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(54) OPTICAL MEASURING DEVICE, OPTICAL MEASURING METHOD, AND STORAGE MEDIUM
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(57) The presentinvention provides an optical meas-
uring apparatus and an optical measuring method for be-
ing able to correct the influence of a superficial tissue to
be able to accurately measure a degree of light absorp-
tion of a deep layer tissue such as a human body and
fruits, and a storage medium that stores an optical meas-
uring program. The optical measuring apparatus in-
cludes a probe, and the probe includes one light emitting
diode and two photodiodes. In a configuration of the op-
tical measuring apparatus, one of the photodiodes re-
ceives light which is emitted from the light emitting diode
and transmitted through a superficial layer and a deep
layer of a tissue, and the other photodiode receives light
having a deep layer transmission distance different from
that of the light received by one of the photodiodes. The
light received by the other photodiode is also transmitted
through the superficial layer and deep layer of the tissue.
Based on intensity of the light received by each photodi-
ode, a control unit computes a propagation constant in
a medium through which the light propagates. An arith-
metic expression is selected in accordance with an input
fat thickness of the tissue, and an absorption coefficient
of the light from a muscle tissue using the arithmetic ex-
pression based on the fat thickness and a spatial slope.
A hemoglobin concentration and an oxygen saturation
are obtained based on the obtained absorption coeffi-
cient of the light.
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Description
TECHNICAL FIELD

[0001] The presentinvention relates to an optical measuring apparatus, an optical measuring method, and a storage
medium that stores an optical measuring program, particularly to an optical measuring apparatus and an optical measuring
method for measuring a degree of light absorption of a deep layer tissue such as a human body and fruits, and a storage
medium that stores an optical measuring program.

BACKGROUND ART

[0002] Near-InfraRed Spectroscopy (NIRS) is an extremely useful technique of evaluating tissue metabolism, and
NIRS is also applied in clinical practice. There is known a technique in which a living body such as a human body is
irradiated with near-infrared light and a reflected light transmitted trough the living body is analyzed to measure a change
in amount of blood in the living body. The measuring technique is based on a technique of utilizing a difference in light
absorption characteristic between oxygenation and deoxygenation of the hemoglobin to detect a blood distribution state,
thereby detecting a hemoglobin existing state.

[0003] Examples of NIRS include a continuous light method, a time resolved method, spatially resolved method, and
an intensity modulation method. In each technique, when the deep layer tissue such as a muscle tissue and a brain is
measured, a superficial tissue such as fat has a large influence on quantitative performance. The living body is usually
formed by plural tissues, and the tissues have different absorption characteristics for the near-infrared light. Therefore,
the analytical result of the reflected light includes information on the plural tissues.

[0004] The continuous light method and the spatially resolved method can be realized with a simple apparatus, and
the continuous light method and the spatially resolved method have advantages in general versatility, portability, and
real-time performance than any other methods. However, although a method for correcting an influence of a fat layer is
proposed in NIRS in which the continuous light method is adopted (for example, see Non-Patent Documents 1 and 2),
a method for correcting the influence of the superficial tissue is not sufficiently established yet in the spatially resolved
method.

[0005] Although some investigations describe estimation of an absorption coefficient from a spatially resolved profile
(for example, see Non-Patent Documents 3 to 5), there is shown no specific correction method which can easily be
utilized for actual measurement of muscle tissue oxygen concentration. In addition to an error of absolute amount of
hemoglobin concentration, it is also necessary to clarify an error in computing an oxygen saturation. Other investigation
results are also reported (for example, see Non-Patent Documents 6 to 10).

Non-Patent Document 1: Yamamoto K, Niwayama M, Shiga T et al: Accurate NIRS measurement of muscle oxygenation
by correcting the influence of a subcutaneous fat layer. Proc SPIE, 1998, 3194: 166-173.

Non-Patent Document 2: Niwayama M, Lin L, Shao J et al: Quantitative measurement of muscle hemoglobin oxygenation
using near-infrared spectroscopy with correction for the influence of a subcutaneous fat layer. Rev Sci Instrum, 2000,
71:4571-4575.

Non-Patent Document 3: Kienle A, Patterson M S, Dognitz N et al: Noninvasive determination of the optical properties
of two-layered turbid media. Appl Opt, 1998, 37: 779-791.

Non-Patent Document 4: Fabbri F, Sassaroli A, Henry M E et al: Optical measurements of absorption changes in two-
layered diffusive media. Phys Med Bio1, 2004, 49: 1183-1201.

Non-Patent Document 5: Shimada M, Hoshi Y, Yamada Y: Simple algorithm for the measurement of absorption coeffi-
cients of a two-layered medium by spatially resolved and time-resolved reflectance. 2005, Appl Opt, 44: 7554-63.
Non-Patent Document 6: van der Zee P, Delpy DT: Simulation of the point spread function for light in tissue by a Monte
Carlo method. Adv Exp Med Biol, 1987,215: 179-191.

Non-Patent Document 7: Wan S, Anderson RR, Parrish J A: Analytical modeling for the optical properties of skin with
in vitro and in vivo applications. Photochem Photobiol, 1981, 34: 493-499.

Non-Patent Document 8: Mitic G, Kozer J, Otto J et al: Time-gated transillumination of biological tissues and tissue like
phantoms. 1994, Appl Opt, 33: 6699-6710.

Non-Patent Document 9: Zaccanti G, Taddeucci A, Barilli M et al: Optical properties of biological tissues. 1995, Proc.
SPIE, 2389: 513-521.

Non-Patent Document 10: Matcher S J, Elwell CE, Cooper CE et al: Performance Comparison of Several Published
Tissue Near-Infrared Spectroscopy Algorithms. Anal Biochem, 1995, 227: 54-68.

DISCLOSURE OF THE INVENTION

[0006] In view of the foregoing, an object of the invention is to obtain an optical measuring apparatus, an optical
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measuring method and an optical measuring program for being able to correct the influence of the superficial tissue to
accurately measure the degree of light absorption of the deep layer tissue such as the human body and fruits, and a
storage medium that stores an optical measuring program.

[0007] Anaspectoftheinvention provides an optical measuring apparatus including a light emitting means forirradiating
with light a layered structure which is an object of measurement, the layered structure including plural layers, the plural
layers including at least a superficial layer and a deep layer; a light receiving means for receiving, at a position at a first
predetermined distance from the light emitting means, light emitted from the light emitting means and transmitted through
the superficial layer and the deep layer, and for receiving, at a position at a second predetermined distance from the
light emitting means, light which is emitted from the light emitting means and transmitted through the superficial layer
and the deep layer and which has a deep layer transmission distance which is different from that of the light received
at the position at the first predetermined distance from the light emitting means; a spatial slope computation means for
obtaining a spatial slope based on intensities of the light received at the position at the first predetermined distance from
the light emitting means and the light received at the position at the second predetermined distance from the light emitting
means; a storage means in which a computation parameter for computing a degree of light absorption in the deep layer
are stored for each superficial thickness; an input means for inputting the superficial thickness; and a computing means
for reading the computation parameter from the storage means in accordance with the input superficial thickness, and
obtaining the degree of light absorption based on the read computation parameter and the spatial slope.

[0008] The light emitting means irradiates with light the layered structure which is the object of measurement. The
light receiving means receives light transmitted through the superficial layer and deep layer in the light emitted from the
light emitting means at the position at the first predetermined distance from the light emitting means, and the light
receiving means also receives light at the position at the second predetermined distance from the light emitting means
in the light emitted from the light emitting means. The light received at the position at the second predetermined distance
from the light emitting means is transmitted through the superficial layer and deep layer, and the light has the deep layer
transmission distance different from that of the light received at the position at the first predetermined distance from the
light emitting means.

[0009] In another aspect of the invention, the light receiving means includes a first light receiving unit at the first
predetermined distance from the light emitting means; and a second light receiving unit at the second predetermined
distance from the light emitting means.

[0010] The spatial slope computation means obtains the spatial slope based on the intensities of the light received at
the position at the first predetermined distance from the light emitting means and the light received at the position at the
second predetermined distance from the light emitting means.

[0011] The computation parameters for computing the degree of light absorption in the deep layer of the layered media
of the object of measurement are stored for each superficial thickness in the storage means. The computation parameter
may be an arithmetic expression or a parameter (coefficient) for specifying the arithmetic expression.

[0012] The computing means reads the computation parameter from the storage means in accordance with the su-
perficial thickness of the layered structure of the object of measurement, and the computing means obtains the degree
of light absorption based on the read computation parameter and the spatial slope computed by the spatial slope
computation means. The superficial thickness of the layered structure of the object of measurement is input by the input
means.

[0013] Thus, using the computation parameter selected in accordance with the superficial thickness of the layered
structure of the object of measurement, the degree of light absorption of the deep layer of the layered structure is
measured, so that the influence of the superficial layer of the layered structure can be corrected to accurately measure
the degree of light absorption.

[0014] In another aspect of the invention, the layered structure is a part of a living body, the superficial layer is a fat
tissue, and the deep layer is a muscle tissue.

[0015] In this case, in another aspect of the invention, the computing means can further obtain the oxygenated he-
moglobin concentration, the deoxygenated hemoglobin concentration, and an oxygen saturation, based on the degree
of light absorption. Therefore, the optical measuring apparatus according to the aspect of the invention can be applied
to a practice load monitor in rehabilitation or training.

In another aspect of the invention, the light receiving means includes a first light receiving unit at the first predetermined
distance from the light emitting means; and a second light receiving unit at the second predetermined distance from the
light emitting means.

[0016] Another aspect of the invention provides an optical measuring method including irradiating with light a layered
structure which is an object of measurement, the layered structure including plural layers, the plural layers including at
least a superficial layer and a deep layer; receiving, at a position at a first predetermined distance from a light irradiation
position, light of the irradiation light which has been transmitted through the superficial layer and the deep layer, and
receiving, at a position at a second predetermined distance from the light irradiation position, light of the irradiation light
which has been transmitted through the superficial layer and the deep layer and which has a deep layer transmission
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distance which is different from that of the light received at the position at the first predetermined distance from the light
irradiation position; obtaining a spatial slope based on intensities of the light received at the position at the first prede-
termined distance from the light irradiation position, the light received at the position at the second predetermined distance
from the light irradiation position, the first predetermined distance, and the second predetermined distance; inputting the
superficial thickness; and reading a computation parameter from a storage means in accordance with the input superficial
thickness, where the computation parameters for computing a degree of light absorption in the deep layer are stored
for each superficial thickness in the storage means, and obtaining the degree of light absorption based on the read
computation parameter and the spatial slope.

[0017] Thus, using the computation parameter selected in accordance with the superficial thickness of the layered
structure of the object of measurement, the degree of light absorption of the deep layer of the layered structure is
measured, so that the influence of the superficial layer of the layered structure can be corrected to accurately measure
the degree of light absorption.

[0018] Anotheraspectof the invention provides a storage medium that stores an optical measuring program for causing
a computer to executes processing, the processing including, a step of irradiating with light a layered structure which is
an object of measurement, the layered structure including plural layers, the plural layers including at least a superficial
layer and a deep layer; a step of receiving, at a position at a first predetermined distance from a light irradiation position,
light of the irradiation light which has been transmitted through the superficial layer and the deep layer , and receiving,
at a position at a second predetermined distance from the light irradiation position, light of the irradiation light which has
been transmitted through the superficial layer and the deep layer, and which has a deep layer transmission distance
which is different from that of the light received at the position at the first predetermined distance from the light irradiation
position; a step of obtaining a spatial slope based on intensities of the light received at the position at the first predetermined
distance from the light irradiation position, the light received at the position at the second predetermined distance from
the light irradiation position, the first predetermined distance, and the second predetermined distance; a step of inputting
the superficial thickness; and a step of reading a computation parameter from a storage means in accordance with the
input superficial thickness, where the computation parameters for computing a degree of light absorption in the deep
layer are stored for each superficial thickness in the storage means, and obtaining the degree of light absorption based
on the read computation parameter and the spatial slope.

[0019] Thus, using the computation parameter selected in accordance with the superficial thickness of the layered
structure of the object of measurement, the degree of light absorption of the deep layer of the layered structure is
measured, so that the influence of the superficial layer of the layered structure can be corrected to accurately measure
the degree of light absorption.

[0020] According to the invention, advantageously the influence of the superficial layer can be corrected to accurately
measure the degree of light absorption of the deep layer tissue such as the human body and fruits.

BRIEF DESCRIPTION OF THE DRAWINGS
[0021]

Fig. 1 is a schematic diagram of an optical measuring apparatus.

Fig. 2 is a flowchart showing processing performed by a control unit.

Fig. 3 is a diagrammatic view showing a relationship between a distance between a light transmitter and a light
receiver and a spatial slope S.

Fig. 4A is a diagrammatic view showing a relationship between an absorption coefficient of a muscle tissue and a
spatial slope S in each skin absorption coefficient.

Fig. 4B is a diagrammatic view showing a relationship between an absorption coefficient of a muscle tissue and a
spatial slope S in each skin scattering coefficient.

Fig. 5A is a diagrammatic view showing a relationship between an absorption coefficient of a muscle tissue and a
spatial slope S in each fat absorption coefficient.

Fig. 5B is a diagrammatic view showing a relationship between an absorption coefficient of a muscle tissue and a
spatial slope S in each fat scattering coefficient.

Fig. 6 is a diagrammatic view showing a relationship between an absorption coefficient of a muscle tissue and a
spatial slope S in each absorption coefficient of the muscle tissue.

Fig. 7 is a diagrammatic view showing a relationship between an absorption coefficient of a muscle tissue and a
spatial slope S in each fat thickness.

Fig. 8 is a diagrammatic view showing an oxygen saturation in each scattering coefficient of a muscle tissue.

Fig. 9 is a diagrammatic view showing an oxygen saturation in each fat thickness.

Fig. 10 is a schematic diagram showing another example of the optical measuring apparatus.
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DESCRIPTION OF REFERENCE NUMERALS

[0022]

10 optical measuring apparatus
12 probe

14 driving device

16 control unit (spatial slope computation means, computing means)
18 operation unit (input means)
20 memory (storage means)

22 output unit

24 LED (light emitting means)
26A  PD (first light receiving unit)
26B  PD (second light receiving unit)
30 tissue

32 LED driver

34 I-V converter

36 amplifier

BEST MODE FOR CARRYING OUT THE INVENTION

[0023] An exemplary embodiment of the present invention will be described with reference to the drawings.

[0024] In the exemplary embodiment, the case in which an amount of blood in a muscle tissue of a human arm, that
is, a hemoglobin concentration or an oxygen saturation is measured will be described by way of example.

[0025] Fig. 1 shows a schematic configuration of an optical measuring apparatus 10. Referring to Fig. 1, the optical
measuring apparatus 10 includes a probe 12, a driving device 14, a control unit 16, an operation unit 18, a memory 20,
and an output unit 22.

[0026] In the probe 12, LED (Light Emitting Diode) 24 and two PDs (PhotoDiodes) 26A and 26B are provided in a
flexible planar member (such as rubber member) 28. The probe 12 is brought into contact with an arm of a subject in
order to irradiate an inside of a tissue 30 with light in the arm of the subject.

[0027] In the exemplary embodiment, a light emitting diode is used as LED 24 by way of example. The light emitting
diode has two peak wavelengths, that is, a first wavelength A1 and a second wavelength A2. The first wavelength A1
and the second wavelength A2 are set at a wavelength in which a small amount of water is absorbed. Specifically, the
wavelengths are set at values of 900 nm or less, and the wavelengths are set at wavelengths located at an equal distance
from about 805 nm. The wavelength of about 805 nm s a position at which absorption spectra of deoxygenated hemoglobin
Hb and oxygenated hemoglobin HbO, intersect each other. In the exemplary embodiment, the first wavelength A1 is set
at 770 nm, and the second wavelength A2 is set at 830 nm.

[0028] LED 24 and PD 26A are disposed by a first predetermined distance d1 from each other, and LED 24 and PD
26B are disposed by a second predetermined distance d2.

[0029] The first predetermined distance d 1 is set at such a distance that the light emitted from LED 24 reaches PD
26A through the deep layer portion of the human arm, that is, the muscle tissue located below the skin tissue (surface
layer) and the fat tissue (superficial layer). The inventor experimentally confirms that a general-purpose electronic circuit
can detect the information on the deep layer with a sufficient S/N ratio when the light transmission distance (in this case,
an average optical path length) is about 10 mm or more in the deep layer of the object of measurement. A distance
between a light transmitter and a light receiver is obtained from a simulation such that the light transmission distance of
the deep layer is 10 mm or more when a superficial thickness ranges from 0 to 8 mm. As a result of the simulation, in
the exemplary embodiment, the first predetermined distance d1 is set at 20 mm by way of example.

[0030] The second predetermined distance d2 is set at such a distance that the light emitted from LED 24 reaches
PD 26B through the deep layer portion of the human arm, and the distance that is different from the first predetermined
distance. When the distance between light transmitter and light receiver becomes longer, the light intensity is attenuated
in an exponential manner, and the general-purpose electronic circuit hardly detects the information on the deep layer.
Therefore, the inventor obtains the distance between the light transmitter and the light receiver, where the general-
purpose electronic circuit can detect the light intensity, from the theory and experiment. Accordingly, in the exemplary
embodiment, the second predetermined distance d2 is set at 30 mm by way of example. The first predetermined distance
d1 and the second predetermined distance d2 are set at 20 mm and 30 mm by way of example, and the first predetermined
distance d1 and the second predetermined distance d2 are properly set in accordance with the depth to the muscle
tissue to be measured.

[0031] The driving device 14 includes a LED driver 32, an |-V converter 34, and an amplifier 36.
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[0032] In response to an instruction from the control unit 16, the LED driver 32 causes LED 24 to emit the light with
a predetermined wavelength and a predetermined light intensity.

[0033] The I-V converter 34 converts a current which is obtained by photoelectric conversion of the light received by
PDs 26A and 26B into a voltage, and the |-V converter 34 supplies the voltage to the amplifier 36.

[0034] The amplifier 36 amplifies the voltage converted by the I-V converter 34 to a predetermined level, and the
amplifier 36 supplies the amplified voltage in the form of a signal indicating a light intensity to the control unit 16.
[0035] The control unit 16 provides an instruction to cause LED 24 to emit the light to the LED driver 32, and the
control unit 16 computes a hemoglobin concentration from a later-mentioned operation based on the light intensities
received by PDs 26A and 26B. The operation result is input into the output unit 22. For example, the output unit 22
includes a display or a printer, and the output unit 22 displays or prints the operational result.

[0036] A later-mentioned processing routine program and simulation result data used in the processing are previously
stored in the memory 20.

[0037] Then, measurement processing performed by the control unit 16 will be described as action of the exemplary
embodiment with reference to aflowchart of Fig. 2. The measurement processing is performed once the optical measuring
apparatus 10 is turned on.

[0038] In the measurement, the probe 12 is brought into contact with a subject arm, and the operation unit 18 is
operated, thereby providing an instruction to start the measurement.

[0039] In Step 100, the control unit 16 determines whether or not the instruction to start the measurement is provided
by the operation of the operation unit 18. When the instruction to start the measurement is provided, the flow goes to
Step 102.

[0040] In Step 102, a fat thickness of the subject is input by the operation of the operation unit 18. For example, the
fat thickness is measured with a simple measuring member such as a slide caliper, and the fat thickness is input. A fat
thickness measuring apparatus (not shown) such as an ultrasonic diagnostic apparatus is connected to an optical
measuring apparatus 10, and the fat thickness measured with the fat thickness measuring apparatus may directly be
input. The input fat thickness is required in obtaining an absorption coefficient wa_m (degree of light absorption) of a
muscle tissue mentioned later.

[0041] In Step 104, the control unit 16 provides the instruction to cause LED 24 to emit the light to the LED driver 32,
and the control unit 16 takes in light intensities 14 and Ig received from PD 26A and PD 26B from the amplifier 36. The
light is sequentially emitted at the first wavelength A1 and the second wavelength A2, and the light intensities 1, and Ig
are taken in at each wavelength. In the following description, it is assumed that |, and Iz, are the light intensities received
by PD 26A and PD 26B when the light is emitted at the first wavelength A1 and it is assumed that that 15, and Ig, are
the light intensities received by PD 26A and PD 26B when the light is emitted at the second wavelength A2.

[0042] In Step 106, the control unit 16 obtains a spatial slope S in the spatially resolved method based on the light
intensities measured in Step 104. As shown in Fig. 3, there is a relationship of the distance between LED and PD
(distance between the light transmitter and the light receiver) and the light intensity (logl). In the exemplary embodiment,
the spatial slope S is expressed by a gradient of a line connecting a point A and a point B. The point A indicates the light
intensity when the distance between the light transmitter and the light receiver is 20 mm, and the point B indicates the
light intensity when the distance between the light transmitter and the light receiver is 30 mm. In the exemplary embod-
iment, for the sake of convenience, the spatial slope S is defined as follows.

[0043]

[Formula 1]

S = In(L/Ip)/p (D

[0044] Here, p is the distance between PD 26A and PD 26B, and p becomes 10 mm because of the d1=20mm and
d2=30 mm in the exemplary embodiment.

[0045] The spatial slope S is obtained in each wavelength. In the following description, it is assumed that S1 is a
spatial slope obtained based on the light intensities 1,4 and Iz, when the light is emitted at the first wavelength A1, and
it is assumed that S2 is a spatial slope obtained based on the light intensities 15, and Iz, when the light is emitted at the
second wavelength A2.

[0046] In Step 108, the control unit 16 obtains the absorption coefficient pwa_m of the muscle tissue of the arm which
is the object of measurement based on the spatial slope S1 and S2 obtained in Step 106. The absorption coefficient
p.a_m of the muscle tissue is obtained by using an S-pa_m curve derived from result of a later-mentioned Monte Carlo
simulation.

[0047] The result of Monte Carlo simulation performed by the inventor will be described below. In order to realize the
quantitative oxygen concentration of the muscle tissue, the inventor performed the Monte Carlo simulation using a three-
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layer model having skin, fat, and muscle tissues as a model of the living-body tissue. A general algorithm in which a
group of photons is randomly walked in the model and an amount of the group of photons is attenuated in accordance
with a kind of a medium passing the photons is used as a light propagation algorithm (see Non-Patent Document 6).
[0048] Thickness and optical constants (scattering coefficient and absorption coefficient) of the layers are set as shown
in Table 1 (see Non-Patent Documents 7 to 9).

[0049]
[Table 1]
tissue | scattering coefficient ws (mm-1) | absorption coefficient wa (mm-1) | thickness
skin 1.3 0.020 1.5
fat 1.2 0.002 0to 15
muscle | 0.8 0.020 200

[0050] Inthesimulation, the influence of the thickness was verified by changing the fat thickness, and the skin absorption
coefficient and the scattering coefficient were increased and decreased by 20% to analyze the influence of the superficial
layer and superficial tissues on the optical constants. In the spatially resolved method, it is necessary that the scattering
coefficient ws_m of the muscle tissue be set at a value which is judged as proper. The case in which the scattering
coefficient ws_m of the muscle tissue was increased and decreased by 0.2 mm-! was simulated to investigate an error
when the judgment was different from the fact.

[0051] Fig. 4A shows the result of the relationship between the absorption coefficient wa_m of the muscle tissue and
the spatial slope S (slope) when a skin absorption coefficient pa_skin is 0.01 mm-1, 0.0125 mm-1, and 0.015 mm-1, and
Fig. 4B shows the result of the relationship between the absorption coefficient p.a_m of the muscle tissue and the spatial
slope S (slope) when a skin scattering coefficient ps_skin is 1.0 mm-1, 1.2 mm-!, and 1.4 mm-!. As can be seen from
Figs. 4A and 4B, sometimes the skin absorption coefficient pa_skin and the scattering coefficient ws_skin have little
influence on the absorption coefficient pa_m of the muscle tissue.

[0052] Fig. 5A shows the result of the relationship between the absorption coefficient wa_m of the muscle tissue and
the spatial slope S (slope) when a fat absorption coefficient wa_fat is 0.002 mm-1, 0.003 mm-1, and 0.004 mm-', and
Fig. 5B shows the result of the relationship between the absorption coefficient p.a_m of the muscle tissue and the spatial
slope S (slope) when a fat scattering coefficient ps_fat is 1.0 mm-!, 1.2 mm-1, and 1.4 mm-1. As can be seen from Figs.
5A and 5B, sometimes the fat absorption coefficient pa_fat and the scattering coefficient ws_fat have little influence on
the absorption coefficient pa_m of the muscle tissue.

[0053] Fig. 6 shows the result of the relationship between the absorption coefficient wa_m of the muscle tissue and
the spatial slope S when the scattering coefficient ws_m of the muscle tissue is 1.0mm-!, 0.8 mm-1, and 0.6 mm-1. As
can be seen from Fig. 6, when the scattering coefficient ws_m of the muscle tissue is decreased by 0.2 mm-*, an absolute
value of the absorption coefficient wa_m of the muscle tissue is increased by 20% or more.

[0054] Fig. 7 shows the result of the relationship (S-wa_m curve) between the absorption coefficient wa_m of the
muscle tissue and the spatial slope S when the fat thickness is 3, 5, 7, 9, and 15 mm. As can be seen from Fig. 7, a
shape of the S-p.a_m curve heavily depends on the fat thickness. Therefore, the fat thickness of the subject is previously
measured, and the S-pa_m curve is used in accordance with the fat thickness, which allows the quantification of the
absorption coefficient pa_m of the muscle tissue. The S-pa_m curve can be approximated by the following quadratic
expression for the spatial slope S.

[0055]

[Formula 2]
Hom =aS”+ bS + ¢ 2)

[0056] Here, a, b, and c are constant. The constants a, b, and c are obtained in each fat thickness and each wavelength
from the result of the Monte Carlo simulation shown in Fig. 7, and the constants a, b, and c are previously stored in the
memory 20. Therefore, the absorption coefficient wa_m can be obtained from the fat thickness and the spatial slope S.
The constants a, b, and ¢ depend on the fat thickness, the scattering coefficient ps_m of the muscle tissue, and the
distance between the light transmitter and the light receiver. In the simulation performed by the inventor, for example,
a=4.95, b=-0.56, and c=0.017 were obtained in the case of the fat thickness of 3 mm and the scattering coefficient ps_
m of the muscle tissue is 0.8 mm-'. When the skin absorption coefficient na_skin and the skin scattering coefficient p.s_
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skin were increased and decreased by 20%, the S-pa_m curve became substantially identical. Therefore, it is found
that the optical constants for the skin have no influence in the spatially resolved method.

[0057] Fig. 8 shows the result in which oxygen saturation S;0, is actually measured when the scattering coefficient
us_m of the muscle tissue is 0.6 mm-!, 0.8 mm-1, and 1.0 mm-1. As described later, the oxygen saturation is obtained
by dividing the oxygenated hemoglobin concentration by the total hemoglobin concentration (sum of the oxygenated
hemoglobin concentration and the deoxygenated hemoglobin concentration). In Fig. 8, an "occlusion" period is a period
during which an artery and a vein are closed, that is a period during which a process for tightening up the upper arm to
stop a blood flow, and a "rest" period is a period during which nothing is done.

[0058] As described above, the absolute value of the absorption coefficient wa_m of the muscle tissue is increased
by 20% or more when the scattering coefficient ws_m of the muscle tissue is decreased by 0.2 mm-1. However, as can
be seen from Fig. 8, an error of the scattering coefficient ws_m of the muscle tissue falls within several percent for the
oxygen saturation S;0,. This is attributed to that fact that a ratio of the two absorption coefficients is observed because
the oxygen saturation S;0, is expressed by a ratio of the oxygenated hemoglobin concentration to the total hemoglobin
concentration. Even if the S-pa_m curve is changed by the scattering coefficient ws_m of the muscle tissue, when the
S-pa_m curves have similarity, the ratio of the two absorption coefficients obtained from the S-pa_m curves becomes
identical. The error of the oxygen saturation S0, is significantly small. This is attributed to that fact that a difference in
scattering coefficient ws_m of the muscle tissue mainly has an influence on magnitude in a direction of a vertical axis
of the S-pa_m curve while having little influence on the shape.

[0059] Fig. 9 shows the result in which the oxygen saturation is actually measured in a region of the fat layer of 3 mm.
As can be seen from Fig. 9, the use of the S-pa_m curve for the fat thickness (5 to 9 mm) which is different from the
actual case generates the error up to about 30% in terms of the value of oxygen saturation S;0,. This is attributed to
the fact that the shape of the S-p.a_m curve is largely changed in accordance with the fat thickness.

[0060] Inthe spatially resolved method, it can be found that an accurate absolute value of the hemoglobin concentration
is hardly obtained unless the scattering coefficient of the deep layer tissue is already known. On the other hand, the
influence of the judgment of the scattering coefficient can largely be decreased in the case of the oxygen saturation
§,0,. However, even in the oxygen saturation S;0,, because the fat thickness has a large influence, it is necessary that
the fat thickness be previously recognized in the quantification.

[0061] From the result of the fat thickness of 3 mm and 5 mm shown in Fig. 9, when the fat thickness is measured
with accuracy of about =1%, it is estimated that the oxygen saturation S;0, can be obtained with an error of 2 to 3% or
less. Therefore, the fat thickness can be measured by the simple measuring method with a slide caliper or the like.
[0062] From the results of the simulation and the actual measurement, in the exemplary embodiment, the absorption
coefficient pa_m of the muscle tissue is obtained in accordance with the fat thickness, and the hemoglobin concentration
and the oxygen saturation are obtained from the absorption coefficient pa_m of the muscle tissue.

[0063] In Step 108, the absorption coefficient wa_m of the muscle tissue is obtained from the formula (2). That is, the
constants a, b, and c corresponding to the fat thickness input in Step 102 are read from the memory 20, and the absorption
coefficient wa_m of the muscle tissue is obtained from the constants a, b, and c and the spatial slope S obtained in Step
106 using the equation (2). The absorption coefficient p._am of the muscle tissue is obtained in each wavelength. In the
following description, it is assumed that pA!_am is an absorption coefficient of the muscle tissue in the case of the first
wavelength A1, and it is assumed thatu A2_am is an absorption coefficient of the muscle tissue in the case of the second
wavelength A2. As described above, because the shape of the S-pa_m curve depends on the scattering coefficient us_
m of the muscle tissue, the absorption coefficient pa_m of the muscle tissue is obtained using the S-p.a_m curve having
the scattering coefficient ws_m of the muscle tissue of 0.8.

[0064] In Step 110, an oxygenated hemoglobin concentration [HbO,] is obtained based on the absorption coefficients
pA!_am and pA2_am of the muscle tissue obtained in Step 108. The oxygenated hemoglobin concentration [HbO,] can
be obtained from the following formula.

[0065]

[Formula 3]

Y A A2
gllh-uawm - gﬂb/’la__m

TS DSV IS 3
E1160:10 ~ EHbO:E 1D &)

[HbO,] =

[0066] Here, eATHb is a molecular extinction coefficient of the deoxygenated hemoglobin at the first wavelength A1,
£A2Hb is a molecular extinction coefficient of the deoxygenated hemoglobin at the second wavelength A2, éA'HbO, is
a molecular extinction coefficient of the oxygenated hemoglobin at the first wavelength A1, and eéA2HbO, is a molecular
extinction coefficient of the oxygenated hemoglobin at the second wavelength A2. Known values are used as the molecular
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extinction coefficients eéAHb, eA2Hb, eA'HbO,, and eA2HbO, (for example, values described in Non-Patent Document 10).
[0067] In Step 112, a deoxygenated hemoglobin concentration [Hb] is obtained based on the absorption coefficients
pA1_am and wAZ_am of the muscle tissue obtained in Step 108. The deoxygenated hemoglobin concentration [Hb] can
be obtained from the following formula.

[0068]
[Formula 4]
2 M M 02
[Hb] _ 8] Ib()e#am - EHbOz/uaJn
- M a2 k2 Al 4
Epo:f1b ~ EHb0:EHb

[0069] In Step 114, total hemoglobin [total Hb] is obtained by the following formula.
[0070]

[total [Tb] = [[1bO,] + [[1b] (5)

In Step 116, the oxygen saturation S;0, is obtained by the following formula.
[0071]

[IIb] = [HIbO,)/[total TIb] (5)

In Step 118, the output unit 22 supplies the obtained oxygenated hemoglobin concentration [HbO,], deoxygenated
hemoglobin concentration [Hb], and oxygen saturation S;0,.

[0072] Thus, in the exemplary embodiment, the absorption coefficient wa_m of the muscle tissue is obtained using
the S-pa_m curve corresponding to the fat thickness, and the oxygenated hemoglobin concentration, deoxygenated
hemoglobin concentration, and an oxygen saturation of the muscle tissue are obtained, based on the absorption coefficient
pa_m of the muscle tissue. Therefore, the oxygenated hemoglobin concentration, the deoxygenated hemoglobin con-
centration, and the oxygen saturation can accurately be obtained while the influence of the fat thickness is corrected,
and the quantitative performance can largely be improved for the oxygenated hemoglobin concentration, the deoxygen-
ated hemoglobin concentration, and the oxygen saturation.

[0073] Although the hemoglobin concentration of the muscle tissue of the human arm is measured in the exemplary
embodiment, the invention is not limited thereto. For example, the invention can be applied to an apparatus which
measures a sugar content of fruity flesh of the fruits. In such cases, it is necessary that the wavelength of LED be set
at a suitable value for measuring the absorption coefficient of glucose, and it is necessary that the distance between
LED and PD be set at a distance suitable to thickness of an integument or an endodermis of the fruits. However, the
sugar content of fruity flesh of the fruits can basically be measured by the similar technique. That is, the invention can
be applied to other objects except for the living body as long as the light reaches an internal tissue.

[0074] In the exemplary embodiment, two PDs are provided. Alternatively, one PD and two LEDs may be provided.
LED or PD may movably be provided, that is, the distance between LED and PD may be adjusted. In such cases, the
distance between LED and PD is set at the first predetermined distance d 1 to receive the light emitted from LED, and
the distance between LED and PD is set at the second predetermined distance d2 to receive the light emitted from LED.
[0075] Alternatively, the light is emitted in a pulsed or intermittent manner with LED or the like, and sensitivity and
accuracy of the output of the element such as PD which is of the light receiving means may be improved by adding a
lock-in amplifier (or a boxcar integrator or a phase sensitive detector) 37 having a time resolved method to a preceding
stage of the amplifier 36 as shown in Fig. 10. When two LEDs are provided, the light emission or a light emission pattern
is mutually repeated. In order to remove an influence of ambient light such as fluorescent light during the measurement,
the modulation can be performed at a frequency different from a commercial frequency by a sine-wave alternating current.

Claims

1. An optical measuring apparatus comprising:
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a light emitting means for irradiating with light a layered structure which is an object of measurement, the layered
structure comprising a plurality of layers including at least a superficial layer and a deep layer;

a light receiving means for receiving, at a position at a first predetermined distance from the light emitting means,
light emitted from the light emitting means and transmitted through the superficial layer and the deep layer, and
for receiving, at a position at a second predetermined distance from the light emitting means, light which is
emitted from the light emitting means and transmitted through the superficial layer and the deep layer and which
has a deep layer transmission distance which is different from that of the light received at the position at the
first predetermined distance from the light emitting means;

a spatial slope computation means for obtaining a spatial slope based on intensities of the light received at the
position at the first predetermined distance from the light emitting means and the light received at the position
at the second predetermined distance from the light emitting means;

a storage means in which a computation parameter for computing a degree of light absorption in the deep layer
is stored in each superficial thickness;

an input means for inputting the superficial thickness; and

a computing means for reading the computation parameter from the storage means in accordance with the
input superficial thickness, and obtaining the degree of light absorption based on the read computation parameter
and the spatial slope.

The optical measuring apparatus of claim 1, wherein the layered structure is a part of a living body, the superficial
layer is a fat tissue, and the deep layer is a muscle tissue.

The optical measuring apparatus of claim 2, wherein the computing means obtains at least one of an oxygenated
hemoglobin concentration, a deoxygenated hemoglobin concentration, and an oxygen saturation, based on the
degree of light absorption.

The optical measuring apparatus of claim 1, wherein the light receiving means comprises a first light receiving unit,
which is located at the first predetermined distance from the light emitting means, and a second light receiving unit,
which is located at the second predetermined distance from the light emitting means.

The optical measuring apparatus of claim 2, wherein the light receiving means comprises a first light receiving unit,
which is located at the first predetermined distance from the light emitting means, and a second light receiving unit,
which is located at the second predetermined distance from the light emitting means.

The optical measuring apparatus of claim 3, wherein the light receiving means comprises a first light receiving unit,
which is located at the first predetermined distance from the light emitting means, and a second light receiving unit,
which is located at the second predetermined distance from the light emitting means.

An optical measuring method comprising:

irradiating with light a layered structure which is an object of measurement, the layered structure comprising a
plurality of layers including at least a superficial layer and a deep layer;

receiving, at a position at a first predetermined distance from a light irradiation position, light of the irradiation
light which has been transmitted through the superficial layer and the deep layer, and receiving, at a position
at a second predetermined distance from the light irradiation position, light of the irradiation light which has
been transmitted through the superficial layer and the deep layer and which has a deep layer transmission
distance which is different from that of the light received at the position at the first predetermined distance from
the light irradiation position;

obtaining a spatial slope based on intensities of the light received at the position at the first predetermined
distance from the lightirradiation position, the light received at the position at the second predetermined distance
from the light irradiation position, the first predetermined distance, and the second predetermined distance;
inputting the superficial thickness; and

reading a computation parameter from a storage means in accordance with the input superficial thickness,
where computation parameters for computing a degree of light absorption in the deep layer are stored for each
superficial thickness in the storage means, and obtaining the degree of light absorption based on the read
computation parameter and the spatial slope.

8. A storage medium that stores an optical measuring program for causing a computer to execute processing, the

processing including:

10
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a step of irradiating with light a layered structure which is an object of measurement, the layered structure
comprising a plurality of layers, the plurality of layers including at least a superficial layer and a deep layer;

a step of receiving, at a position at a first predetermined distance from a light irradiation position, light of the
irradiation light which has been transmitted through the superficial layer and the deep layer , and receiving, at
a position at a second predetermined distance from the light irradiation position, light of the irradiation light
which has been transmitted through the superficial layer and the deep layer, and which has a deep layer
transmission distance which is different from that of the light received at the position at the first predetermined
distance from the light irradiation position;

a step of obtaining a spatial slope based on intensities of the light received at the position at the first predetermined
distance from the lightirradiation position, the light received at the position at the second predetermined distance
from the light irradiation position, the first predetermined distance, and the second predetermined distance;

a step of inputting the superficial thickness; and

a step of reading a computation parameter from a storage means in accordance with the input superficial
thickness, where computation parameters for computing a degree of light absorption in the deep layer are stored
for each superficial thickness in the storage means, and obtaining the degree of light absorption based on the
read computation parameter and the spatial slope.

11
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The special technical feature of the inventions in claims 2, 3, 5,
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