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7) ABSTRACT

A used photoacoustic apparatus includes: a light source
capable of individually emitting light having a first wave-
length at which absorption coefficients of oxyhemoglobin
and deoxyhemoglobin are equal and light having a second
wavelength; an acoustic detector that receives acoustic waves
generated when the light having the first and second wave-
lengths is absorbed by an object; an absorption coefficient
distribution generator that determines absorption coefficient
distributions of an object interior; a blood vessel position
determining unit that determines a blood vessel position from
an absorption coefficient distribution corresponding to the
first wavelength; an organism characteristics distribution cal-
culator that determines an organism characteristics distribu-

A61B 5/1455 (2006.01) tion from the absorption coefficient distributions; and a trim-
A61B 5/00 (2006.01) ming unit that trims the organism characteristics distribution
A61B 5/145 (2006.01) in accordance with the blood vessel position.
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PHOTOACOUSTIC APPARATUS AND
CONTROL METHOD THEREOF

TECHNICAL FIELD

[0001] The present invention relates to a photoacoustic
apparatus and a control method thereof.

BACKGROUND ART

[0002] A photoacoustic apparatus used for medical diag-
noses, for example, has been proposed as an apparatus that
obtains information from an interior of a test subject (an
object) using ultrasound waves (acoustic waves). The photoa-
coustic apparatus irradiates the object with laser pulsed light,
and receives photoacoustic waves generated when tissue in
the object absorbs energy from the irradiation light in a plu-
rality of locations surrounding the object. Temporal variation
in the received acoustic waves is then subjected to mathemati-
cal analysis processing, or in other words image reconstruc-
tion. As a result, information relating to optical characteristic
values of the object interior can be visualized in two or three
dimensions. Techniques of this type are also known as pho-
toacoustic tomography (PAT).

[0003] An intensity of the acoustic waves generated from
the internal tissue of the object varies according to an inten-
sity of the irradiation light reaching the tissue and an absorp-
tion coefficient relative to a wavelength of the irradiation
light. Many types of light-absorbing tissue, such as melanin,
fat, water, hemoglobin, cholesterol, and collagen exist in the
object, and each type of tissue has a different absorption
coefficient relative to the wavelength. Therefore, when mea-
surement is performed at different wavelengths and an image
is reconstructed, different absorption coefficient distribution
images are obtained even with respect to identical tissue in a
single object.

[0004] A method of determining a blood oxygen saturation
of the object using wavelength-dependent absorption coeffi-
cient distribution images is known. Two types of hemoglobin
(oxyhemoglobin and deoxyhemoglobin) existing in blood
vessels of the object have different absorption spectra, and
therefore different absorption coefficient distribution images
are obtained when measurement is performed at different
wavelengths. A distribution ratio between oxyhemoglobin
and deoxyhemoglobin (i.e. the oxygen saturation of the
blood) can be calculated from these absorption coefficient
distribution images. In NPL 1, for example, an oxygen satu-
ration of a blood vessel is obtained from a reconstructed
image using four wavelengths (578 nm to 598 nm).

CITATION LIST

Non Patent Literature

[0005] NPL 1: FUNCTIONAL PHOTOACOUSTIC
MICROSCOPY, HAO ZHANG, Texas A&M University,
August 2006

SUMMARY OF INVENTION

Technical Problem

[0006] As shown in FIG. 6, however, the four wavelengths
(578 nm, 584 nm, 590 nm, 596 nm) used in NPL 1 are in a
wavelength region where absorption coefficients pa of hemo-
globin, epidermis, and dermis serving as measurement sub-
jects are high. Therefore, the irradiation light only reaches
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approximately several millimeters under a skin surface, mak-
ing it impossible to measure a blood vessel in a deep portion
of the object interior.

[0007] Further, a formula for calculating the oxygen satu-
ration includes a quotient calculation for the results obtained
from the different absorption coefficient distribution images,
and therefore noise levels of the absorption coefficient distri-
bution images and positional deviation of an absorber caused
by bodily movement of the object greatly affect a noise level
and an error in the oxygen saturation result.

[0008] Asamethod of reducing the visibility of noise in the
oxygen saturation due to noise in the absorption coefficient
distribution images, the oxygen saturation result may be dis-
played after being trimmed in a blood vessel position. Here,
the blood vessel position is assumed to be a location where the
absorption coefficient distribution of hemoglobin exists. As is
evident from the absorption coefficient spectra of the two
types of hemoglobin shown in FIG. 7, however, at a wave-
length (756 nm, for example) where the two absorption coef-
ficients are different, the absorption coefficient of an artery is
low while the absorption coefficient of a vein is high.

[0009] When a position having an absorption coefficient of
at least a certain numerical value (at least 30% when a
strength of'a vein is set at 100%) on the absorption coefficient
distribution is set as a blood vessel, a value having a different
strength is calculated with respect to a blood vessel having an
identical thickness, as shown in FIG. 8, and therefore the
thickness of the blood vessel appears to be different. Hence,
when the oxygen saturation is trimmed using the absorption
coefficient distribution, blood vessels having an identical
thickness are displayed as blood vessels having different
thicknesses on an oxygen saturation distribution image, as
shown in FIGS. 5B and 5C (where P indicates a vein and A
indicates an artery).

[0010] Meanwhile, when bodily movement occurs in the
object, as shown in FIG. 9, the position of the absorption
coefficient distribution varies. The oxygen saturation is cal-
culated using an absorption coefficient of an identical posi-
tion, and therefore variation in the absorption coefficient dis-
tribution due to bodily movement affects the oxygen
saturation calculation result. When the bodily movement is
greater than the thickness of the blood vessel, the oxygen
saturation calculation result becomes senseless.

[0011] The present invention has been designed in consid-
eration of the problems described above, and an object
thereof is to provide a photoacoustic apparatus capable of
generating image data from which a relationship between an
organism characteristics distribution of an object and a posi-
tion of a blood vessel can be understood easily, and reducing
an effect of a deviation in a measurement position.

Solution to Problem

[0012] The present invention provides a photoacoustic
apparatus comprising:

[0013] alight source capable of individually emitting light
having a first wavelength at which absorption coefficients of
oxyhemoglobin and deoxyhemoglobin are equal and light
having a second wavelength that is different from the first
wavelength;

[0014] an acoustic detector that receives acoustic waves
generated when the light having the first wavelength and the
light having the second wavelength are respectively absorbed
by an object, and converts the received acoustic waves into
electric signals;
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[0015] an absorption coefficient distribution generator that
determines absorption coefficient distributions of an object
interior by using the electric signals;

[0016] a blood vessel position determining unit that deter-
mines a blood vessel position in the object interior from an
absorption coefficient distribution corresponding to the first
wavelength;

[0017] an organism characteristics distribution calculator
that determines an organism characteristics distribution of the
object interior from the absorption coefficient distributions
corresponding to the light having the first wavelength and the
light having the second wavelength; and

[0018] a trimming unit that trims the organism characteris-
tics distribution in accordance with the blood vessel position
determined by the blood vessel position determining unit.
[0019] The present invention also provides a control
method for a photoacoustic apparatus, the method compris-
ing:

[0020] an absorption coefficient distribution calculating
step in which an information processing device determines
absorption coefficient distributions of an interior of an object
on the basis of acoustic waves generated by the object when
the object is irradiated individually with light having a first
wavelength at which absorption coefficients of oxyhemoglo-
bin and deoxyhemoglobin are equal and light having a second
wavelength that is different from the first wavelength;
[0021] a blood vessel position determining step in which
the information processing device determines a blood vessel
position of the object interior from an absorption coefficient
distribution corresponding to the first wavelength;

[0022] an organism characteristics distribution calculating
step in which the information processing device determines
an organism characteristics distribution of the object interior
from the absorption coefficient distributions corresponding to
the light having the first wavelength and the light having the
second wavelength; and

[0023] atrimming step in which the information processing
device trims the organism characteristics distribution in
accordance with the blood vessel position determined in the
blood vessel position determining step.

Advantageous Effects of Invention

[0024] According to the present invention, a photoacoustic
apparatus capable of measuring an organism characteristics
distribution of a deep portion of an object, generating image
data from which a relationship between the measured organ-
ism characteristics distribution and a position of a blood
vessel can be understood easily, and reducing an effect of a
deviation in a measurement position can be provided.

[0025] Further features of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0026] FIG. 11is a block diagram of a photoacoustic appa-
ratus according to the present invention;

[0027] FIG. 2 is a flowchart showing processing according
to a first embodiment;

[0028] FIG. 3 is a flowchart showing processing according
to a second embodiment;

[0029] FIG. 4 is a flowchart showing processing according
to a third embodiment;
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[0030] FIGS. 5A to 5E are views showing measurement
results according to the first embodiment;

[0031] FIG. 6isaview showing absorption spectra of com-
positional substances of an object;

[0032] FIG. 7 is a view showing absorption spectra of oxy-
hemoglobin and deoxyhemoglobin;

[0033] FIG. 8 is a view showing differences in the appear-
ance of an artery and a vein depending on a wavelength;
[0034] FIG. 9 is a view showing a deviation in an absorp-
tion coefficient distribution due to bodily movement;

[0035] FIGS. 10A to 10C are views showing a deviation
occurring during reconstructed image synthesis due to bodily
movement; and

[0036] FIGS.11A to 11C are views showing reconstructed
image synthesis according to a fourth embodiment.

DESCRIPTION OF EMBODIMENTS

[0037] Embodiments of a photoacoustic apparatus accord-
ing to the present invention will be described below with
reference to the drawings. In the following description, a
photoacoustic diagnosis apparatus that forms an image of an
interior of an object using a photoacoustic tomography tech-
nique will be cited as an example.

[0038] The photoacoustic apparatus according to the
present invention irradiates an object with light (electromag-
netic waves) to receive acoustic waves generated in the
object, and uses a photoacoustic effect to obtain object infor-
mation in the form of image data. The acoustic wave is typi-
cally an ultrasound wave, but includes elastic waves known as
sound waves, ultrasound waves, acoustic waves, photoacous-
tic waves, and optical ultrasound waves.

[0039] FIG.1is ablock diagram of the photoacoustic diag-
nosis apparatus according to this embodiment.

[0040] The photoacoustic diagnosis apparatus includes a
light source 1, an ultrasound probe 3, an image reconstruction
unit 4, an image memory 5, a wavelength selection unit 6, an
absorber determining condition memory 7, a blood vessel
position determining unit 8, an organism characteristics dis-
tribution calculator 9, an image trimming unit 10, a display
unit 11, and an information processing device 12. Operations
and functions of the respective blocks will be described in
detail below. An object 2 is a measurement subject such as an
organism, for example.

[0041] (Operation of Photoacoustic Diagnosis Apparatus)
[0042] FIG. 2 is a flowchart of a first embodiment.
[0043] In Step S201, the photoacoustic diagnosis apparatus

irradiates the object 2 with pulsed light from the light source
1. The pulsed light is in a wavelength region of at least 700
nm, and has a wavelength A at which absorption coefficients
of two types of hemoglobin (oxyhemoglobin and deoxyhe-
moglobin) are equal. The pulsed light is absorbed by a light
absorber in the object 2, whereby a photoacoustic wave con-
stituting an ultrasound wave (an acoustic wave) is generated.
Note that in the present invention, “the absorption coefficients
are equal” includes not only a case in which the absorption
coefficients are perfectly equal, but also a case in which the
absorption coefficients are substantially equal. The respective
absorption coefficients of the two types of hemoglobin may
be considered substantially equal when a difference between
the two absorption coefficients is no greater than 10%.

[0044] In Step S202, the generated photoacoustic wave is
obtained by a plurality of elements included in the ultrasound
probe 3 and converted into an electric signal (an element
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signal). The electric signal is then subjected to signal process-
ing such as amplification and digital conversion as required.
[0045] In Step S203, the amplified and digitally converted
electric signal is subjected to image reconstruction process-
ing by the image reconstruction unit 4, whereby an absorption
coefficient distribution image A is created as a three-dimen-
sional image showing an absorption coefficient distribution.
The absorption coefficient distribution image A is stored tem-
porarily in the image memory 5.

[0046] In Steps S204, S205, and S206, the object is irradi-
ated with pulsed light having a different wavelength B to the
wavelength A, whereupon an absorption coefficient distribu-
tion image B is created by the image reconstruction unit 4
from an electric signal based on a generated photoacoustic
wave.

[0047] In Step S207, the organism characteristics distribu-
tion calculator 9 generates an organism characteristics distri-
bution using the absorption coefficient distribution image A
corresponding to the wavelength A, which is stored in the
image memory 5, and the absorption coefficient distribution
image B corresponding to the wavelength B. The organism
characteristics distribution is an oxygen saturation distribu-
tion or a glucose distribution.

[0048] InStep S208, apositionofablood vessel included in
the absorption coefficient distribution image A obtained at the
wavelength A where the absorption coefficients of the two
types of hemoglobin are substantially equal is determined by
the blood vessel position determining unit 8. Conditions
required to determine the blood vessel position on the image
are stored rewritably in the absorbent determining condition
memory 7.

[0049] In Step S209, the image trimming unit 10 creates an
image on which the oxygen saturation distribution or other
organism characteristics distribution is emphasized in the
blood vessel position diagnosed by the blood vessel position
determining unit 8.

[0050] In Step S210, the absorption coefficient distribution
image and the oxygen saturation image created by the image
trimming unit 10 are displayed by the display unit 11. Further,
the emphasized oxygen saturation image and the absorption
coefficient distribution image A may be displayed in over-
lapped form.

[0051] Here, the order of measurement at the wavelength A,
performed in S201 to S203, and measurement at the wave-
length B, performed in S204 to $206. may be reversed. Fur-
ther, S204 and S205 may be performed after S201 and S202,
followed by Steps S203 and S206 in which reconstruction is
performed. The order of the organism characteristics calcu-
lation of S207 and the blood vessel position determination of
S208 may also be reversed.

[0052] Referring back to FIG. 1, the operations and func-
tions of the respective blocks will now be described in detail.
[0053] (Light Source)

[0054] The light source 1 may be any light source that
generates pulsed light (PLS) in an order of nanoseconds at a
wavelength of at least 700 nm. As shown in FIG. 6, with a
light source having a wavelength of not more than 700 nm, a
large amount of absorption occurs in hemoglobin, collagen,
and so on such that the light cannot reach a sufficiently deep
portion of the object interior. It is therefore desirable to use a
wavelength of at least 700 nm. A laser is preferable for obtain-
ing a large output, but a light emitting diode or the like may be
used instead of a laser. Various types of lasers, such as a solid
state laser, a gas laser, a dye laser, or a semiconductor laser,
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may be used as the laser. A timing, a waveform, an intensity,
and so on of the irradiation are controlled by a light source
control unit, not shown in the drawing.

[0055] In the present invention, light having a plurality of
wavelengths is used. To generate the light having the plurality
of wavelengths, for example, a single variable wavelength
light source may be used or a plurality of light sources cor-
responding to the respective wavelengths may be prepared.
The light having the plurality of wavelengths can be emitted
individually at different timings.

[0056] Further, to guide the light from the light source to the
object, optical members such as amirror that reflects the light,
a lens that changes the shape of the light by condensing or
expanding the light, a prism that disperses, refracts, or reflects
the light, an optical fiber that propagates the light, or a diffuser
plate may be used.

[0057] The light may be emitted onto the object from the
same side as the ultrasound probe or an opposite side. The
object may also be irradiated from both sides.

[0058] (Wavelength Selection Unit)

[0059] The wavelength selection unit 6 selects the wave-
length of the pulsed light to be emitted from the light source
1, and transmits selected wavelength information (SEL) to
the image reconstruction unit.

[0060] (Ultrasound Probe)

[0061] The ultrasound probe 3 is an acoustic detector hav-
ing at least one element for receiving an acoustic wave (an
ultrasound wave). In a type of probe where a plurality of
elements are arranged in a plane of the ultrasound probe,
signals from a plurality of positions can be obtained at once.
As a result, a reception time can be shortened, and effects
generated by vibration and the like in the object can be
reduced.

[0062] The ultrasound probe receives the ultrasound wave
(USW) constituting the acoustic wave, amplifies the received
ultrasound wave, converts the ultrasound wave into an elec-
tric signal, and then outputs the electric signal. The element
used in the ultrasound probe may bea conversion element that
uses piezoelectricity, a conversion element that uses optical
resonance, a conversion element that uses capacitance varia-
tion, and so on. Any ultrasound probe that can receive an
acoustic wave and convert the received acoustic wave into an
electric signal may be used.

[0063] (Image Reconstruction Unit)

[0064] The electric signal (SIGNAL) from the ultrasound
probe 3 is input into the image reconstruction unit 4. The
image reconstruction unit 4 performs image reconstruction
using the input electric signal, and generates absorption coef-
ficient distribution image information (ABS), which is image
data representing a distribution of the absorption coefficients
of the object interior. At this time, processing can be pet-
formed for each wavelength in accordance with the selected
wavelength information (SEL) received from the wavelength
selection unit 6. Processing such as amplification and digital
conversion is preferably implemented either before or after
the electric signal is input into the image reconstruction unit
4. Theimage reconstruction unit corresponds to an absorption
coefficient distribution generator according to the present
invention.

[0065] Back projection or the like in a time domain or a
Fourier domain, for example, which is typically used in a
tomography technique, may be used as an image reconstruc-
tion algorithm for generating the image data. In a case where
it is possible to spend a large amount of time on reconstruc-
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tion, an image reconstruction method such as an iterative
method that uses repetitive processing may be employed.
Representative examples of PAT image reconstruction meth-
ods include a Fourier transform method, a universal back
projection method, and a filtered back projection method.

[0066]

[0067] The image memory 5 is a location for recording the
absorption coefficient distribution image information (ABS)
generated by the image reconstruction unit 4. The recorded
information is output to the blood vessel position determining
unit 8, the organism characteristics distribution calculator 9,
and the display unit 11 as required.

[0068]

[0069] The organism characteristics distribution calculator
9 is an organism characteristics distribution calculator for
generating organism characteristics distribution information
(DST). The organism characteristics distribution information
(DST) may be an oxygen saturation distribution, a glucose
distribution, or a collagen distribution.

[0070] Using the oxygen saturation as an example, a
method of calculating the organism characteristics distribu-
tion information will be described. Equation (1) shows a
formula for determining an absorption coefficient u, (A,) of a
blood vessel, measured at a certain wavelength A, The
absorption coefficient p, (2,) is the sum of a product of an
absorption coeflicient €, ,, (A,) and a concentration [HbO,]
of oxyhemoglobin and a product of an absorption coefficient
€.z (A;) and a concentration [HbR] of deoxyhemoglobin.

(Image Memory)

(Organism Characteristics Distribution Calculator)

[Math. 1]
“a()"i)EHboz(}‘v)'[HbOz]"'EHbR(}‘i)'[HbR] M
[0071] As a result, the oxyhemoglobin concentration

[HbO,] and the deoxyhemoglobin concentration [HbR] in a
certain position (X, y, z) are determined as shown in Equation

2.

[Math. 2]

[ [HbO,] }
(

_(FTpy gl
(HER] (EE) E -Mi(x, y,2)

x3z

[0072] Here, E and M, (X, y, ) are expressed by Equation
(3) below.
[Math. 3]
b0, (A1) Smpr(dr) (©)
E= :
2150, A Eupr(Ar)
HalAL, %, ¥, 2)
Ma(x. y,2) =
HalAn, X, ¥, 2)

where ., (%, X,y, ) is an absorption coefficient in the (x, y, 2)
position relative to the wavelength A...

[0073] Hence, an oxygen saturation SO, in a certain posi-
tion (%, ¥, ) is calculated as shown in Equation (4) below.

Jan. 16,2014
Math. 4]
_ [0, ),y )
s = [H6O: ]y ) + [HOR] ., 5
[0074] According to Equation (2), [HbO,] and [HbR] can

be obtained from measurement results corresponding to two
wavelengths. When measurement results corresponding to
three or more wavelengths are used, most probable values of
[HbO,] and [HbR], which are equivalent to results obtained
using a method of least squares, are obtained.

[0075] Hence, when measurement is performed using three
or more wavelengths, first, a plurality of wavelength combi-
nations excluding at least one of the measured wavelength
results are prepared. A plurality of hemoglobin concentra-
tions may then be calculated using Equation (2) in relation to
each wavelength group, whereupon the oxygen saturation is
calculated using a method of least squares or an average.
[0076] The glucose distribution of blood may be learned
instead of the oxygen saturation as the organism characteris-
tics distribution information (DST). A glucose distribution
[Gle] is calculated using Equation (5) below.

[Math. 5]

Ha(h)=€g () [Gle] &)

[0077] In this case, a glucose concentration distribution is
determined from absorption coefficients relating to a single
wavelength.

[0078] The oxygen saturation or glicose distribution cal-
culation result is greatly affected by a positional precision of
the absorption coefficient distribution A, (A, X, y, z) at each
wavelength A;. Therefore, a large error may occur in the
oxygen saturation result when the object serving as the mea-
surement subject moves during measurement.

[0079] Hence, a method of minimizing the error in the
oxygen saturation by intentionally blurring the absorption
coeflicient distribution A, (A, X, y, z) maybe used. A method
of taking an average of peripheral absorption coefficients or a
method using a filter may be employed as a method of blur-
ring the absorption coefficients.

[0080] (Blood Vessel Position Determining Unit)

[0081] The blood vessel position determining unit 8 deter-
mines the position of a blood vessel from the absorption
coefficient distribution image information created by the
image reconstruction unit 4. Determination conditions are
stored in the absorber determining condition memory 7. The
blood vessel position determining unit § accesses the
absorber determining condition memory 7 and reads the con-
ditions as required. A method of providing a predetermined
threshold in advance and setting a position where the absorp-
tion coefficient equals or exceeds the predetermined thresh-
old as the blood vessel position maybe used as a determina-
tion method. Alternatively, amethod of correlating an array or
ashape of positions where the absorption coefficient is strong
or a shape of an artifact appearing on the periphery of an
absorber with blood vessel conditions stored in the absorber
determining condition memory 7 and setting a position hav-
ing a high correlation as the blood vessel position may be
used.

[0082] An absorption coefficient strength and a correlation
threshold for determining the blood vessel position may be
stored in the absorber determining condition memory 7, or a
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noise level may be evaluated and set automatically at an
appropriate value. For example, a method of creating a his-
togram of absorption coefficients on an image and setting a
concentration value of absorption coefficients in lower posi-
tions than the absorption coefficient of the blood vessel as a
noise level, or a method of identifying a range that may be
considered as noise and setting an average of the absorption
coefficients within that range as the noise level may be used.
Alternatively, a button for adjusting the predetermined
threshold may be provided on the display unit so that the
predetermined threshold can be adjusted by a technician
while referring to a display screen. Blood vessel position
determination information (POS) is transmitted to the
absorber determining condition memory 7. When a rewrit-
able memory is used as the absorber determining condition
memory 7, modified conditions can be recorded therein.
[0083] (Image Trimming Unit)

[0084] The image trimming unit 10 inputs an absorption
coefficient information distribution image determined using
the oxygen saturation information from the organism charac-
teristics distribution calculator 9 and the blood vessel position
from the blood vessel position determining unit 8. An oxygen
saturation image (IMG) is created to emphasize the oxygen
saturation information in the blood vessel position on the
absorption coefficient information image, and the created
oxygen saturation image (IMG) is output to the display unit
11. The image trimming unit 10 may also output an image
formed by synthesizing the emphasized oxygen saturation
with the absorption coefficient distribution image.

[0085] (Display Unit)

[0086] Theimage output by the image trimming unit 10 and
the reconstructed absorption coefficient distribution image
are displayed. An MIP (Maximum Intensity Projection)
image display method or a slice image display method may be
used as a display method, but another display method may
also be applied. For example, a method of displaying a 3D
image from a plurality of different directions may be applied.
Alternatively, a method in which a user modifies an incline or
a display region of the displayed image, a window level, and
a window width while checking the display may be used.
Further, a method of displaying the oxygen saturation image
and the absorption coefficient distribution image side by side
or a method of synthesizing the display positions of the dis-
played images may be used.

[0087] Furthermore, an input unit such as a button with
which the blood vessel determining conditions used by the
blood vessel position determining unit 8 in the blood vessel
position determination can be adjusted while checking the
displayed image may be disposed on the display unit.
[0088] (Information Processing Device)

[0089] The processing of the respective blocks described
above may be realized as a control method for causing an
information processing device 12 such as a PC to execute a
predetermined program, for example. The information pro-
cessing device transmits control content to the respective
blocks through a control wire, not shown in the drawings,
wirelessly, or by another method. If necessary, the user may
issue instructions to the information processing device or the
respective blocks.

First Embodiment

[0090] An example of the photoacoustic diagnosis appara-
tus according to the present invention will now be described.
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[0091] Light of two wavelengths (756 nm, 797 nm) was
emitted along a single optical path using a Ti:S (titanium
sapphire laser) as a light source. An optical density of the
wavelengths was 15 ml/cm?® Nd:YAG laser light (pulsed
light in an order of nanoseconds at a wavelength of 1064 nm)
was used to excite the Ti:S. Measurement was performed
using wavelengths of at least 700 nm that reached a deep
portion of the object.

[0092] First, light having a wavelength of 797 nm was used.
This wavelength is in the vicinity of the wavelength at which
the absorption coefficients of the two types ofhemoglobin are
equal in a region of at least 700 nm. The light having the 797
nm wavelength corresponds to light having a first wavelength
according to the present invention. According to our knowl-
edge, a wavelength region in which the absorption coeffi-
cients may be considered equal is preferably a wavelength
region in which the thickness of the blood vessel varies by less
than £10% when an absorption coefficient distribution image
obtained through measurement at a wavelength in this region
is trimmed using a value that is larger than a noise value ofthe
absorption coefficient distribution image by an appropriate
degree as a threshold. In this embodiment, wavelengths in a
wavelength region of 778 nm to 950 nm, in which the blood
vessel thickness varied by less than +10% when trimming
was performed using 30% of a maximum absorption coeffi-
cient of the blood vessel position as a threshold, were used.
[0093] Next, light having a wavelength of 756 nm, with
which the absorption coefficients of the two types of hemo-
globin differ, was used. A peak of the absorption coefficient of
deoxyhemoglobin appears at the 756 nm wavelength, and
therefore an absorption coefficient difference between the
two types of hemoglobin is large. This light corresponds to
light having a second wavelength according to the present
invention. By selecting light having a wavelength such as the
756 nm wavelength, with which the difference between the
absorption coefficients of the two types of hemoglobin is
large and similar absorption coefficients to the absorption
coefficients relating to the light having the 797 nm wave-
length are obtained, when calculating the oxygen saturation,
it is possible to obtain the oxygen saturation with a high
degree of precision.

[0094] Using the light described above, an object having a
thickness of no less than 50 mm in a perpendicular direction
to a reception surface of the ultrasound probe was measured.
[0095] First, the object was irradiated with light having the
797 nm wavelength (corresponding to S201 in FIG. 2),
whereupon a photoacoustic wave from the object was
received by the ultrasound probe (S202). Since the used
wavelength was no smaller than 700 nm, at which the absorp-
tion coefficients of melanin and hemoglobin are low, it was
possible to measure a photoacoustic wave from a deep portion
of at least 25 mm with sufficient strength. An absorption
coefficient distribution image A was then created using an
obtained photoacoustic signal (S203). Reconstruction was
performed using a back projection method in a time domain.
[0096] Measurement was then performed similarly using
the 756 nm wavelength, whereupon an absorption coefficient
distribution image B was creared (S204 to S206).

[0097] Next, the oxygen saturation was calculated using the
created absorption coefficient distributions A, B (S207). At
this time, an error in the oxygen saturation caused by posi-
tional deviation between the images was suppressed by aver-
aging the absorption coefficient distributions at 1.25 mm ina
thickness direction.
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[0098] Next, the blood vessel position was determined by
setting an absorption coefficient equaling or exceeding a
threshold of the absorption coefficient distribution image A as
ablood vessel (S208). The threshold was set at a value of 30%
of the maximum absorption coefficient. A value at which it
was possible to trim noise in the absorption coefficient distri-
bution image sufficiently was selected as the threshold.

[0099] Oxygen saturation information in positions other
than the blood vessel position was then set at zero in order to
emphasize the calculated oxygen saturation information in
the blood vessel position, whereupon the resulting image was
displayed (S209 to S210).

[0100] Next, effects obtained by implementing the present
invention will be described. FIG. 5A is a view showing the
oxygen saturation in a simulated organism in a region of 30
mm in an X direction, 46 mm in ay direction, and 50 mm in a
7z direction. The simulated organism had a similar acoustic
velocity and similar absorption coefficients and dispersion
coefficients to the organism. Simulated blood vessels having
oxygen saturations corresponding respectively to an artery
and a vein were disposed in central positions of 25 mm in a
depth direction z of the simulated organism. The simulated
vein (indicated by “P” in the drawing) and the simulated
artery (indicated by “A” in the drawing) are shown respec-
tively on a right side and a left side of FIG. 5A. The simulated
organism was irradiated with various types of light, and pho-
toacoustic waves gererated as a result were measured using a
3 cmx4.6 cm probe disposed parallel to an xy plane, whereby
an absorption coefficient distribution image and an oxygen
saturation were obtained.

[0101] FIG. 5D shows the absorption coefficient distribu-
tion measured at the 797 nm wavelength. FIG. 5E shows a
trimmed oxygen saturation image obtained from the absorp-
tion coefficient distribution at the 797 nm wavelength. FIG.
5B shows the absorption coefficient distribution measured at
the 756 nm wavelength. FIG. 5C shows a trimmed oxygen
saturation image obtained from the absorption coefficient
distribution at the 756 nm wavelength.

[0102] The simulated blood vessels disposed in the 25 mm
depth position in the z direction can be recognized in FIGS.
5B to 5E, and it was therefore confirmed that an absorption
coefficient distribution image can be measured up to a deep
portion of 25 mm of the object at either wavelength. When the
blood vessel positions were determined using the absorption
coeflicient distribution image B corresponding to light having
the 756 nm wavelength, at which the absorption coefficient of
oxyhemoglobin is smaller than the absorption coefficient of
deoxyhemoglobin, the vein became thicker and the artery
became narrower on the oxygen saturation image shown in
FIG. 5C. Further, a part of the artery disappeared.

[0103] When, on the other hand, the blood vessel positions
were determined using the absorption coefficient distribution
image A corresponding to light having the 797 nm wave-
length, at which the absorption coeficients of the two types of
hemoglobin are equal, a full width at half maximum of both
the vein and the artery was no more than +5% on the formed
image, and therefore the vein and the artery were displayed
substantially equally. Hence, it was confirmed that when
blood vessel positions are determined using an absorption
coefficient distribution relating to a wavelength of no less
than 700 nm at which the absorption coefficients of the two
types of hemoglobin are equal, veins and arteries in a deep
portion of the object have a similar appearance.
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[0104] Note that in this embodiment, the oxygen saturation
was calculated using two wavelengths, but the oxygen satu-
ration may be calculated using three or more wavelengths. In
this case, the wavelength A (797 nm) at which the absorption
coefficients of oxyhemoglobin and deoxyhemoglobin are
equal, the wavelength B (756 nm) at which the respective
absorption coefficients are different, and a plurality of wave-
lengths (or a single wavelength; wavelengths other than 797
nm and 756 nm) not restricted by a magnitude relationship
between the absorption coefficients are used.

Second Embodiment

[0105] In the first embodiment, an apparatus that obtains
the oxygen saturation using the absorption coefficient distri-
bution relating to the wavelength A at which the absorption
coefficients of oxyhemoglobin and deoxyhemoglobin are
equal was described. In this embodiment, a photoacoustic
apparatus that calculates the oxygen saturation without using
the absorption coefficient distribution of the wavelength A
will be described as an example. FIG. 3 is a flowchart showing
this embodiment. Here, parts that differ from the first embodi-
ment will be described in particular detail.

[0106] In this embodiment, light sources having a wave-
length of 797 nm as the wavelength A, a wavelength of 756
nm as the wavelength B, and a wavelength of 825 nm as a
wavelength C were used. The wavelength B and the wave-
length C are wavelengths at which the absorption coefficients
of the two types of hemoglobin are different. A Ti:S laser was
used as the light source, and the object was irradiated with
light transmitted along a single optical path.

[0107] First, in Step S301, the object was irradiated with
light having the wavelength A, whereupon a photoacoustic
wave was obtained in Step S302 and image reconstruction
using an obtained acoustic signal was performed in Step
S303.

[0108] Next, in Step S304, the object was irradiated with
light having the wavelength B, whereupon a photoacoustic
wave was obtained in Step S305 and image reconstruction
was performed in Step S306.

[0109] Next, in this embodiment, the object was irradiated
with light having the wavelength C in Step S311, whereupon
a photoacoustic wave was obtained in Step S312 and image
reconstruction was performed in Step S313.

[0110] In Step S307, the oxygen saturation was calculated
using absorption coefficient distribution images B, C relating
to the wavelengths B, C at which the absorption coefficients
of the two types of hemoglobin are different. At 756 nm, i.e.
the wavelength B, the absorption coefficient of deoxyhemo-
globin is higher than the absorption coefficient of oxyhemo-
globin, and at 825 nm, i.e. the wavelength C, the absorption
coefficient of oxyhemoglobin is higher than the absorption
coefficient of deoxyhemoglobin. By selecting wavelengths
such as the 756 nm and 825 nm wavelengths, at which the
magnitude relationship between the absorption coefficients
of the two types of hemoglobin are reversed and similar
absorption coefficients to those relating to the wavelength A
are obtained, the oxygen saturation can be calculated with an
even higher degree of precision.

[0111] In Step S308, the blood vessel position was deter-
mined from the absorption coefficient distribution image
relating to the wavelength A. A threshold was provided, and a
position having an absorption coefficient equaling or exceed-
ing the threshold was set as a blood vessel. The threshold was
set at a value 0f 30% of the maximum absorption coefficient.
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[0112] 1In Step S309, an image emphasizing the oxygen
saturation in the blood vessel position was created on the
basis of the oxygen saturation information and blood vessel
position information calculated in S307 and S308. The oxy-
gen saturation in the blood vessel position was emphasized by
removing oxygen saturations in positions other than the blood
vessel position.

[0113] In Step S310, the image obtained in S309 was dis-
played.
[0114] The order of S301 to S303, S304 to S306, and S311

to S313, corresponding to procedures extending from irradia-
tion at the respective wavelengths A, B, and C to reconstruc-
tion, may be reversed. Further, reconstruction may be per-
formed after obtaining signals at all of the wavelengths. The
procedures of S307 and S308 may also be reversed. Alterna-
tively, the procedures of S301 to S304 and S308 may be
performed after completing S307, or vice versa.

[0115] Effects of this embodiment will now be described. It
was possible to measure an absorption coefficient distribution
image up to a deep portion of at least 25 mm of the object at
all of thewavelengths A, B, C. When the blood vessel position
was determined using the wavelength B, the full width at half
maximum of the vein was larger on the obtained image, and
when the blood vessel position was determined using the
wavelength C, the full width at half maximum of the artery
was larger on the obtained image. When the blood vessel
position was determined using the wavelength A, however,
the full width at half maximum values of both the vein and the
artery differed only by approximately +5% on the obtained
image, and therefore the vein and the artery were emphasized
to a similar degree. It was therefore confirmed that by deter-
mining the blood vessel position using an absorption coeffi-
cient distribution relating to a wavelength of no less than 700
nm at which the absorption coefficients of the two types of
hemoglobin are equal, veins and arteries in a deep portion of
the object have a similar appearance.

Third Embodiment

[0116] In the first and second embodiments, measurement
of the oxygen saturation in the blood vessel position was
described, but in this embodiment, a method of measurement
the glucose distribution in the blood vessel position will be
described. The following description focuses on parts of this
embodiment that differ from the first and second embodi-
ments.

[0117] In this embodiment, a total of three wavelengths,
namely the wavelength A at which the absorption coefficients
of the two types of hemoglobin are equal and two wave-
lengths B, C for measuring the glucose distribution, were
used. FIG. 4 is a flowchart showing this embodiment. The
wavelength A is mainly used to identify the blood vessel
position. The wavelengths B, C are selected from a range of
700 nm to 1100 nm. This is a wavelength region in which the
absorption coefficients of glucose, water, and so on are com-
paratively low. In principle, the glucose distribution can be
calculated by measuring an absorption coefficient distribu-
tion relating to a single wavelength, but in this embodiment,
the glucose distribution was measured from three wave-
lengths.

[0118] First, light was emitted at the respective wave-
lengths, whereupon photoacoustic waves were obtained and
image reconstruction was performed. Processing of S401 to
S403, S404 to S406, and S411 to S413 was executed while
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varying the wavelength of the light source. In this part, mea-
surement was petformed similarly to the second embodi-
ment.

[0119] In Step S407, glucose distributions were calculated
using the absorption coefficient distributions obtained from
the wavelengths A, B, C and the mathematical formula shown
in Equation (5). An average of the glucose distributions
obtained in relation to the respective wavelengths was then
calculated, whereupon a glucose distribution image was cre-
ated.

[0120] In Step S408, the blood vessel position was deter-
mined by applying a threshold corresponding to 30% of the
maximum absorption coefficient to the absorption coefficient
distribution image relating to the wavelength A and setting an
absorbent having an absorption coefficient equaling or
exceeding the threshold as a blood vessel.

[0121] In Step S409, the glucose distribution image
obtained in S407 was adjusted on the basis of the blood vessel
position information obtained in 5408 such that the blood
vessel position was emphasized by setting distributions in
positions other than the blood vessel position at zero.

[0122] Effects of this embodiment will now be described. It
was possible to measure an absorption coefficient distribution
image up to a deep portion of at least 25 mm of the object, and
it was confirmed that on the displayed glucose distribution,
both the vein and the artery appeared as blood vessels having
an identical thickness.

Fourth Embodiment

[0123] Inthe embodiments described above, measurement
is performed using light having a plurality of wavelengths,
and therefore time differences occurs between the measure-
ment operations performed at the respective wavelengths. If
the measurement position of the object shifts due to bodily
movement during the time difference, positional deviation
may occur among the plurality of reconstructed images. As a
result, the positioning and trimming precision, for example,
may decrease such that positions of the vein and the artery are
not aligned, leading to blurring and so on of the organism
characteristics distribution image.

[0124] FIG. 10 shows this phenomenon. FIG. 10A is an
absorption coefficient distribution obtained when a measure-
ment region of the object is irradiated with light having the
797 nm wavelength, at which the absorption coefficients of
the two types of hemoglobin are substantially equal. An
image P derived from a vein existing in the measurement
region and an image A derived from an artery existing in the
measurement region can be seen. FIG. 10B is an absorption
coefficient distribution obtained when the measurement
region is irradiated with light having the 756 nm wavelength,
at which the absorption coefficients of the two types of hemo-
globin are different. If, at this time, bodily movement occurs
while performing measurement at a different wavelength, the
positions of the blood vessels shift when the images are
synthesized, as shown in FIG. 10C.

[0125] To reduce the effect of bodily movement, conditions
such as the threshold used by the blood vessel position deter-
mining unit to determine the blood vessel positions may be
adjusted. Alternatively, corresponding measurement posi-
tions between a plurality of reconstructed images may be
determined and formed into images by comparing character-
istic amounts, tracking motion vectors, performing position-
ing using markers, and so on.
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[0126] Inthisembodiment, a method of increasing a size of
a light absorber on at least one image when a position of a
light absorber shifts between a plurality of images due to
bodily movement, thereby causing the light absorber to over-
lap the light absorber of the other images on a synthesized
image, will be described. A method of reducing a resolution in
an image space is used to increase the size of the light
absorber. In so doing, the light absorber can be increased in
size so as to appear blurred. When a method of reducing the
resolution is used, there is no need to learn the positional
deviation in each target region (a voxel, a pixel, or the like) of
the object, and therefore a calculation amount can be sup-
pressed. In the present invention, the method of reducing the
resolution in the image space is a method of making the image
of the light absorber appear blurred by reducing variation
between absorption coeflicient values in adjacent positions
(between voxels or between pixels) on the absorption coeffi-
cient distribution.

[0127] A flow of a series of processes executed in this
embodiment will now be described. First, the image recon-
struction unit creates absorption coefficient distribution
images from photoacoustic wave measurement results
obtained at respective wavelengths, similarly to the embodi-
ments described above. The blood vessel position determin-
ing unit then determines the blood vessel positions from the
absorption coefficient distribution images corresponding to
the respective wavelengths, and learns roughly an amount of
positional deviation between the images. Here, there is no
need to learn the positional deviation at a detailed level (a
voxel, a pixel, or the like, for example), and a rough deviation
amount from which a degree of resolution reduction can be
determined is sufficient. Examples of methods for learning
the deviation amount include analysis of the reconstructed
image, analysis performed by mechanically measuring or
optically projecting the bodily movement, manual input by
the user, and so on, but any method may be used. When optical
projection is used, positions of marks that may form features
on the object may be compared, or markers may be disposed.
Further, a positional deviation determining unit that deter-
mines the presence or absence of positional deviation and
learns the deviation amount may be provided.

[0128] The degree of resolution reduction is then deter-
mined on the basis of the learned deviation amount. This
determination may be performed by the blood vessel position
determining unit or by transmitting the deviation amount to
the organism characteristics distribution calculator, the image
trimming unit, or another added block. When the resolution of
only one of the images is to be reduced, processing is per-
formed at least such that the blood vessel on the image not
subjected to resolution reduction is included in the image of
the blood vessel that appears larger due to resolution reduc-
tion.

[0129] Various methods of filter-processing the image may
be used to reduce the resolution. For example, the image of
the blood vessel or the like may be blurred by applying a
moving average filter or a Gaussian filter to the reconstructed
image. The degree of resolution reduction can be modified by
adjusting an application range of the filter or a filter coeffi-
cient. For example, a relationship between the amount of
positional deviation and the degree of resolution reduction
may be determined in advance and stored in the form of a
table or a relational expression. Alternatively, the degree of
reduction may be modified on an identical reconstructed
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image in accordance with the size of the absorber (the thick-
ness of the blood vessel image).
[0130] FIG. 11 shows results obtained when this embodi-
ment is applied. FIG. 11A is an identical absorption coeffi-
cient distribution to that of FIG. 10A, which is obtained when
light having the 797 nm wavelength is emitted. FIG. 11B is an
image obtained when resolution reduction processing is
implemented on the image shown in FIG. 10B, which is
generated when positional deviation occurs due to bodily
movement. As shown in the drawing, the blood vessel images
are blurred and appear larger. The extent of the resolution
reduction processing is determined such that when synthesis
processing is performed, the light absorbers of the two images
overlap each other, as shown in FIG. 11C. The image trim-
ming unit may perform trimming in the range of the blood
vessel images shown in FIG. 11A either before or after the
images are synthesized.
[0131] By applying the processing according to this
embodiment, when measurement positions shift due to bodily
movement, the organism characteristics distribution images
representing the oxygen saturations can be synthesized with a
certain degree of precision. Further, by determining the blood
vessel position to be used during trimming on the basis of a
reconstructed image corresponding to light having a wave-
length at which the absorption coefficients of the two types of
hemoglobin are equal during display on the display unit,
easily viewable organism characteristics distribution infor-
mation reflecting the actual thickness of the blood vessel can
be provided.
[0132] While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
[0133] This application claims the benefit of Japanese
Patent Application No. 2011-084794, filed on Apr. 6, 2011,
which is hereby incorporated by reference herein in its
entirety.
1. A photoacoustic apparatus comprising;
alight source capable of individually emitting light having
a first wavelength between 778 nm and 950 nm and light
having a second wavelength that is different from the
first wavelength;
an acoustic detector that receives acoustic waves generated
when the light having the first wavelength and the light
having the second wavelength are respectively absorbed
by an object, and converts the received acoustic waves
into electric signals;
an absorption coefficient distribution generator that deter-
mines absorption coefficient distributions of an object
by using the electric signals;
an organism characteristics distribution calculator that
determines an organism characteristics distribution of
the object from the absorption coefficient distributions
corresponding to the light having the first wavelength
and the light having the second wavelength; and
a trimming unit that emphasizes the organism characteris-
tics distribution in accordance with the absorption coef-
ficient distribution of the object corresponding to the
light having the first wavelength.
2. The photoacoustic apparatus according to claim 1,
wherein the organism characteristics distribution is an oxy-
gen saturation distribution of blood.
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3. The photoacoustic apparatus according to claim 2,
wherein the second wavelength is a wavelength at which the
absorption coefficients of oxyhemoglobin and deoxyhemo-
globin are different.

4. The photoacoustic apparatus according to claim 1,
wherein the organism characteristics distribution is a glucose
distribution.

5. (canceled)

6. The photoacoustic apparatus according to claim 1,
wherein said organism characteristics distribution calculator
determines the organism characteristics distribution by
reducing a resolution of an absorption coefficient distribution
corresponding to at least one of the first wavelength and the
second wavelength.

7. The photoacoustic apparatus according to claim 6,
wherein said organism characteristics distribution calculator
reduces the resolution of the absorption coefficient distribu-
tion through filter processing.

8. The photoacoustic apparatus according to claim 7,
wherein said organism characteristics distribution calculator
uses a moving average filter or a Gaussian filter in the filter
processing.

9. The photoacoustic apparatus according to claim 6,
wherein said organism characteristics distribution calculator
reduces the resolution of the absorption coefficient distribu-
tion corresponding to the second wavelength.

10. The photoacoustic apparatus according to claim 6,
wherein said organism characteristics distribution calculator
reduces the resolution of the absorption coefficient distribu-
tion when a positional deviation occurs in the object between
being irradiated with the light having the first wavelength and
being irradiated with the light having the second wavelength.

11. The photoacoustic apparatus according to claim 15,
wherein said blood vessel position determining unit deter-
mines a position, in which the absorption coefficient equals or
exceeds a predetermined threshold, to be the blood vessel
position.

12. The photoacoustic apparatus according to claim 11,
wherein said blood vessel position determining unit deter-
mines the predetermined threshold on the basis of a noise
level of the absorption coeflicient distribution.

13. The photoacoustic apparatus according to claim 1,
further comprising a display unit that displays the organism
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characteristics distribution of the object on the basis of data
emphasized by said trimming unit.

14. A control method for a photoacoustic apparatus, the
method comprising:

an absotption coefficient distribution calculating step, in

which an information processing device determines
absorption coefficient distributions an object on the
basis of acoustic waves generated at the object by irra-
diating the object with light having a first wavelength
between 778 nm and 950 nm and light having a second
wavelength that is different from the first wavelength,
respectively;

an organism characteristics distribution calculating step, in

which the information processing device determines an
organism characteristics distribution of the object from
the absorption coefficient distributions corresponding to
the light having the first wavelength and the light having
the second wavelength; and

a emphasizing step, in which the information processing

device emphasizes the organism characteristics distribu-
tion in accordance with the absorption coefficient distri-
bution of the object corresponding to the light having the
first wavelength.

15. The photoacoustic apparatus according to claim 1,
further comprising a blood vessel position determining unit
that determines a blood vessel position in the object from an
absorption coefficient distribution corresponding to the first
wavelength,

wherein said trimming unit emphasizes the organism char-

acteristics distribution in accordance with the blood ves-
sel position determined by said blood vessel position
determining unit.

16. The photoacoustic apparatus according to claim 15,
further comprising an input unit with which the predeter-
mined threshold can be adjusted.

17. The photoacoustic apparatus according to claim 1,
wherein said trimming unit emphasizes the organism charac-
teristics distribution at a position, in which the absorption
coefficient equals or exceeds a predetermined threshold.

18. The photoacoustic apparatus according to claim 17,
wherein said trimming unit reduces the organism character-
istics distribution at a position, in which the absorption coef-
ficient less than the predetermined threshold.
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