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ABSTRACT
[Subject] To provide laser Doppler blood flow measuring
method and device which achieve multi-dimensional measurement efficiently at a high degree of accuracy over a wide
range with a simple optical system and device.
[Solving Means] Laser light from a semiconductor laser 12 is
split and formed into sheet lights Ls using a cylindrical lens
22, and the sheet lights Ls are crossed with each other at a
predetermined position. A lens system 30 configured to form
an image of scattered lights into a linear shape at a linear
irradiation site Lx where the sheet lights Ls cross with each
other is provided. An optical fiber array 32 having a plurality
of optical fibers 34 is provided at an image-forming position
of the lens system 30. Avalanche photodiodes 42 configured
to convert the scattered lights which are shifted in frequency
by the Doppler effect caused by the blood flow into electric
signals for the each optical fiber 34 are provided. The blood
flow velocity in a tissue of a biological body at the linear
irradiation site Lx is calculated from the scattered lights transformed from the laser light by being shifted in frequency by
the Doppler effect and is scanned for the each optical fiber 34,
whereby the blood flow velocity in the blood vessel in a
predetermined area in the biological body is calculated.
15 Claims, 13 Drawing Sheets
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THREE—DIMENSIONAL IMAGING OF BLOOD VESSEL

Y

X
Z

US 9,031,640 B2

U.S. Patent

May 12, 2015

US 9,031,640 B2

Sheet 13 of 13

FIG. 17
(a)

(b)

InMI

27.00

21.00

Z=0.25mm '''")
Z: DEPTH
DIRECTION
d)

Il

l

Ct.rxt

E

.?i

.

_' M

1025

t ,Kt

ttkh

t.rv)

0.00

(mm/s)

(C)

:'SIBS I

27.00

21.00

Z=0.75mm

I,

10.25

uY1

oju

I(PJ

:LY1

i.i,NF

3.1x1

tiJ)U Ffmni

0.00

(mm/s)

US 9,031,640 B2
1
LASER DOPPLER BLOOD FLOW
MEASURING METHOD AND DEVICE

into two parallel beams, cross the same using a lens or the like,
and launch a cross point (point of measurement) into the
subject.
In addition, the two-beam measuring method includes a
This application is a U.S. National Phase Application
under 35 USC 371 of International Application PCT/JP2008/ 5 differential method and a reference beam method. The reference beam method splits a single laser beam into two strong
073245 filed Dec. 19, 2008.
and weak beams, and utilizes interference between the light
shifted in frequency by the Doppler effect and light scattered
TECHNICAL FIELD
by a standstill tissue. As there is a difference in frequency on
The present invention relates to a blood flow measuring io the order of several hundreds to several tens of Hz between the
both scattered lights, the interference between the both lights
method for measuring the state of a blood flow of a biological
is detected by a light-receiving element such as a photodiode
body using a laser Doppler method, and a blood flow meaas electric beat signals, and detected frequency and intensity
suring device used for measuring the same.
become signals having values corresponding to the velocity
BACKGROUND ART
15 and the number of the blood cells. In addition, the values of
these signals are integrated and are converted into signals
Data on blood flow in a human skin relates to various states
relating to the flow velocity and the flow rate of the blood flow
of the skin such as the state of metabolism activity, the metain the corresponding blood vessel, so that the blood flow rate
bolic state, the aging degree, skin cancer, and so on in a skin
in the blood vessel is obtained.
tissue, and measurement of the blood flow in the skin is 20
In the differential method, a single laser beam is split into
important in determining the state of the skin.
two beams, and the two beams are collected and are crossed.
The leading cause of death among Japanese is malignant
At the crossed position, the interference of the scattered lights
neoplasm, the second leading cause is cardiac disease, and the
occurs depending on the directions of irradiation of the laser
third leading cause is cerebrovascular disease, and the ratio of
lights. As the intervals of interference fringes are different
death from a vascular lesion is almost the same as that from 25 depending on the shift amount of the Doppler frequency of
the malignant neoplasm. In addition, in order to recognize the
the light scattered by the blood cells as particles to be
production and progression of the malignant neoplasm, threeobserved, the difference is observed to obtain the blood flow
dimensional mapping information about new blood vessels in
velocity. The differential method has an advantage that the
the periphery and information about the blood flow in the new
scattered lights can be collected into a wide light-receiving
blood vessels are important. In addition, there is a favorite site 3o aperture, and hence relatively high signal intensity is
of the vascular lesion, and hence temporal and spatial inforobtained.
mation such as blood flow velocity distribution in the blood
As disclosed in Patent Document 1, a surface blood flow
vessels is inevitable.
measuring device provided with a sensor unit having a pluBlood flow measuring methods in recent years include
rality of sensor elements which detect the surface blood flow
laser Doppler flow velocity measuring method, particle 35 of the subject and emit output signals and being brought into
image velocimetry (PIV), micro PIV technique, methods
abutment with the subject, a signal converting unit configured
using a ultrasonic blood flowmeter, MRI, CT scan method,
to converts the output signals from the sensor elements into
and methods on the basis of fusion with numeric simulation.
predetermined measured signals, and a display unit configExperiments on biological body include an experiment in the
ured to display the measured signals as measured values is
body (In vivo) or an experiment out of the body (In vitro). In 4o also proposed. The surface blood flow measuring device is
general, the PIV measurement which provides information
configured in such a manner that when the sensor unit is
about two-dimensional flow is the in vitro measurement.
brought into abutment with the subject, the output signals are
Since the performances of current MRI and CT scan do not
emitted from the respective sensor elements according to the
provide sufficient spatial and temporal resolutions, it is diffisurface blood flow of the subject and are converted into the
cult to obtain detailed information about the state of a blood 45 predetermined measured signals in the output signal convertcirculation using the in vivo measurement.
ing unit. Since the sensor unit is provided with the plurality of
Accordingly, a measuring method using a laser Doppler
sensor elements, measurement is achieved simultaneously or
system is widely used as a blood flow measuring method
selectively at a plurality of points in one measurement site. In
because momentary values of blood flow velocities and/or
addition, calibration is also possible by averaging the variablood flow rate are obtained consecutively in a method non- 50 tions of respective measured values, so that the quantitative
invasive to the skin. The blood flow measuring method on the
measurement is achieved.
basis of the laser Doppler system utilizes monochromaticity
As disclosed in Patent Document 2, there is provided a
and coherency of laser light. If the blood vessel in the skin
blood flow measuring method on the basis of the laser Doptissue is irradiated with laser light, the light scattered by blood
pler system in which light-receiving units are provided at a
cells moving in the blood vessel causes a frequency shift by 55 plurality of positions for at least one light-transmitting unit
the Doppler effect, whereby the blood flow velocity is
which launches the laser light onto the subject, the lightobtained on the basis of the amount of the frequency shift.
receiving units being provided at different distances from the
For example, there is a blood flow measuring device based
light-transmitting unit, the respective light-receiving units
on the laser Doppler system including a sensor element havreceive scattered lights from the subject, the blood flow rates
ing a transmitting optical fiber configured to launch laser light 6o at the respective light-receiving units are measured, whereby
onto the skin surface from a light source and a receiving
the blood flow rates measured at different depth are recorded
optical fiber configured to receive scattered lights from the
simultaneously. In this case, it is preferable to provide a
skin in pair, both embedded in a probe supporting member
plurality of the light-receiving units at each distance from the
which faces the skin. The laser irradiating system on the basis
light-transmitting unit. It is also preferable to vary the power
of the laser Doppler method includes a one-beam system 65 of the laser light to be launched to the subject. Accordingly,
which is configured to launch a single beam into a subject and
the variations in blood flow rate at each skin tissue can be
a two-beam system which is configured to split a single beam
analyzed, and the blood flow rates in a wide depth range of the
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skin surface can be recorded at each depth from a shallow
In the case of the two-beam system, if a plurality of sensor
portion to a deep portion simultaneously.
elements are provided by branching the optical fiber, the laser
Furthermore, as disclosed in Patent Document 3, there is
power of each sensor element is lowered, and hence only the
also a blood flow distribution measuring device configured to
blood flow rates of a relatively shallow portion of the skin
convert the laser light into sheet light using a cylindrical lens, 5 surface can be measured. In addition, it is difficult to measure
launch the same via a lens onto a mirror arranged at a focal
the number of points simultaneously, and if there is the disposition of the lens, reflect the same from the mirror in the
placement from the blood vessel, a significant error is resulted
direction of polarization of the mirror, and measure the blood
in the measured average blood flow velocity. Even though the
flow rate two dimensionally.
measurement depth can be adjusted individually by changing
10
As disclosed in Non-Patent Documents 1 to 5, laser Dopthe output power of the laser light, or the distance between the
pler current meters which allow multipoint simultaneous
transmitting optical fiber and the receiving optical fiber, that
measurement using laser sheet light are proposed as a device
is, the distance between the light-transmitting unit and the
for measuring the flow velocity of fluid in a conduit or the like
light-receiving unit of the sensor element on the surface to
other than those in the biometrical bodies are proposed.
15 come into contact with the skin, the blood flow rates at various
Patent Document 1: JP-A-5-15501
measurement depths are not measured simultaneously.
Patent Document 2: JP-A-8-182658
Therefore, there is a problem that the blood flow rate distriPatent Document 3: JP-A-7-100119
bution in the depth direction cannot be obtained, and hence
Non-Patent Document 1: Collection of Papers from the Sociaccurate state analysis of the skin tissue cannot be achieved.
ety of Instrument and Control Engineers Vol. 39, No. 3 (2003) 20
As the blood flow measuring devices disclosed in Patent
218-224
Documents 1 and 2 also employ the optical fiber and are
Non-Patent Document 2: Collection of Papers from the Japan
measuring methods on the basis of the single-point measureSociety of Mechanical Engineers (B), Vol. 69, No. 677 (2003ment, there is the same problem as described above. Also, the
1)25-30
blood flow measuring device disclosed in Patent Document 3
Non-Patent Document 3: Experiments in Fluids 24 (1998) 25 is not a device which has an ability to sense the three-dimen70-76
sional arrangement of the blood vessels.
Non-Patent Document 4: Experiments in Fluids 36 (2004)
The technologies disclosed in Non-Patent Documents 1 to
274-281
5 are built on a premise that the positions of the conduit and
Non-Patent Document 5: SICE 2002 Aug. 5-7, 2002, Osaka,
the direction of flow of the fluid are known in advance, so that
2199-2204
30 they are not the technologies which enable sensing of the
position of the blood capillary located at invisible positions.
DISCLOSURE OF INVENTION
In view of such conventional background arts, it is an
object of the present invention to provide laser Doppler blood
Problems to be Solved by the Invention
flow measuring method and device which achieve multi-di35 mensional measurement efficiently at a high degree of accuA blood flow meter on the basis of the one-beam system in
racy over a wide range with simple optical system and device.
the related art uses a single beam (approx. 1 mm in diameter)
as the incident laser light and detects scattered lights using a
Means for Solving the Problems
set of sensors. There are the blood flow meters having a
configuration to detect the scattered lights using a plurality of 40
The present invention is a laser Doppler blood flow meaoptical fibers or the like, or having a plurality of optical fibers
suring method including: splitting laser light emitted from a
for launching laser light and for detecting light signals,
laser light source, transforming the respective split laser
respectively. It can be said that these blood flow meters are
lights into sheet-shaped thin sheet lights, and crossing the
based on multipoint measurement using the combination of
same with each other at a predetermined position in a biologisingle point measurements. Therefore, the blood flow rates 45 cal body; forming an image of scattered lights into a linear
over a wide range cannot be obtained efficiently and, to be
shape at a linear irradiation site where the sheet lights cross
worse, the resolution is low and the portion from which the
with each other; converting the scattered lights which are
blood flow rates can be obtained is limited.
shifted in frequency by the Doppler effect caused by a blood
In contrast, in the case of the two-beam system, the meaflow in a blood vessel in the biological body from among the
suring point is the cross point between the two laser beams, 50 scattered lights incident to a plurality of light-receiving eleand a smaller measurement volume is sufficient in compariments arranged linearly at the image-forming position into
son with the case of the one-beam system, so that a high
electric signals for each of photoelectric conversion elements;
temporal and spatial resolution (approximately several hunsensing positional information about the blood vessel in the
dreds of µm) is achieved. A blood flow imaging device meabiological body from the position of the light-receiving elesures the blood flow distribution by a scan using a laser beam. 55 ment which receives the laser light shifted in frequency by the
The blood flow imaging device having a blood flow meter on
Doppler effect from among the plurality of light-receiving
the basis of the two-beam system is configured to measure
elements; and calculating the blood flow velocity in the blood
one point using two beams, and obtain the blood flow distrivessel on the basis of the Doppler frequency shifts of the laser
bution by scanning using the laser beams. However, although
light caused by the blood flow for each of the photoelectric
the device on the basis of the two-beam system is capable of 60 conversion elements.
performing point measurement at a high temporal and spatial
In addition, the crossed position of the sheet-shaped laser
resolution, it is difficult to measure a number of points simullights is scanned in the direction crossing the longitudinal
taneously and, if there is a displacement from the blood
direction of the linear scattered light to obtain the blood flow
vessel, a significant error is resulted in measured average
in the blood vessel from the scanned linear scattered light for
blood flow velocity. Therefore, in this case as well, measure- 65 each of the photoelectric conversion elements and calculate
ment of the blood flow rates in the wide range cannot be
the thickness and the arrangement of the blood vessel in a
achieved.
predetermined area in the biological body.
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In addition, the crossed position of the sheet-shaped laser
ment of the blood flow velocity in the human body at a high
lights is scanned in the direction crossing the longitudinal
order spatial resolution is achieved. In addition, measurement
direction of the linear scattered light to obtain the blood flow
of the blood flow velocity distribution and the temporal variavelocity in the blood vessel from the scanned linear scattered
tion thereof and measurement of the blood flow velocity in the
light for each of the photoelectric conversion elements and 5 blood capillary are possible in a relatively thick blood vessel.
calculate the blood flow velocity or the blood flow rate of each
Then, by the scan using the laser beam, measurements of the
of the blood vessels in the predetermined area in the biologieffective inner diameter, the blood flow velocity distribution,
cal body on the basis of the blood flow velocity obtained at the
and the temporal variation thereof of the thick blood vessel,
individual linear irradiation sites.
and measurement of the average blood flow velocity in the
The scan is performed in two directions orthogonal to the 10 blood capillary within a predetermined measurement range
longitudinal direction of the linear irradiation site so as to
are possible, and the measurement results as described above
obtain a three-dimensional arrangement of the blood vessel in
may be mapped three-dimensionally within a predetermined
the predetermined area in the biological body while shifting
measurement range. Also, it does not affect the blood flow by
the linear irradiation site in the direction parallel to the lon15 contact and is suitable for measurement of the blood flow in
gitudinal direction in sequence and enable display of the
an inflammatory portion, blood capillary of an ear, aorta close
arrangement of the blood vessel. A three dimensional blood
to the skin, and vein and the blood flow distribution in these
flow state in the tissue of the biological body is calculated and
blood vessels, so that measurement results with high reprois made possible to be displayed by the scan.
ducibility are obtained.
The present invention also provides a laser Doppler blood
It is also effective for preventive care, and is extremely
flow measuring device including: a laser light source, a beam 20
effective for measuring the blood flow velocity distribution in
splitter configured to split laser light emitted from the laser
a new blood vessel such as skin cancer and the temporal and
light source; a cylindrical optical system transforming the
spatial information thereof, measuring the temporal and spalaser light split by the beam splitter into sheet-shaped thin
sheet lights; a light-collecting optical system configured to
tial information about the blood flow velocity distribution of
cross the split sheet lights with each other at a predetermined 25 arteria carotis having a close relation to cerebrovascular disposition in a biological body; an image forming optical syseases and, as another example, for figuring out a mechanism
tem configured to form an image of scattered lights into a
of development of allergic dermatitis as a basic application.
linear shape at a linear irradiation site where the sheet lights
BRIEF DESCRIPTION OF THE DRAWINGS
cross; a plurality of light-receiving elements arranged at an
image-forming position of the image forming optical system; 30
FIG. 1 is a schematic drawing showing an optical system of
photoelectric conversion elements configured to convert the
a light-transmitting unit of a laser Doppler blood flow meascattered lights incident to the light-receiving elements into
suring device according to a first embodiment of the present
electric signals for each of the light-receiving elements; blood
invention.
flow calculating means configured to calculate the blood flow
FIG. 2 is a schematic drawing showing an image forming
velocities at the linear irradiation site obtained from the laser 35
optical system of a light-receiving unit of the laser Doppler
lights which are shifted in frequency by the Doppler effect
blood flow measuring device according to the first embodicaused by the blood flow in a tissue of the biological body on
ment of the present invention.
the basis of the electric signals for each of the photoelectric
FIG. 3 is a schematic drawing showing an arrangement or
conversion elements; and laser light scanning means configured to scan a crossed position of the sheet-shaped laser lights 40 the like of a fiber array and optical fibers of the laser Doppler
blood flow measuring device according to the first embodiin the direction crossing the longitudinal direction of the
ment of the present invention.
linear irradiation site, wherein the arrangement of a blood
FIG. 4 is a block diagram showing functions from a phovessel in the biological body in an area scanned by the laser
toelectric conversion element to a computer of the laser Doplight scanning means is calculated on the basis of the calcu45 pler blood flow measuring device according to the first
lation by the blood flow calculating means.
embodiment of the present invention.
In addition, blood flow rate calculating means configured
FIG. 5 is a conceptual drawing showing a laser Doppler
to calculate the blood flow rate in each blood vessel in the
blood flow measuring method according to the first embodibiological body from the blood flow velocity and the arrangement of the present invention.
ment of the blood vessel for each of the photoelectric converFIG. 6 is a schematic drawing showing an arrangement or
sion elements obtained by the blood flow calculating means 50
the like of the optical system of the laser Doppler blood flow
for the scattered lights at each predetermined position
measuring method according to the first embodiment of the
scanned by the laser light scanning means is provided.
present invention.
The image forming optical system is positioned on the
FIG. 7 is a photo showing interference of laser light in the
same side as the light-collecting optical system with respect
to the tissue of the biological body to be measured, and the 55 laser Doppler blood flow measuring method according to the
first embodiment of the present invention.
light-collecting optical system is positioned between the split
FIG. 8 is a flowchart showing a process in the laser Doppler
sheet lights. The image forming optical system may be
blood flow measuring method according to the first embodiarranged on the opposite side of the tissue of the biological
ment of the present invention.
body to be measured from the light-collecting optical system.
FIG. 9 is a conceptual drawing showing a scanning of a
The light-receiving element is formed of a solid state imag- 60
crossing of the laser light in the laser Doppler blood flow
ing device having the photoelectric conversion elements
measuring method according to the first embodiment of the
arranged integrally on a plane.
present invention.
Advantage of the Invention
FIG. 10 is a schematic drawing showing an arrangement of
65 the optical system of a laser Doppler blood flow measuring
According to the laser Doppler blood flow measuring
device according to a second embodiment of the present
method and device in the present invention, a direct measureinvention.
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FIG. 11 is a schematic drawing showing an arrangement of
In addition, there are provided a reflecting prism 16 for
the optical system of a laser Doppler blood flow measuring
reflecting the laser lights split in two directions and reflecting
device according to a third embodiment of the present invenmirrors 18, 19 for reflecting the laser lights reflected by the
tion.
reflecting prism 16 at a right angle on the light emitting side
FIG. 12 is a schematic drawing showing an arrangement of 5 of the acousto-optic device 15. Furthermore, there are
the optical system of a laser Doppler blood flow measuring
arranged rod lenses 20, 21 provided at a position parallel to
device according to a fourth embodiment of the present inveneach other so that the two laser beams reflected from the
tion.
reflecting mirrors 18, 19 is launched thereon. The respective
FIG. 13 includes a photo (a) of a portion of an ear of a
rod lenses 20, 21 disperse the incident laser lights and direct
mouse whose blood flow is measured by the laser Doppler 10 the same to a flat surface portion 22a of a first cylindrical lens
blood flow measuring method in the example of the present
22.
invention viewed from the front side, and a drawing (b) of a
The first cylindrical lens 22 is positioned with the flat
mapping of the measured results obtained by a scan with the
surface portion 22a faces the rod lenses 20, 21. The two laser
laser beam at a predetermined depth.
15 lights incident thereto go out from a curved surface portion
FIG. 14 includes a photo (a) of a portion of an ear of a
22b having the shape of a cylindrical surface of the first
mouse whose blood flow is measured by the laser Doppler
cylindrical lens 22, and are formed into two sheet-shaped
blood flow measuring method in the example of the present
sheet lights Ls parallel to the center axis of the cylinder of the
invention viewed from the back side, and a drawing (b) of a
first
cylindrical lens 22 and orthogonal to the flat surface
mapping of the measured results obtained by a scan with the
20 portion 22a. The sheet lights Ls then enters a flat surface
laser beam at a predetermined depth.
portion 24a of a second cylindrical lens 24, which constitutes
FIG. 15 is a mapping drawing showing the arrangement of
a light-collecting optical system.
blood vessels of the ear of the mouse whose blood flow is
The flat surface portion 24a of the second cylindrical lens
measured by the laser Doppler blood flow measuring method
24 faces the same side as the flat surface portion 22a of the
in the example of the present invention.
FIG. 16 is a three-dimensional mapping drawing of the ear 25 first cylindrical lens 22 and is positioned in parallel thereto,
and a curved surface portion 24b having the shape of a cylinof the mouse whose blood flow is measured by the laser
drical surface, which is the other surface of the second cylinDoppler blood flow measuring method in the example of the
drical lens 24, is arranged in such a manner that the center axis
present invention.
thereof extends orthogonal to that of the first cylindrical lens
FIG. 17 includes drawings (b) (d) obtained by mapping a
photo (a) of the blood flow measured by a reflective device by so 22 in a positional relationship of skew lines. The outgoing
light from the cylindrical lenses 22, 24 proceed to the same
the laser Doppler blood flow measuring method in the
optical path irrespective of which of the flat surface portions
example of the present invention.
22a, 24a and the curved surface portions 22b, 24b are set as
planes of incidence.
REFERENCE NUMERALS
35
In order to restrain the attenuation of the wavelength of the
used laser light, the surface of the optical system components
10 laser Doppler blood flow measuring device
used in this embodiment are coated with a reflection prevent12 semiconductor laser
ing film for this wavelength.
14, 15 acousto-optic device
The two sheet lights Ls incident to the second cylindrical
16 reflecting prism
40 lens 24 refract and deflect at the curved surface portion 24b so
18, 19 reflecting mirror
as to cross each other. A crossing of the sheet lights Ls extends
20, 21 rod lens
linearly as a portion having a high light intensity, and corre22, 24 cylindrical lens
sponds to a linear irradiation site Lx on the tissue of the
30 lens system
biological body.
32 fiber array
45
The scattered lights at the linear irradiation site Lx are
34 optical fiber
converged by a lens system 30 which constitutes an image
42 avalanche photodiode
forming optical system as shown in FIG. 2. The lens system
Ls sheet light
30 is configured to form an image of the scattered lights at the
Lx linear irradiation site
linear irradiation site Lx on an end surface portion 32a of an
BEST MODES FOR CARRYING OUT THE
50 optical fiber array 32 as the light-receiving element in a linear
INVENTION
shape along the linear irradiation site Lx.
As shown in FIG. 3, the optical fiber array 32 is guided to
Referring now to the drawings, embodiments of the present
the other end via optical fibers 34 tied in a light guide bundle
invention will be described. FIG. 1 to FIG. 9 show a laser
36 and is connected to light plugs 38 in one-to-one corresponDoppler blood flow measuring device according to a first 55 dence with the optical fibers 34. The light plugs 38 are proembodiment of the present invention. A laser Doppler blood
vided so as to be connectable with a light receptacle 40
flow measuring device 10 in this embodiment includes a
individually. The respective light receptacles 40 are provided
semiconductor laser 12 such as a laser diode or the like as a
with avalanche photodiodes 42, which are photoelectric conlaser light source, acousto-optic devices 14, 15 which split
version elements, as many as the optical fibers 34 as shown in
continuously oscillating laser light from the semiconductor 6o FIG. 4, and convert respective lights guided by the optical
laser 12 into two beams having slightly different frequencies
fibers 34 into electric signals, respectively. The outputs from
as shown in FIG. 1. The wavelength of the laser light is
the respective avalanche photodiodes 42 are input to frepreferably a wavelength of approximately 750 to 1500 nm
quency filters 46, respectively, via respective amplifiers 44
and, for example, near infrared laser having a wavelength of
provided as many as the optical fibers 34, where signals at
785 nm is used. This is because the near infrared light has a 65 predetermined frequency are AID converted and are recorded
high transmissivity with respect to a tissue of the biological
in data recorders 48 provided as many as the optical fibers 34.
body.
The digital signals recorded in the respective data recorders
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48 are input to a computer 50 via a USB connector, and are

In addition, the linear irradiation site Lx is scanned in the
subjected to a predetermined operation analysis process.
direction orthogonal to the longitudinal direction thereof to
Subsequently, a laser Doppler blood flow measuring
obtain the flow rates for the respective optical fibers 34 at a
method according to this embodiment will be described. The
predetermined sampling cycle, whereby the mapping of the
laser Doppler blood flow measuring method is a method of 5 blood flow rate in a predetermined plane is formed. Also, by
modulating and splitting laser light emitted from the semiscanning the same in other directions orthogonal to the lonconductor laser 12 by the acousto-optic devices 14, 15, transgitudinal direction of the linear irradiation site Lx, threeforming the same into sheet-shaped thin sheet lights Ls using
dimensional mapping of the blood flow velocity or the blood
the cylindrical lens 22, crossing the same with each other
flow rate is achieved.
using the cylindrical lens 24, and forming the linear irradia- 10
Here, when the biological body to be measured is small, a
tion site Lx at a predetermined position in a biological body B
scan of the linear irradiation site Lx is enabled by placing the
including a blood vessel 52 as shown in FIG. 5 and FIG. 6. In
biological body itself on a table which is movable in the
this state, the blood flow velocity, and the blood flow rate from
XYZ-axes directions orthogonal to each other and moving the
the blood flow velocity as needed, in the blood vessel 52 can
same in these three axes directions. The large biological body
be obtained in the form of a spatial resolution depending on 15 such as human can be scanned by driving the optical system
the magnification of the lens system 30, which is the image
such as the cylindrical lenses 22, 24. The crossed position of
forming optical system, for each of the optical fibers 34. Here,
the sheet lights Ls and the scanning direction thereof at this
assuming that the optical fibers 34 having a diameter of 250
time can be obtained easily by the calculation for obtaining a
µm and the magnification of the optical system is "1", the
point of intersection of lines.
spatial resolution is 250 µm.
20
When obtaining the flow velocity in the X-axis direction,
The crossing of the sheet lights Ls extends linearly as a
the scan is performed by forming the linear irradiation site Lx
portion having a high light intensity, and corresponds to the
in the tissue of the biological body B and moving the linear
linear irradiation site Lx on the tissue of the biological body.
irradiation site Lx relatively in the X-axis direction orthogoThe linear irradiation site Lx is formed with interference
nal to the longitudinal direction thereof by a predetermined
fringes due to the phase difference of the surfaces of incident 25 distance as shown in FIG. 9(a). Subsequently, the linear irrawaves of the laser lights and the interference fringes as shown
diation site Lx is moved further in the Y-axis direction in
in FIG. 7 appear. When the red blood cells pass through this
parallel by the distance corresponding to the length of irralinear area at a certain velocity, the Doppler frequencies of the
diation, and the scan is repeated in the same manner. Then, as
scattered lights vary. At the linear irradiation site Lx, the
shown in FIG. 9(b), the linear irradiation site Lx is moved by
Doppler frequencies of the laser lights scattered by the blood so a minute distance in the orthogonal Z-axis direction and the
cells in the blood flow irradiated with the sheet light Ls vary
scan is performed in the same manner as described above.
due to the Doppler effect, which depends on the flow velocity
This movement and the scan is repeated within the predeterof the blood flow. In the standstill tissue, no variation occurs
mined range. Accordingly, the three-dimensional arrangein Doppler frequencies of the scattered lights. The respective
ment of the blood vessel, and the blood flow velocity or the
scattered lights at the linear irradiation site Lx are formed into 35 blood flow rate of the corresponding blood vessels within the
images at respective points corresponding thereto on the optipredetermined range of the biological body B are obtained.
cal fiber array 32 by the lens system 30.
Also, when obtaining the flow velocity in theY-axis direction,
The scattered lights changed in frequency are input to the
the linear irradiation site Lx is arranged in parallel to the
avalanche photodiode 42 via the optical fibers 34 and redeX-axis direction, and the scan is performed in the Y-axis
tected as electric beat signals, and the frequency variations 4o direction while shifting in the X-axis direction and then is
and the intensities detected therefrom correspond to the valrepeated while moving further in the Z-axis direction as
ues of the velocities and the numbers of the blood cells. These
shown in FIG. 9(c).
values are obtained for each of the optical fibers 34, that is,
According to the laser Doppler blood flow measuring
each of the light-receiving units, then the flow velocity of the
method and device in this embodiment, the inner diameter of
blood flow at a corresponding portion is calculated, and then 45 the blood vessel 52 or the blood flow state in the blood
the calculated result is integrated on the linear irradiation site
capillary can be measured and mapped three-dimensionally.
Lx, so that the blood flow rate on the corresponding line is
The spatial resolution in this case may be set to approximately
obtained. The process to be performed here is shown in FIG.
several hundreds of micron. In other words, as the inner
8. The input signal obtained by the avalanche photodiode 42
diameter of the optical fiber 34 of the optical fiber array which
is data as shown in a graph (a) in FIG. 8 for example. This data 5o receives the scattered lights at the linear irradiation site Lx
is AID converted, and is input to the computer, where the
along the cross line of the sheet lights Ls corresponds to the
digital signal is subjected to fast Fourier transform, then is
spatial resolution, if a diameter of 0.1 mm is chosen for the
subjected to noise filtering or the like, whereby the Doppler
optical fiber 34, the resolution becomes 0.1 mm, and if a
frequency is calculated. The Doppler frequency is obtained
diameter of 0.25 mm is chosen for the optical fiber 34, the
by the appearance of a peak of the Doppler frequency in a 55 resolution becomes 0.25 mm. In addition, the higher resolufrequency spectrum of the detected signal as shown in FIG.
tion is also achieved in proportion to the magnification of the
8(b). When the Doppler frequency is obtained, the velocity of
optical system.
the blood cells is calculated from the frequency thereof, and
By repeating the scan as described above, a solid image of
the blood flow velocity is calculated therefrom because the
the three-dimensional mapping of the blood flow in the blood
velocity of the blood cells is the flow velocity of the blood 60 capillary is obtained. Accordingly, the blood flow velocity
flow.
distribution of a given blood vessel (for example, carotid
In this embodiment, since the modulation is applied by the
artery) and the temporal variation thereof can be measured.
acousto-optic device 14, the direction of the blood flow is also
Temporal and spatial information about the blood flow velocdiscriminated. However, if the discrimination of the direction
ity distribution can also be obtained. In addition, the mapping
of flow is not necessary, the measurement is also possible 65 information and the blood flow velocity information about the
without modulating the frequency by the acousto-optic
blood capillary or new blood vessels arranged three-dimendevice 14.
sionally can be obtained, so that information about the state of
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development of cancer or the effect of anticancer drug can
device according to the present invention will be described. In
also be obtained. Estimation of the effective inner diameter of
this example, as shown in FIG. 9, a scan was performed with
a thick blood vessel is possible as well.
the sheet lights Ls of the laser light, the linear irradiation site
Subsequently, a second embodiment of laser Doppler
Lx of the sheet lights Ls was passed through the thin biologiblood flow measuring method and device according to the 5 cal body B, the image thereof was detected, and the blood
present invention will be described on the basis of FIG. 10.
flow velocity in the tissue of the biological body was calcuHere, the same configurations as those in the embodiment
lated and mapped. In the Z-axis direction as the depth direcdescribed above are designated by the same reference numertion of the biological body B, scans in the XY-axes directions
als and description thereof is omitted. The laser Doppler
were performed at different depths of Z-0.25 mm and Z-0.50
blood flow measuring device in this embodiment is configio mm from the surface side. The mapping results are shown in
ured to split the laser light with a beam splitter 54 and form the
FIG. 13(b) and FIG. 14(b). As regards the blood flows in
sheet lights Ls.
blood
vessels appeared in respective photos (a) in FIG. 13 and
The laser Doppler blood flow measuring device in this
FIG. 14, the positions of the blood vessels and the blood flow
embodiment is configured to allow the sheet lights Ls to pass
velocities in the respective mapping areas are shown in (b) in
through the thin biological body B and direct an image of the
scattered lights passed through the linear irradiation site Lx to 15 the respective drawings.
According to this example, the velocity of the blood flow
the optical fiber array 32 via the lens system 30. In this case,
could be measured by passing the sheet lights Ls through the
the flexibility in arrangement of the optical system is high,
thin tissue of the biological body, and the arrangement of the
and hence the image can be obtained easily.
blood vessel could also be confirmed.
Subsequently, a third embodiment of laser Doppler blood
flow measuring method and device according to the present 20
In the example described above, the scan with the sheet
invention will be described with reference to FIG. 11. Here,
lights Ls was further performed in the depth direction, the
the same configurations as those in the embodiment described
arrangements of the blood vessel at depths of Z-0.75 mm and
above are designated by the same reference numerals and
Z=1.00 mm were measured, and the results are shown threedescription thereof is omitted. The laser Doppler blood flow
dimensionally in FIG. 15 and FIG. 16.
measuring device in this embodiment is configured in such a 25
According to the laser Doppler blood flow measuring
manner that the cylindrical lens 22, which forms sheet lights,
method and device in the present invention, as shown in FIG.
is arranged on the side of the semiconductor laser 12 with
16, the arrangement of the blood vessel can be viewed threerespect to the beam splitter 54. In addition, a cylindrical lens
dimensionally, and hence blood vessel growth in a cancer cell
56 is arranged in an image forming optical system and the
tissue can be grasped with high reliability.
optical fiber array 32 is arranged between the sheet lights Ls.
30
An example shown in FIG. 17 shows an example of meaIn this case, the scattered lights reflected from the linear
surement
with a reflective blood flow measuring device.
irradiation site Lx are introduced into the optical fiber array
Scans in the XY-axes directions were performed for an area
32, and the image forming optical system is positioned
surrounded by a broken line in a photo shown in FIG. 17(a) at
between the sheet lights Ls, so that the arrangement of the
different depth of Z-0.25 mm and Z-0.75 mm from the
optical system becomes compact and downsizing of the
35 surface side. The positions and the blood flow velocities of the
device is achieved.
blood vessel in the respective mapping areas are shown in
Subsequently, a fourth embodiment of laser Doppler blood
drawings (b) and (c). These drawings show that the threeflow measuring method and device according to the present
dimensional arrangement of the blood vessel could be
invention will be described on the basis of FIG. 12. Here, the
grasped with high degree of reliability also with the device of
same configurations as those in the embodiment described
above are designated by the same reference numerals and 40 the reflective type.
description thereof is omitted. The laser Doppler blood flow
The invention claimed is:
measuring device in this embodiment has the similar optical
1. A laser Doppler blood flow measuring method comprissystem to those shown in FIG. 11, and is configured in such a
ing:
manner that the cylindrical lenses 22, which form sheet lights,
splitting infrared laser light emitted from a laser light
are arranged on the side of the biological body B to be mea- 45
source into split laser lights, transforming the split laser
sured with respect to the beam splitter 54. In addition, conlights into thin sheet lights, and crossing the sheet lights
cave lenses 58 which expand the laser lights are arranged
with each other at a linear irradiation site at a position in
upstream of the cylindrical lenses 22, and the number of
a biological body, wherein the sheet lights are scattered
convex lenses in the lens system 30 of the image forming
50
into scattered lights at the linear irradiation site, and
optical system is increased to suppress aberration.
wherein among the scattered lights, scattered lights
In addition to the effects which are the same as those of the
which are scattered by blood cells in a blood flow in a
embodiments described above, this embodiment is effective
blood vessel in the biological body are shifted in frewhen the width of the sheet light Ls is several millimeters and
quency due to the Doppler effect, and scattered lights
the aberration is small.
which are scattered by stationary tissue are not shifted in
The laser Doppler blood flow measuring method and 55
frequency due to the Doppler effect;
device in the present invention are not limited to the embodireceiving, by an optical system, the scattered lights from
ments described above. The light-receiving element and the
the linear irradiation site;
photoelectric conversion element may be a solid state imagemitting the scattered lights from the optical system such
ing device such as CCD, and a line sensor or an image sensor
that the scattered lights are in a linear shape and are
may be used as the solid state imaging device. The optical 60
emitted onto a plurality of light-receiving elements
fiber may be selected as needed from glass fibers, plastic fiber,
which are arranged in a linear shape;
and so on.
performing photoelectric conversion of the scattered lights
EXAMPLES
by a plurality of photoelectric conversion elements
65
which correspond to the plurality of light-receiving eleSubsequently, an example of a blood flow measurement
ments to obtain electric signals corresponding to the
using the laser Doppler blood flow measuring method and
scattered lights;
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processing the electric signals obtained by the photoelectric conversion, to obtain frequencies of the scattered
lights;
obtaining positional information about the blood vessel in
the biological body from positions of ones of the plurality of light-receiving elements which receive the scattered lights which have been shifted in frequency by the
Doppler effect; and
calculating a blood flow velocity in the blood vessel using
Doppler frequency shifts of the scattered lights which
were scattered by the blood cells in the blood flow;
wherein the method further comprises scanning the sheet
lights to move the linear irradiation site in two directions
orthogonal to a longitudinal direction in which the linear
irradiation site extends and along a direction parallel to
the longitudinal direction, and obtaining information
about the blood flow in the blood vessel in three dimensions using the frequencies of the scattered lights at a
plurality of positions to which the linear irradiation site
is moved by the scanning; and
wherein the obtaining of the information about the blood
flow in the blood vessel in three dimensions includes
obtaining the positional information about the blood
vessel and obtaining the blood flow velocity in the blood
vessel at the plurality of positions to which the linear
irradiation site is moved by the scanning.
2. The method according to claim 1, wherein the optical
system is an image forming optical system which is positioned on a same side as a light-collecting optical system
which applies the sheet lights to the linear irradiation site.
3. The method according to claim 1, wherein the optical
system is an image forming optical system which is positioned on an opposite side of the tissue of the biological body
from a light-collecting optical system which applies the sheet
lights to the linear irradiation site.
4. The method according to claim 1, wherein the lightreceiving elements and photoelectric conversion elements are
provided by a solid state imaging device.
5. The laser Doppler blood flow measuring method according to claim 1, wherein a wavelength of the infrared laser light
is 750 to 1500 nm.

14
6. The laser Doppler blood flow measuring method according to claim 2, wherein the plurality of light-receiving elements are positioned between the sheet lights.
7. The laser Doppler blood flow measuring method accord5 ing to claim 1, wherein the information about the blood flow
in the blood vessel in three dimensions includes an inner
diameter of the blood vessel.
8. The laser Doppler blood flow measuring method according to claim 1, wherein the information about the blood flow
in the blood vessel in three dimensions includes a mapping of
10
the blood flow in the blood vessel in three dimensions.
9. The laser Doppler blood flow measuring method according to claim 1, wherein the information about the blood flow
in the blood vessel in three dimensions includes a distribution
of the blood flow velocity in three dimensions.
15
10. The laser Doppler blood flow measuring method
according to claim 9, wherein the information about the blood
flow in the blood vessel in three dimensions includes information on temporal variation of the distribution of the blood
flow velocity in three dimensions.
20 11. The laser Doppler blood flow measuring method
according to claim 1, wherein the information about the blood
flow in the blood vessel in three dimensions includes an
average blood flow velocity in a measurement range of the
blood vessel.
25
12. The laser Doppler blood flow measuring method
according to claim 1, wherein the information about the blood
flow in the blood vessel in three dimensions includes a thickness of the blood vessel.
13. The laser Doppler blood flow measuring method
30 according to claim 1, wherein the information about the blood
flow in the blood vessel in three dimensions includes a blood
flow rate in the blood vessel.
14. The laser Doppler blood flow measuring method
according to claim 1, wherein the information about the blood
3s flow in the blood vessel in three dimensions includes an
arrangement of the blood vessel in the biological body in
three dimensions.
15. The laser Doppler blood flow measuring method
according to claim 1, further comprising displaying informa40 tion about the blood vessel.

