three operation modes
including a normal observation mode in which white light
emitted from a lamp of the light source device is used as the
illumination light, a special observation mode in which
spectroscopic analysis is performed using, as the illumina-
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tion light, filtered light obtained by white light that has
passed through an optical filter and a baseline measurement
mode by which a correction value is obtained for the
spectroscopic analysis of the special observation mode.

16. The electronic endoscope system according to claim
14, wherein the plurality of wavelength regions comprise a
third wavelength region corresponding to an R filter of the
RGB filter,;

absorbance of the living tissue in the third wavelength

region is substantially zero; and

the image processor is configured to calculate a second

index having correlation with a sum of molar concen-
trations of the first biological tissue and the second
biological tissue based on the image data G and the
image data R of the living tissue captured by a light
receiving element of the image pickup device to which
the R filter is attached.

17. The electronic endoscope system according to claim
16, wherein the second index is comprises a value obtained
by dividing the image data G by the image data R.

18. The electronic endoscope system according to claim
16, further comprising a memory that stores baseline image
data BL,, BL, and BL respectively corresponding to the
image data of R, G, and B colors obtained by capturing a
color reference plate illuminated with the illumination light.

19. The electronic endoscope system according to claim
16, wherein the image processor is configured to calculate a
third index representing a degree of possibility of a malig-
nant tumor of the living tissue based on the first index and
the second index.

20. The electronic endoscope system according to claim
16, wherein the first biological substance is oxyhemoglobin,
the second biological substance is deoxyhemoglobin and the
first index has a correlation with oxygen saturation.
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