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(57) ABSTRACT

Provided is an inspection apparatus, including: a measure-
ment optics system configured to scan an object to be
inspected with measuring light from a light source; a divid-
ing unit, which is arranged at a position conjugate with the
object to be inspected, and is configured to divide return
light, being the measuring light returning from the object to
be inspected, into a plurality of light beams; a photo-
receiving unit configured to receive the plurality of light
beams obtained by the division; a recording unit configured
to record image data of the object to be inspected, which is
based on a plurality of intensity signals output by the
photo-receiving unit, and a division direction in which the
return light is divided, the image date being associated with
the division direction; and an analysis unit configured to
analyze the image data based on the associated division
direction.
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INSPECTION APPARATUS, IMAGE
PROCESSING APPARATUS, METHOD OF
OPERATING INSPECTION APPARATUS,
IMAGE PROCESSING METHOD, AND
RECORDING MEDIUM

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to an inspection appa-
ratus such as an ophthalmic imaging apparatus to be used in
ophthalmologic diagnosis and treatment, an image process-
ing apparatus, a method of operating an inspection appara-
tus, an image processing method, and a recording medium.
[0003] 2. Description of the Related Art

[0004] Scanning laser ophthalmoscopes (hereinafter
referred to as “SLO apparatus™), which are ophthalmic
imaging apparatus utilizing the principle of confocal laser
microscopes, are configured to perform raster scan on the
fundus of an eye with laser light serving as measuring light
to quickly acquire a two-dimensional image of the fundus of
the eye that is high in resolution from the intensity of return
light of the measuring light.

[0005] In SLO apparatus, the measuring light needs to
form a minute spot on the fundus of the eye in order to
improve lateral resolution. It is, however, difficult to
improve resolution by simply increasing the beam diameter
of the measuring light, due to the distortion of the spot shape
from aberrations of the measuring light and the return light
thereof that are caused on the eye being inspected.

[0006] To solve this, adaptive optics SLO apparatus (here-
inafter referred to as “AO-SLO apparatus”) have been
developed in recent years which incorporate an adaptive
optics system configured to measure aberrations by the eye
that is being inspected and to compensate for aberrations of
the measuring light and the return light thereof that are
caused on the eye being inspected, with the use of a
wavefront compensation device. The development has made
acquiring a two-dimensional image (AO-SLO image) high
in resolution a realistic possibility.

[0007] On the other hand, for some site or tissue of the
fundus of the eye whose image is to be acquired, a two-
dimensional image is acquired by intentionally using a light
flux that is nonconfocal with the image acquisition site of the
fundus of the eye (a nonconfocal image), in an attempt to
obtain information about the fundus tissue that cannot be
obtained from a confocal image.

[0008] A nonconfocal AO-SLO apparatus proposed in
JOSA A, VOL. 31, Issue 3, pp. 569-579 (2014) is configured
to acquire a nonconfocal image of the fundus of the eye by
dividing return light returning from the fundus of the eye
into two or more beams on an image forming surface where
the return light forms an image, entering the beams to their
respective light sensors, calculating (differences among)
signals of the light sensors, and imaging the fundus of the
eye, in an attempt to improve the S/N ratio of the acquired
two-dimensional image (blood vessel image). There is also
areport in IOVS, 55, 4244-4251 (2014) of the result of using
a similar imaging method in which an image of photore-
ceptor cells as typical eye cells was acquired that had image
characteristics different from those of images observed with
confocal optics systems of the related art.

[0009] Some images acquired with the nonconfocal AO-
SLO apparatus described above have dependence on a
particular direction in terms of sharpness, which takes form
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as, for example, sharpness variations between the left side
and right side of a blood vessel in an acquired image. This
is called the directionality of image characteristics. Taking
the directionality of image characteristics into account is
beneficial in an analysis of such images having the depen-
dence. However, both of the documents cited above use an
analysis method of the related art, for example, one in which
pathological changes and the like of an eye to be inspected
are evaluated simply by obtaining the size or density of eye
cells (Japanese Patent Application Laid-Open No. 2014-
198224), without taking into account the directionality of
image characteristics. With this and other similar analysis
methods of the related art, an image high in image charac-
teristics dependence on a particular direction is analyzed as
anonconfocal image containing unsharp portions, which can
make successful detection of, for example, photoreceptor
cells difficult.

SUMMARY OF THE INVENTION

[0010] It is an object of the present invention to analyze
image data of an object to be inspected with precision.
[0011] In order to solve the above-mentioned problem,
according to one embodiment of the present invention, there
is provided an inspection apparatus, including:

[0012] a measurement optics system configured to scan an
object to be inspected with measuring light from a light
source;

[0013] a dividing unit, which is arranged at a position
conjugate with the object to be inspected, and is configured
to divide return light, being the measuring light returning
from the object to be inspected, into a plurality of light
beams;

[0014] a photo-receiving unit configured to receive the
plurality of light beams obtained by the division;

[0015] a recording unit configured to record image data of
the object to be inspected, which is based on a plurality of
intensity signals output by the photo-receiving unit, and a
division direction in which the return light is divided, the
image date being associated with the division direction; and
[0016] an analysis unit configured to analyze the image
data based on the associated division direction.

[0017] According to the present invention, an image can
be analyzed taking into account return light division direc-
tions that correspond to the directionality of image charac-
teristics. That is, an image analysis in consideration of the
directionality of image characteristic can be executed. As the
result, image data of an object to be inspected can also be
analyzed with precision.

[0018] 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 THE DRAWINGS

[0019] FIG. 1A is a plan view for illustrating the overall
configuration of an SLO apparatus according to an embodi-
ment of the present invention, and FIG. 1B is a side view
thereof.

[0020] FIG. 2A is a diagram for illustrating the configu-
ration of an optics system of the SL.O apparatus according to
the embodiment of the present invention, and FIG. 2B is a
diagram for illustrating a fixation lamp displaying surface.
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[0021] FIG. 3 is a graph for showing a measuring light
wavelength distribution of the SLO apparatus according to
the embodiment of the present invention.

[0022] FIG. 4 is a diagram for illustrating an image
acquisition procedure executed by the SLO apparatus
according to the embodiment of the present invention.
[0023] FIG. 5 is a diagram for illustrating the configura-
tion of a control software screen of the SLO apparatus
according to the embodiment of the present invention.
[0024] FIG. 6 is a diagram for illustrating the function
configuration of an image processing apparatus according to
the embodiment of the present invention.

[0025] FIG. 7A is a diagram for illustrating the configu-
ration of a first light flux dividing unit of the SLO apparatus
according to the embodiment of the present invention, and
FIG. 7B is a diagram for illustrating another configuration of
the first light flux dividing unit.

[0026] FIG. 8 is a diagram for illustrating the configura-
tion of a photo-receiving unit of the SL.O apparatus accord-
ing to the embodiment of the present invention.

[0027] FIG. 9 is a diagram for illustrating the configura-
tion of a second light flux dividing unit of the SLO apparatus
according to the embodiment of the present invention
[0028] FIG. 10 is a diagram for illustrating a processing
procedure that is executed on the image processing appara-
tus according to the embodiment of the present invention.
[0029] FIG. 11 is a diagram for illustrating details of
photoreceptor cell analyzing processing, which is executed
in the processing of FIG. 10.

[0030] FIG. 12A, FIG. 12B and FIG. 12C are each a
diagram for illustrating a different configuration of the first
light flux dividing unit of the SLO apparatus according to the
embodiment of the present invention.

[0031] FIG. 13 is a diagram for illustrating another con-
figuration of the second light flux dividing unit of the SLO
apparatus according to the embodiment of the present inven-
tion.

DESCRIPTION OF THE EMBODIMENTS

[0032] A mode for carrying out the present invention is
now described by way of the following embodiment. Note
that, the embodiment described below does not restrict the
present invention as set forth in the appended claims, and not
all of the combinations of the features described in the
embodiment are essential to the solution of the present
invention.

[0033] The present invention is based on findings that, in
a nonconfocal AO-SLO image acquired with a nonconfocal
AO-SLO apparatus, the directionality of image characteris-
tics described above is often dependent on directions in
which return light used to acquire the image is divided.
According to the present invention, image analysis that takes
into account image characteristics dependent on directions
in which a flux of return light returning from the fundus of
the eye is divided can be executed by recording the division
directions and an acquired image in association with each
other and utilizing the information about the division direc-
tions when image processing and analysis are performed on
the acquired image.

[0034] An embodiment of the present invention is
described.
[0035] An inspection apparatus according to the embodi-

ment includes an AO-SLO apparatus that includes an adap-
tive optics system for acquiring a fine two-dimensional
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image despite optical aberrations of an eye to be inspected,
and that is capable of picking up a high-resolution, two-
dimensional image (AO-SLO image) of the fundus of the
eye to be inspected which is an image acquisition target, in
particular, a nonconfocal image of the fundus of the eye. The
inspection apparatus is also provided with a WF-SLO appa-
ratus, an anterior ocular segment observation device, and a
fixation lamp displaying device. The WF-SLO apparatus
picks up a two-dimensional image that is wider in field angle
(a WF-SLO image) for the purpose of aiding the acquisition
of an AO-SLO image. The anterior ocular segment obser-
vation device is used to grasp the incident position of
measuring light. The fixation lamp displaying device is used
to guide the line of sight in order to adjust where an image
is picked up.

[0036] In this case, in order to pick up a two-dimensional
image high in resolution, the apparatus includes the adaptive
optics system. However, the adaptive optics system may not
be included as long as the configuration of the optical system
can realize high resolution.

[0037] <Overall Configuration of Apparatus>

[0038] First, a schematic configuration of an AO-SLO
apparatus 101 according to this embodiment is described
specifically with reference to FIG. 1A and FIG. 1B. FIG. 1A
is a plan view of the AO-SLO apparatus 101 viewed from
above. FIG. 1B is a side view of the AO-SLO apparatus 101
viewed from a side.

[0039] The AO-SLO apparatus 101 roughly includes a
head unit 102, a stage unit 103, a face rest unit 104, a liquid
crystal monitor 105, and a control PC 106. The head unit 102
has a main optics system built inside. The stage unit 103
moves the head unit 102 in horizontal and vertical direc-
tions. The face rest unit 104 is where a subject puts his/her
face, and is used to adjust the position of the face. The liquid
crystal monitor 105 is configured to display an operation
screen. The control PC 106 handles overall control of the
AO-SLO apparatus 101, and has an image processing appa-
ratus 600 built inside which is described later with reference
to FIG. 6.

[0040] The head unit 102 is arranged on the stage unit 103
and can be moved in a horizontal direction (a direction
parallel to the drawing sheet of FIG. 1A) by tilting a joystick
107, and in a vertical direction (a direction perpendicular to
the drawing sheet of FIG. 1A) by rotating the joystick 107.
The face rest unit 104 includes a chin rest 108 on which the
chin of a subject is put, and a chin rest drive unit 109
configured to move the chin rest 108 by way of an electric
stage.

[0041] <Optics System Configuration>

[0042] A specific description is given next on the optics
system built inside the head unit 102, with reference to FIG.
2A. The optics system described below, in particular, an
AO-SLO unit, serves in this embodiment as a measurement
optics system configured to scan an object to be inspected
with measuring light from a light source.

[0043] Light exiting a light source 201-1 is divided by an
optical coupler 231 into reference light 205 and measuring
light 206-1. The measuring light 206-1 is led to a measure-
ment optics system with the use of a single-mode fiber
230-4, and reaches an XY scanner 219-1 through a colli-
mator lens 235-1 and a spatial light modulator 259. The
measuring light emitted by the XY scanner 219-1 for scan-
ning is led to a fundus 227 of an eye-to-be-inspected 207,
which is an object to be observed and inspected, through an
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objective lens 235-10 with a focus function, a dichroic
mirror 270-1, and others. The objective lens 235-10 is
capable of compensating for an ametropia value of the eye
to be inspected. A fixation lamp 256 is configured to emit a
light flux 257, which is coupled to the measuring optics
system through the dichroic mirror 270-1. With the fixation
lamp 256, the subject is prompted to fix or rotate the line of
sight of the eye-to-be-inspected 207.

[0044] The measuring light 206-1 is reflected or scattered
by the fundus 227 of the eye to be inspected to turn into
return light 208. The return light 208 travels back the optical
path to be reflected by a beam splitter 258-3, and the
reflected light enters detectors 704-1 to 704-3 (see FIG. 8),
which serve as a photo-receiving unit 700. The detectors
704-1 to 704-3 are configured to convert the light intensity
of return light 208-1 into a voltage, and a signal having the
voltage is used to form a two-dimensional image of the
eye-to-be-inspected 207. In this embodiment, the entire
optical system is mainly formed of a refracting optical
system using lenses. However, it is also possible to form the
optical system by using a reflecting optical system using
spherical mirrors instead of the lenses.

[0045] In addition, a reflective spatial light modulator is
used as an aberration compensation device in this embodi-
ment, but it is also possible to use a transmissive spatial light
modulator or a variable shape mirror.

[0046] <Light Source of AO-SLO Unit>

[0047] Next, details of the light source 201-1 are
described. The light source 201-1 is a super luminescent
diode (SLD) serving as a typical low-coherent light source.
Light acquired by the SLD has a wavelength of 840 nm and
a bandwidth of 50 nm. In this case, in order to acquire a
two-dimensional image having little speckle noise, a low-
coherent light source is selected. Further, although the SLD
is selected as the light source in this embodiment, any type
of light source may be used as long as the light source can
emit low-coherent light. For example, an amplified sponta-
neous emission (ASE) light source may be used.

[0048] In view of the measurement of the eye, a suitable
wavelength is a near infrared light wavelength. The wave-
length affects the lateral resolution of the acquired two-
dimensional image, and hence the wavelength is desired to
be as short as possible. Therefore, in this embodiment, the
wavelength is set to 840 nm. Another wavelength may be
selected depending on a measurement site that is an object
to be observed.

[0049] The light exiting the light source 201-1 is led to the
optical coupler 231 through a single-mode fiber 230-1 and is
divided into the reference light 205 and the measuring light
206-1 in a ratio of 90:10. Polarization controllers 253-2 and
253-4 are arranged on the respective optical fibers.

[0050] <Reference Light Optical Path of AO-SLO Unit>
[0051] Next, an optical path of the reference light 205 is
described.

[0052] The reference light 205 divided by the optical

coupler 231 enters a light intensity measuring apparatus 264
through an optical fiber 230-2. The light intensity measuring
apparatus 264 is used for measuring light intensity of the
reference light 205 so as to monitor the light intensity of the
measuring light 206-1.

[0053] <Measuring Light Optical Path of AO-SLO Unit>
[0054] Next, an optical path of the measuring light 206-1
is described.
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[0055] The measuring light 206-1 divided by the optical
coupler 231 is led to the collimator lens 235-1 through the
single-mode fiber 230-4, and is adjusted to be a collimated
light beam having a beam diameter of 4 mm.

[0056] The measuring light 206-1 passes through the beam
splitter 258-3, a beam splitter 258-1, and lenses 235-5 and
235-6 and enters the spatial light modulator 259.

[0057] In this case, the spatial light modulator 259 is
controlled by the control PC 106 via a spatial light modu-
lator driver 288 included in a driver unit 281.

[0058] Next, the measuring light 206-1 is modulated by
the spatial light modulator 259, passes through lenses 235-7
and 235-8, and enters a mirror of the XY scanner 219-1. For
simplification of the illustration, the XY scanner 219-1 is
illustrated as a single mirror. However, in an actual case, two
mirrors, that is, an X scanner and a Y scanner, are arranged
close to each other so as to raster-scan the fundus 227 in a
direction perpendicular to the optical axis. The center of the
measuring light 206-1 on the optical axis is adjusted to
match each center of rotation of the mirrors of the XY
scanner 219-1.

[0059] The X scanner is a scanner configured to scan the
measuring light 206-1 in the direction parallel to the drawing
sheet, and a resonance type scanner is used for the X scanner
here. The drive frequency is approximately 7.9 kHz. In
addition, the Y scanner is a scanner configured to scan the
measuring light 206-1 in the direction perpendicular to the
drawing sheet, and a galvano scanner is used for the Y
scanner here. The drive waveform is a sawtooth wave, the
frequency is 32 Hz, and the duty ratio is 16%. The drive
frequency of the Y scanner is an important parameter for
determining a frame rate of the AO-SL.O image acquisition.
[0060] The XY scanner 219-1 is controlled by the control
PC 106 via an optical scanner driver 282 included in the
driver unit 281. The XY scanner 219-1 is configured to scan
the measuring light 206-1 from the light source 201-1 on the
fundus 227 of the eye to be inspected, which is the object to
be inspected, in the measurement optical system.

[0061] A lens 235-9 and the objective lens 235-10 corre-
spond to an optical system configured to scan the fundus 227
in a depth direction and serve to scan the fundus 227 with the
measuring light 206-1 in a manner of pivoting on the center
of a pupil of the eye-to-be-inspected 207.

[0062] The beam diameter of the measuring light 206-1 is
mm in this embodiment, but the beam diameter may be
larger than 4 mm in order to acquire an optical image higher
in resolution.

[0063] Further, an electric stage 217-1 supporting the
objective lens 235-10 can move in a direction indicated by
the arrows so as to move the position of the accompanying
objective lens 235-10, to thereby perform focus adjustment.
[0064] The electric stage 217-1 is controlled by the control
PC 106 through an electric stage driver 283 included in the
driver unit 281.

[0065] The position of the objective lens 235-10 may be
adjusted, to thereby focus the measuring light 206-1 to a
predetermined layer of the fundus 227 of the eye-to-be-
inspected 207 to observe the layer. In addition, it is possible
to support the case where the eye-to-be-inspected 207 has
ametropia.

[0066] The measuring light 206-1 enters the eye-to-be-
inspected 207 and is reflected and scattered by the fundus
227 that is the object to be inspected so as to be the return
light 208, which enters the photo-receiving unit 700. The
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incident return light 208-1 is split by a dividing unit, which
is described later, and beams created by the split separately
reach the detectors 704-1 to 704-3, which are a photo-
receiving unit. Highly sensitive and high speed light sensors
such as avalanche photodiodes (APDs) and photomultiplier
tubes (PMTs) are used for the detectors 704-1 to 704-3. Each
of the detectors outputs an intensity signal indicating the
intensity of a light flux received by the detector.

[0067] <Photo-Receiving Unit>

[0068] The schematic configuration of the photo-receiving
unit 700 is described next with reference to FIG. 7A to FIG.
9 and FIG. 12A to FIG. 13.

[0069] The return light 208-1 is divided and partially
reflected by a partially reflecting mirror 711, which is a first
light flux dividing unit placed on an image forming surface
that is a plane substantially conjugate with the fundus 227 of
the eye to be inspected. Out of the beams created by the
division, reflected light 708 passes through a pinhole 707
formed in the image forming surface and enters the detector
704-1. With this configuration, fundus image data for form-
ing a fundus image with a confocal optics system and for
displaying the formed image is obtained from an output of
the detector 704-1 and from a scanning signal used at the
time the data is obtained. An image acquisition mode in
which confocal image data used to form and display the
confocal image is obtained is referred to as “second image
acquisition mode”. Specifically, the partially reflecting mir-
ror 711, which is a light flux dividing unit placed on a plane
conjugate with the fundus of the eye to be inspected divides
return light returning from the eye to be inspected into two
or more light fluxes (light beams).

[0070] The other partial light 709 enters the partially
reflecting mirror 711 passes through a transmission region
712, which is outside the central portion of a division pattern
715 illustrated in FIG. 7A, and is divided further into two
light fluxes by a light flux dividing prism 706, which is
placed on an image forming surface, in order to form a
nonconfocal image. The two light fluxes after the division
are received by the detectors 704-2 and 704-3, respectively,
and each of the detectors outputs a voltage signal that
reflects the intensity of the received light flux. The configu-
rations are illustrated stereoscopically in FIG. 9. The detec-
tors 704-2 and 704-3 are each coaxially aligned with the
scanning direction of the X scanner. The voltage signals
output by the respective detectors are converted into digital
values by an AD board 276-1 included in the control PC 106,
and the digital values are input to the control PC 106.
[0071] When digital values that are obtained from light
beams entering the detectors 704-2 and 704-3 at one point in
time are given as la and Ib, the following expression is used
to obtain a pixel value I that a nonconfocal image has when
the division direction is the X-direction, namely, fundus
image data for forming the nonconfocal image.

B la—1Ib
T la+1b

[0072] A mode in which an image generated from the
pixel value I in the X-direction is used to obtain a noncon-
focal image when the division direction is the X-direction is
a first image acquisition mode. An image acquired with the
AO-SLO apparatus usually has characteristics in a direction
corresponding to a direction in which a light flux is divided
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by the light flux dividing prism 706, i.e., directionality of
image characteristics. The AO-SLO apparatus records in a
recording device the value of I and the scanning direction of
the X scanner as information about the direction of the light
flux division, in other words, a rotation angle with respect to
the optical axis of the light flux dividing prism 706, along
with an image picked up in the first image acquisition mode.
Details of this step are described later.

[0073] The partially reflecting mirror 711 includes a
reflection region 714 at a central portion, the transmission
region 712 placed outside the reflection region 714, and a
light shielding region 713, which defines the transmission
region 712 by blocking light. As illustrated in FIG. 7A and
FIG. 7B, the partially reflecting mirror 711 may have a
plurality of division patterns 715 each of which is a set of the
thus arranged reflection region 714, transmission region 712,
and light shielding region 713. The center of each division
pattern is positioned at the center of the optical axis of the
return light 208. The partially reflecting mirror 711 has an
elliptical shape that gives a circular shape to each division
pattern viewed from the optical axis direction when the
partially reflecting mirror 711 is arranged obliquely with
respect to the optical axis of the return light 208. The
partially reflecting mirror 711 is controlled by a division
pattern selection control unit 289 so that division patterns
are selectively switched.

[0074] Examples of switching the division patterns 715
are illustrated in FIG. 7A and FIG. 7B. In the switching
examples, the light flux dividing prism 706, which is the
second light flux dividing unit, divides a light flux invariably
into two, and the size of beams created by the division is
varied by switching the division patterns 715. The switching
has the following effects. Specifically, when a division
pattern in which the reflection region 714 is small in
diameter is selected, the focal depth decreases and the
contrast increases, but the signal-to-noise ratio drops. When
a division pattern in which the reflection region 714 is large
in diameter is selected, on the other hand, the focal depth
increases and the contrast drops, but the signal-to-noise ratio
is relatively high. An adjustment that gives an image a
favorable contrast and signal-to-noise ratio can thus be made
by switching division patterns selectively.

[0075] The partially reflecting mirror 711 may be a light
shielding plate on which different division patterns are
arranged in a circle as illustrated in FIG. 7A, and which is
rotated mechanically to select one of the division patterns.
Alternatively, the partially reflecting mirror 711 may be a
light shielding plate on which a plurality of division patterns
are aligned in a single file as illustrated in FIG. 7B, and
which is slid mechanically to select one of the division
patterns. The partially reflecting mirror 711 may also be as
illustrated in FIG. 12A to FIG. 12C, for example. In detail,
the number into which light is divided may be raised to four
as illustrated in FIG. 12A, and division patterns varied in the
direction of division, in the width of the light shielding
region, which divides the transmission region, and in the
size of the reflection region may be arranged on a single
reflective plate that can be rotated. Detectors corresponding
to beams that are created by dividing a light flux need to be
arranged in directions in which the light flux is divided. It is
therefore preferred to vary patterns based on what image is
to be acquired, such as keeping only the division direction
constant as illustrated in FIG. 12B when the number and
arrangement of detectors used are constant. The division
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patterns may of course be arranged in a straight line instead
of'a circle. In short, the method or mode of blocking the path
of light to the photo-receiving unit is not limited to the ones
described here.

[0076] The division direction described here is a direction
perpendicular to a direction in which the light shielding
region 713 dividing the transmission region 712 stretches. In
the example of FIG. 7B, a light flux is divided into beams on
the left side and right side of the drawing sheet in every
division pattern. In the case of FIG. 12B, a light flux is
divided left to right and top to bottom into four beams. In the
case of FIG. 12C, a light flux is divided top to bottom, that
is, in a lower left to upper right direction and upper left to
lower right direction into four beams.

[0077] A drive unit configured to rotate the light flux
dividing prism and the two detectors about the branching
point may be provided to rotate the light flux dividing prism
and the detectors manually or automatically with respect to
the optical axis of the light 709. This configuration enables
the AO-SLO apparatus 101 to acquire a nonconfocal image
that uses a light flux divided in a particular direction (angle)
with respect to the scanning direction of the X scanner by
changing the direction in which the light is branched by the
light flux dividing prism. For example, in the case where an
object for which image acquisition and analysis are to be
performed is a particular blood vessel, setting the light flux
division direction to a direction perpendicular to the running
direction of the target blood vessel is desirable in order to
obtain a nonconfocal image in which the characteristics of
the blood vessel are emphasized. In this case, the AO-SLO
apparatus 101 of this embodiment is capable of analyzing an
image by obtaining a signal divided in an arbitrary direction
with respect to the scanning direction of the X scanner.

[0078] The number of directions in which a light flux is
divided by the light flux dividing prism is not limited to two.
For example, a signal divided in an arbitrary direction can be
obtained without a rotatable drive unit by using a quadran-
gular pyramid prism for the light flux dividing prism and
providing four detectors 704-2 to 704-5 as in FIG. 13.
Specifically, digital values obtained with four detectors can
be combined in an arbitrary direction at an arbitrary pro-
portion to obtain a pixel value divided in an arbitrary
direction through calculation. In this embodiment, the detec-
tors each serve as a photo-receiving unit configured to
receive a light flux that is created by dividing another light
flux and to output an intensity signal that indicates the
intensity of the received light flux.

[0079] The number of detectors, the number into which
light is divided, and the method of division or the manner of
setting directions are not limited to the ones described
above, as long as the number and direction of division can
be set by an arbitrary method. The AO-SLO apparatus 101
in this case calculates an arbitrary division direction that is
obtained through calculation, and records in the recording
device the calculated direction, instead of recording the
exact rotation angle of the light flux dividing prism which is
described above, along with a nonconfocal image picked up
in the first image acquisition mode. In other words, an image
acquisition mode is recorded in the recording device in
association with an image.

[0080] <Overall WF-SLO Unit>
[0081] Next,a WF-SLO unit is described with reference to
FIG. 2A.
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[0082] The WF-SLO unit basically has the same configu-
ration as that of the AO-SLO unit. Overlapping description
of the same part is omitted.

[0083] Light exiting a light source 201-2 is led to the
eye-to-be-inspected 207, which is an object to be observed,
through a lens 235-2, lenses 235-11 to 235-13, a focusing
lens 235-14, an XY scanner 219-2, the dichroic mirror
270-1, dichroic mirrors 270-2 and 270-3, and others. The
light source 201-2 is an SLD as in the light source of the
AO-SLO unit, and emits light having a wavelength of 920
nm and a bandwidth of 20 nm.

[0084] <Measuring Light Optical Path of WF-SLO Unit>
[0085] Next, an optical path of measuring light 206-2 is
described.

[0086] The measuring light 206-2 exiting the light source

201-2 is led to the eye-to-be-inspected 207 that is an object
to be observed through the lenses 235-2 and 235-11 to
235-14, the XY scanner 219-2, the dichroic mirror 270-1,
and others.

[0087] An X scanner that is a component of the XY
scanner 219-2 is a scanner configured to scan the measuring
light 206-2 in the direction parallel to the drawing sheet, and
a resonance type scanner is used for the X scanner here. The
drive frequency is approximately 3.9 kHz. In addition, a Y
scanner that is a component of the XY scanner 219-2 is a
scanner configured to scan the measuring light 206-2 in the
direction perpendicular to the drawing sheet, and a galvano
scanner is used for the Y scanner here. The drive waveform
is a sawtooth wave, the frequency is 15 Hz, and the duty
ratio is 16%. The drive frequency of the Y scanner is an
important parameter for determining a frame rate of the
WF-SLO image.

[0088] The beam diameter of the measuring light 206-2 is
1 mm, but may be larger than 1 mm in order to acquire an
optical image higher in resolution.

[0089] The measuring light 206-2 enters the eye-to-be-
inspected 207 and is reflected or scattered by the fundus 227
s0 as to be return light. The return light reaches a detector
238-2 through the dichromic mirrors 270-1 to 270-3, the
lenses 235-13 and 235-14, the lens 235-2, lenses 235-3 and
235-4, the XY scanner 219-2, a beam splitter 258-2, and
others.

[0090] <Description of Beacon Unit>

[0091] Next, a beacon unit configured to measure aberra-
tions generated in the eye-to-be-inspected 207 is described.
[0092] Measuring light 206-3 exiting a light source 201-3
is led to the eye-to-be-inspected 207 that is an object to be
observed through a lens 235-15, a focusing lens 235-16, a
dichroic mirror 270-4, and others. In this case, the measuring
light 206-3 enters the eye-to-be-inspected 207 under a state
of being decentered from the center of the eye-to-be-in-
spected 207 in order to avoid being reflected from a cornea
226. Part of return light 208-3 enters, through the beam
splitter 258-1 and a pinhole 298, a wavefront sensor 255,
where aberrations of the return light 208-3 which are gen-
erated in the eye-to-be-inspected 207 are measured. In this
case, the pinhole 298 is formed for the purpose of shielding
unnecessary light other than the return light 208-3. The
wavefront sensor 255 is electrically connected to the control
PC 106. The wavefront sensor 255 is a Shack-Hartmann
wavefront sensor, and the measurement range thereof is set
to from —10 D to +5 D. The obtained aberration is expressed
through use of the Zernike polynomials and indicates the
aberration of the eye-to-be-inspected 207. The Zernike poly-
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nomials include the following terms: tilt, defocus, astigma-
tism, coma, trefoil, and the like. The light source 201-3 has
a center wavelength of 760 nm and a wavelength width of
20 nm.

[0093] In this case, the lenses 235-5 to 235-10 and the like
are arranged so that the cornea 226, the XY scanner 219-1,
the wavefront sensor 255, and the spatial light modulator
259 are optically conjugate to each other. Therefore, the
wavefront sensor 255 can measure the aberrations of the
eye-to-be-inspected 207. In addition, the spatial light modu-
lator 259 can correct the aberrations of the eye-to-be-
inspected 207.

[0094] <Fixation Lamp Unit>

[0095] The fixation lamp 256 is formed of a light-emitting
display module and has a display surface (27 mmx27 mm,
128 pixelsx 128 pixels) on an XY-plane. In this case, a liquid
crystal, an organic EL, an LED array, or the like can be used
as the fixation lamp 256. When the eye-to-be-inspected 207
watches a light flux 257 from the fixation lamp 256, the
eye-to-be-inspected 207 is prompted to fixate or rotate. On
the display surface of the fixation lamp 256, for example, a
cross-shaped pattern is displayed so as to blink at any
lighting position 265 as illustrated in FIG. 2B.

[0096] The light flux 257 from the fixation lamp 256 is led
to the fundus 227 through lenses 235-17 and 235-18, and the
dichroic mirrors 270-1 to 270-3. Further, the lens 235-17 and
a focusing lens 235-18 are arranged so that the display
surface of the fixation lamp 256 and the fundus 227 are
optically conjugate to each other. Further, the fixation lamp
256 is controlled by the control PC 106 via a fixation lamp
driver 284 included in the driver unit 281.

[0097] <Anterior Ocular Segment Observation Unit>
[0098] Next, the anterior ocular segment observation unit
is described.

[0099] Light output from an anterior ocular segment illu-

mination light source (light source) 201-4 illuminates the
eye-to-be-inspected 207. The light reflected from the eye-
to-be-inspected 207 enters a CCD camera 260 through the
dichroic mirrors 270-1, 270-2, and 270-4, and lenses 235-19
and 235-20. The light source 201-4 is an LED having a
center wavelength of 740 nm.

[0100] <Focus, Shutter, and Astigmatism Correction>
[0101] As described above, the optical system built in the
head unit 102 includes the AO-SLO unit, the WF-SLO unit,
the beacon unit, the fixation lamp unit, and the anterior
ocular segment observation unit. Of those, the AO-SLO unit,
the WF-SLO unit, the beacon unit, and the fixation lamp unit
have the electric stages 217-1 to 217-4 described above,
respectively and individually, and are configured to move
the four electric stages 217-1 to 217-4 in a coordinated
manner, respectively. Note that, in the case where a focus
position is intended to be adjusted individually, the electric
stages can also be moved individually for adjustment.
[0102] Further, the AO-SLO unit, the WF-SLO unit, and
the beacon unit each include a shutter (not shown), and
whether or not the measuring light is caused to enter the
eye-to-be-inspected 207 can be controlled by opening or
closing the shutter. The shutter is used here, but whether or
not the measuring light is caused to enter the eye-to-be-
inspected 207 can also be controlled by directly turning
on/off the light sources 201-1 to 201-3. Similarly, the
anterior ocular segment observation unit and the fixation
lamp unit can also be controlled by turning on/off the light
source 201-4 and the fixation lamp 256.
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[0103] Further, the objective lens 235-10 can be replaced,
and a spherical lens or a cylindrical lens may be used in
accordance with the aberration (ametropia) of the eye-to-
be-inspected 207. Further, the number of the lenses is not
limited to one, and a plurality of lenses may be combined
and arranged.

[0104] <Wavelength>

[0105] The wavelength distribution of light beams exiting
the light sources used in the AO-SLO unit, the WF-SLO
unit, the beacon unit, the fixation lamp unit, and the anterior
ocular segment observation unit is shown in FIG. 3. In order
to separate the light beams by the dichroic mirrors 270-1 to
270-4, the light beams are set to have different wavelength
bands. Note that, the difference in wavelength of the respec-
tive light beams is shown in FIG. 3, and the intensity and
spectrum shape are not defined therein.

[0106] <Imaging>

[0107] Next, a method of forming a picked up image is
described.

[0108] The intensity of light incident on the detectors

704-1 to 704-3 is converted into a voltage. Voltage signals
output by the detectors 704-1 to 704-3 are converted into
digital values by the AD board 276-1 included in the control
PC 106. The digital values are processed on the control PC
106 through data processing synchronized with the operat-
ing frequency or drive frequency of the XY scanner 219-1 to
form an AO-SLO image. The AD board 276-1 takes in a
signal at a rate of 15 MHz. Similarly, a voltage signal output
by the detector 238-2 is converted into a digital value by an
AD board 276-2 included in the control PC 106, and a
WF-SLO image is formed from the digital value. In this
embodiment, the AD boards serve as image forming units
configured to form an image based on outputs of the
respective detectors and a scanning signal of the measure-
ment optics system.

[0109] <Image Acquisition Procedure>

[0110] Next, an image acquisition procedure in the AO-

SLO apparatus 101 according to this embodiment is
described with reference to FIG. 4 and FIG. 5.

[0111] The image acquisition procedure is illustrated in
FIG. 4. Steps of the procedure are described in detail below.
Processing executed in the steps described below is executed
by the control PC 106 unless otherwise noted.

[0112] <Step S210>

[0113] In this step, the AO-SLO apparatus 101 is started
up, and the setup status of the AO-SLO apparatus 101 is
checked. A user first turns on the power sources of the
control PC 106 and the AO-SLO apparatus 101. Then, when
control software for measurement is booted, a control soft-
ware screen illustrated in FIG. 5 is displayed on the liquid
crystal monitor 105. At this time, a subject is urged to put a
face on the face rest unit 104.

[0114] <Step S220>

[0115] In this step, an image of an anterior ocular segment
is acquired. When an execution button 501 on the control
software screen is pressed, an image of an anterior ocular
segment is displayed on an anterior ocular segment monitor
512. In the case where the center of a pupil is not correctly
displayed at the center of the screen and at a predetermined
position of the display screen, the head unit 102 is first
moved to a substantially correct position through use of the
joystick 107. In the case where further adjustment is
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required, an electric stage button 503 on the control software
screen is pressed to slightly move the chin rest drive unit
109.

[0116] <Step S230>

[0117] In this step, a WF-SLO image is acquired. In the
case where the image of the anterior ocular segment is
displayed in a substantially correct state, a WF-SLO image
is displayed on a WF-SLO monitor 515. The fixation lamp
256 is set at a center position with a fixation lamp position
monitor 513 to guide the line of sight of the eye-to-be-
inspected 207 to the center.

[0118] Next, the user adjusts a focus adjustment button
504 so as to increase WF-SLO intensity while watching a
WF-SLO intensity monitor 516. On the WF-SLO intensity
monitor 516, signal strength detected by the WF-SLO unit is
displayed in a time series, with the horizontal axis being
time and the vertical axis being signal strength. Then,
through adjustment of the focus adjustment button 504, the
positions of the objective lens 235-10 and the lenses 235-14,
235-16, and 235-18 are adjusted concurrently.

[0119] In the case where the WF-SLO image is displayed
clearly, a WF-SLO recording button 517 is pressed to store
WEF-SLO data.

[0120] <Step S240>

[0121] In this step, a position for acquiring an AO-SLO
image is determined. The displayed WF-SLO image is
checked, and a position at which an AO-SLO image is
intended to be acquired is determined through use of a
method described later. Next, the line of sight of the eye-
to-be-inspected 207 is guided so that the position for acquir-
ing an AO-SLO image is placed at the center of the WF-SLO
monitor 515.

[0122] There are two methods of determining the position
for acquiring an AO-SLO image. One of the methods is a
method involving designating the position of the fixation
lamp 256 in the fixation lamp position monitor 513, and the
other is a method involving clicking on an intended position
on the WF-SLO monitor 515. Pixels on the WF-SLO moni-
tor 515 are associated with the position of the fixation lamp
256 so that the position of the fixation lamp 256 can move
automatically to guide the line of sight to an intended
position.

[0123] After it is confirmed that the position at which an
AO-SLO image is intended to be acquired has moved to the
center on the WF-SLO monitor 515, the procedure proceeds
to the subsequent step.

[0124] <Step S250>

[0125] In this step, aberrations are compensated. When an
aberration measurement button 506 is pressed, the measur-
ing light 206-2 serving as WF-SLO measuring light is
blocked, and the shutter of the beacon unit is opened, with
the result that the measuring light 206-3 serving as beacon
light is radiated to the eye-to-be-inspected 207. A Hartmann
image detected by the wavefront sensor 255 is displayed on
a wavefront sensor monitor 514. An aberration calculated
based on the Hartmann image is displayed on an aberration
compensation monitor 511. The aberration is displayed so as
to be separated into a defocus component (unit: pm) and the
entire aberration amount (unit: pmRMS). In this case, the
positions of the objective lens 235-10 for the AO-SLO
measuring light and the focusing lens 235-16 for the beacon
light are adjusted in Step S230, and hence aberration mea-
surement is ready to be performed in Step S250. Specifically,
the return light 208-3 with respect to the measuring light
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206-3 passes through the pinhole 298 without being blocked
and reaches the wavefront sensor 255.

[0126] In this case, when an automatic focus button 521 is
pressed, the positions of the objective lens 235-10 and the
lenses 235-14, 235-16, and 235-18 are automatically
adjusted so that the value of defocus decreases.

[0127] Next, when an aberration compensation button 522
is pressed, the spatial light modulator 259 is automatically
adjusted so that the aberration amount decreases, and the
value of the aberration amount is displayed in real time. In
this case, when the value of the aberration amount reaches
a threshold value (0.03 umRMS) or less determined in
advance, an AO-SLO measurement button 507 is automati-
cally pressed, and the procedure proceeds to the subsequent
step. The threshold value of the aberration amount can be set
arbitrarily. Further, in the case where the value of the
aberration amount does not reach the threshold value or less,
an aberration compensation temporary stop button 508 is
pressed to stop the aberration compensation. After that, the
AO-SLO measurement button 507 is pressed to cause the
procedure to proceed to the subsequent step.

[0128] <Step S260>

[0129] This step is for acquiring an AO-SLO image, and
in the step, only a nonconfocal AO-SLO image picked up in
the first image acquisition mode is acquired, or a confocal
AO-SLO image picked up in the second image acquisition
mode is acquired as well as the nonconfocal image. The
premise of the following description is that the nonconfocal
image and the confocal image are both acquired, and “AO-
SLO image” in the following description refers to both of the
images, or one of the images that is selected at the time.
When the AO-SLO measurement button 507 is pressed, the
measuring light 206-3 serving as the beacon light is blocked
and a shutter (not shown) along the optical path of the
AO-SLO measuring light 206-1 is opened to radiate the
measuring light 206-1 to the eye-to-be-inspected 207. An
AO-SLO image already compensated for aberration is dis-
played on an AO-SLO monitor 518. Further, similarly to the
WF-SLO intensity monitor 516, signal strength detected by
the AO-SLO unit is displayed in a time series on an AO-SLO
strength monitor 519.

[0130] In the case where the signal strength is insufficient,
the user adjusts focus and a chin rest position while watching
the AO-SLO strength monitor 519 so that the signal strength
increases.

[0131] Further, an image acquisition field angle, a frame
rate, and an image acquisition time can be designated by
image acquisition condition setting buttons 523.

[0132] Further, through adjustment of a depth adjustment
button 524, the objective lens 235-10 can be moved in the
optical axis direction to adjust the image acquisition range in
the depth direction of the eye-to-be-inspected 207. Specifi-
cally, an image of an intended layer, such as a photoreceptor
cell layer, a nerve fiber layer, or a pigment epithelial layer,
which is a typical eye cell, can be acquired.

[0133] Inthe case where the AO-SLO image (for example,
confocal image) is clearly displayed, an AO-SLO recording
button 520 is pressed to store AO-SLO data. Then, the
measuring light 206-1 is blocked. To change the focal depth
of the AO-SLO image, a switch is made from one of the
division patterns on the partially reflecting mirror 711 to
another so that the size of the reflection region in the division
pattern is changed, and the switched-to pattern is used to
pick up an AO-SLO image again.
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[0134] <Step S270>

[0135] When a nonconfocal mode button 525 (see FIG. 5)
is pressed, the screen switches to the display of the noncon-
focal AO-SLO image. In the case where an object to be
measured has direction dependence on a particular angle, for
example, in the case of a particular blood vessel, an angle
adjustment unit 526 is used to rotate the light flux dividing
prism of the photo-receiving unit to a position suitable for
this directionality. Inputting a command to the angle adjust-
ment unit 526 changes the angle of the direction in which a
light flux is divided by the light flux dividing prism when a
nonconfocal AO-SLO image is acquired based on the rota-
tion angle. The change enables the user to observe a non-
confocal image in which the directionality (angle) is empha-
sized. In the case where the prism is rotated manually, the
AO-SLO apparatus 101 is desirably configured so as to
display rotation angle information indicating an angle by
which the prism has been rotated manually. To change the
focal depth of the nonconfocal image, a switch is made from
one of the division patterns on the partially reflecting mirror
711 to another so that the size of the reflection region in the
division pattern is changed, and the switched-to pattern is
used to pick up an AO-SLO image again. One of the digital
values la and Ib detected by the photo-receiving unit 700 can
be displayed when the nonconfocal image is displayed. The
user can also choose to display an image that is based on the
pixel value I, which is calculated by the above-mentioned
expression from the digital values la and Ib as a value that
the pixel takes when light is divided in the X-direction. As
described above, the angle information about the division
direction and a corresponding prism rotation angle is stored
in association with an image when the image is stored. While
the AO-SLO apparatus 101 here switches between picking
up a confocal AO-SLO image and picking up a nonconfocal
AO-SLO image, the confocal image and the nonconfocal
image may be picked up concurrently. It is useful in this case
if a display screen for image acquisition software displays
the confocal image and the nonconfocal image simultane-
ously so that the user can check both while picking up the
images.

[0136] <Step S280>

[0137] The procedure proceeds to Step S240 in the case
where the image acquisition position is to be changed, and
returns to Step S220 in the case where a switch between the
left eye and the right eye is to be made. The procedure
proceeds to Step S290 in the case where image acquisition
is to be ended.

[0138] <Step S290>

[0139] When a stop button 502 is pressed, the control
software is stopped.

[0140] <Image Generation and Analysis Apparatus Con-
figuration>
[0141] FIG. 6 is a diagram for illustrating the function

configuration of the image processing apparatus 600 accord-
ing to this embodiment. While this embodiment takes as an
example an image processing apparatus configured to detect
photoreceptor cells, which are a typical example of eye cells,
the object to be analyzed is not limited to photoreceptor
cells. The present invention is applicable to the analysis of
any type of eye cells that can be observed, such as blood
vessel wall cells.

[0142] InFIG. 6, an image acquiring portion 610 acquires
the confocal AO-SLO image, or the nonconfocal AO-SLO
image, which has been stored in Step S260, and a prism
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rotation direction corresponding to the light flux division
direction in the nonconfocal image. The acquired confocal
AO-SLO image or nonconfocal AO-SLO image, and the
light flux division direction are stored via a control portion
630 in a memory portion 640, which is a recording unit. An
input information acquiring portion 620 acquires an input
from the user. An image processing portion 650 includes a
alignment portion 651, a distance calculating portion 652, an
eye cell analyzing portion 653, and a comparing portion 654.
The image processing portion 650 performs alignment to
position a plurality of acquired nonconfocal AO-SLO
images in relation to one another and obtain the relative
position in each confocal AO-SLO image or each noncon-
focal AO-SLO image. The image processing portion 650
also obtains the distance of an image analysis target region
from a macula, based on a positional relationship in a
nonconfocal AO-SLO image where macula detection is
conducted and a nonconfocal AO-SLO image that is a target
of image analysis. The image processing portion 650 per-
forms photoreceptor cell analysis on which the obtained
distance from the macula is reflected, and calculates refer-
ence values for the inspection result of the inspected eye,
such as density. The image processing portion 650, in
particular, the comparing portion 654, compares acquired
data to normal eye data stored in the memory portion 640,
and generates a graph or image that clearly indicates the
result of the comparison. An output portion 660 outputs the
calculated reference values to the monitor or the like, and
also outputs a processing result stored in the memory portion
640 to a database.

[0143] <Processing Procedure of Image Processing Appa-
ratus>
[0144] A processing procedure executed by the image

processing apparatus 600 of this embodiment is described
next with reference to a flow chart of FIG. 10.

[0145] <Step S1010>

[0146] In Step S1010, the image acquiring portion 610
acquires a WF-SLO image of the fundus of an eye to be
inspected as well as a plurality of confocal AO-SLO images
of the fundus, or a plurality of nonconfocal AO-SLO images
of the fundus, and a nonconfocal image, through the SLO
apparatus connected to the image processing apparatus 600.
The acquired images as well as data related to image
forming which includes intensity signals for forming images
and scanning signals are stored in the memory portion 640
as image data. The light flux division direction of the return
light 208-1 that has been used for the acquired images is also
obtained and stored in the memory portion 640 via the
control portion 630. The control portion 630 stores the
image acquisition modes described above in the memory
portion 640 as well in association with the image data.
[0147] In the case where a confocal AO-SLO image and a
nonconfocal AO-SLO image are picked up simultaneously,
the image data and other pieces of relevant information are
similarly stored for the confocal AO-SLO image in Step
S1010.

[0148] <Step S1020>

[0149] In Step S1020, the information acquiring portion
620 selects a reference frame out of frames that make up a
nonconfocal AO-SLO image stored in the memory portion
640.

[0150] One nonconfocal AO-SLO image is made up of a
plurality of frames that are picked up images of the same
place. However, the image acquisition position shifts due to
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slight movement of the fixed line of sight of the eye to be
inspected, thereby causing distortions in the frames. Out of
such frames, the user selects as the reference frame a frame
that has little distortion and fine image acquisition condi-
tions.

[0151] While the case where the user selects the reference
frame is described here, the reference frame may be selected
by way of software. For example, a mean value or dispersion
of luminance may be calculated to select frame that is high
in mean value or dispersion. Another possible way is to
select a frame having a definite ring structure, which indi-
cates the presence of photoreceptor cells, by performing
frequency analysis.

[0152] In the case where a confocal AO-SLO image and a
nonconfocal AO-SLO image are picked up simultaneously,
the reference frame can be the confocal AO-SLO image.
[0153] The reference frame selected for each AO-SLO
image in this manner is stored in the memory portion 640 via
the control portion 630.

[0154] <Step S1030>

[0155] In Step S1030, the alignment portion 651 performs
alignment to position a plurality of nonconfocal AO-SLO
images acquired by the SLO apparatus and stored in the
memory portion 640 in relation to one another. The align-
ment uses the reference frame selected for each nonconfocal
AO-SLO image. In the alignment, the alignment portion 651
also calculates the amount of movement of each site at
which an AO-SLO image has actually been acquired, with
respect to the WF-SLO image. The calculated movement
amount is stored in the memory portion 640 via the control
portion 630.

[0156] In the case where the reference frame selected in
Step S1020 is the confocal AO-SLO image, the alignment of
nonconfocal AO-SLO images may be executed by reflecting
the result of alignment with the use of the confocal AO-SL.O
image on the nonconfocal AO-SLO images. After the align-
ment is finished, the plurality of nonconfocal images are laid
on top of one another to generate a superimposed image.
[0157] The thus acquired superimposed image of noncon-
focal AO-SLO images is stored in the memory portion 640
via the control portion 630. The superimposed image is
displayed on the monitor or the like via the output portion
660, and then the procedure returns to Step S1030.

[0158] <Step S1040>

[0159] In Step S1040, the input information acquiring
portion 620 obtains the position of the center of the macula
in the superimposed image generated in Step S1030. The
detected macula center position is stored in the memory
portion 640 via the control portion 630.

[0160] <Step S1050>

[0161] In Step S1050, the distance calculating portion 652
calculates the movement amount calculated in Step S1030,
i.e., the amount of movement of each nonconfocal AO-SLO
image, which is an actual image acquisition site, with
respect to the WF-SLO image. The distance calculating
portion 652 also calculates, for each nonconfocal AO-SLO
image, the distance from the macula position obtained in
Step S1040 to the nonconfocal image.

[0162] Specifically, the distance calculating portion 652
obtains, for each nonconfocal AO-SLO image, which is an
actual image acquisition site, center coordinates in the
nonconfocal image with the macula set as the origin of the
coordinate system, the top side of the superimposed image
as the Y-axis direction, and the right side of the superim-
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posed image as the X-axis direction. The thus obtained
coordinates in each nonconfocal AO-SLO image are referred
to as macula coordinates. This is expressed as Di-M when
the movement amount of an image i which is the movement
amount obtained for each nonconfocal AO-SLO image in
Step S1030 is given as a vector Di, and the macula position
obtained in Step S1040 is given as a vector M from the
center of the WF-SLO image. When the center coordinates
in the nonconfocal AO-SLO image i are given as (Xi, Yi), a
distance Ri from the macula thereof can be obtained as
follows.

R=/XZ4T?

[0163] The obtained macula coordinates and distance
from the macula in each nonconfocal AO-SLO image are
stored in the memory portion 640 via the control portion
630.

[0164] <Step S1060>

[0165] In Step S1060, the eye cell analyzing portion 653
performs photoreceptor cell analysis on the nonconfocal
AO-SLO images acquired in Step S1010 which are actual
image acquisition sites. As described later, the eye cell
analyzing portion 653 analyzes stored image data that has
been generated from outputs of the detectors and scanning
signals of the scanner, based on the image data and a light
flux division direction that is associated with the image data,
the light flux division direction being a direction in which a
light flux has been divided by the light flux dividing unit to
acquire the image data.

[0166] FIG. 11 is a flow chart for illustrating details of the
photoreceptor cell analysis. In this embodiment, the degree
of similarity between a prepared photoreceptor cell model
image and an acquired AO-SLO image or the like is
obtained, and photoreceptor cells in the acquired image are
detected by using the degree of similarity. Nonconfocal
AO-SLO images have directionality in terms of image
characteristics such as sharpness. This embodiment takes the
directionality of a nonconfocal AO-SLO image into consid-
eration, and uses a model image that has a contrast gradient
component of which the directionality matches the direc-
tionality of the nonconfocal AO-SLO image. In other words,
image data is analyzed based on the directionality of image
characteristics which corresponds to the division direction of
nonconfocal light. More specifically, in the case where
return light is divided so that the division direction of
nonconfocal light is left to right (the light shielding region
713 stretches in the top-to-bottom direction), and the image
to be analyzed is generated based on light that is on the right
side as a result of the division, for example, the image when
displayed looks sharp on the left side if the image is of a site
that runs in the top-to-bottom direction in the image acqui-
sition region. It is therefore preferred to use image charac-
teristic on the left side of the image preferentially when light
created by the division is one on the right side.

[0167] The procedure of the analysis is described in detail
below.

[0168] <Step S1110>

[0169] In Step S1110, the eye cell analyzing portion 653

executes pre-processing of photoreceptor cell analysis based
on the reference frame obtained in Step S1020. An image
acquired in this embodiment is not always a nonconfocal
image picked up in the first image acquisition mode, and is
a confocal image picked up in the second image acquisition
mode in some cases. The second image acquisition mode
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uses light that is at the central portion of the return light,
whereas the first image acquisition mode uses light that is
outside the central portion. It is therefore necessary to
determine the type of an image to be actually processed, in
other words, which of a nonconfocal image and a confocal
image is to be processed. The determination can be made by
selecting a detector from which a signal to be used is
obtained, in the case where the image has actually been
acquired. In the case where image data stored in the memory
portion in advance is referred to, each piece of image data
is associated with information of a detector from which a
signal used to form the image data has been output.

[0170] In the case where the image to be processed is a
nonconfocal image and the reference frame selected in Step
S1020 is a confocal AO-SLO image, pre-processing is
executed by using as the reference frame a frame of a
nonconfocal AO-SLO image that has been picked up at the
same time as the confocal AO-SLO image. The premise of
the following description of processing steps is that the
image to be processed is a nonconfocal image. A description
on processing steps that are executed when the image to be
processed is a confocal image picked up in the second image
acquisition mode is omitted because confocal images can be
processed by a known method of image feature point
extraction. It is preferred in the case of confocal images to
acquire an image that has no directionality. It is therefore
preferred to use feature points having no directionality in
image data when feature points are extracted from confocal
images.

[0171] The pre-processing can be executed by a plurality
of methods. Here, noise removal by frequency analysis is
described. Specifically, frequency conversion is performed
on the reference frame and, after a filter configured to
remove high frequency is applied, inverse transform is
performed. A cutoff value at which high frequency is
removed as noise is based here on a known fact that the size
of a photoreceptor cell is about 2 pm near a macula, where
the photoreceptor cell size is minimum (the density of
photoreceptor cells is highest). Vibrations having a shorter
cycle than 2 pum are therefore removed. It is also a known
fact that the photoreceptor cell density drops as the distance
from a macula increases, and the cutoft frequency is accord-
ingly varied based on the distance calculated in Step S1050.
For example, the cutoff frequency is suited to the distance
from a macula by setting the cutoff frequency to 2 pum in the
central portion of a macula, increasing the cutoff frequency
by 1 um for every increment of 0.5 mm in distance from the
macula in a range between the center of the macula and 1.0
mm from the center of the macula, and setting the cutoff
frequency to 4 um (fixed) at a point that is away from the
macula by 1.0 mm or more.

[0172] Another method of noise removal is to superim-
pose a plurality of frames acquired as nonconfocal AO-SLO
images. Specifically, registration processing through affine
transform or the like is performed on a plurality of frames of
each nonconfocal AO-SLO image, and then mean value
processing is executed for a region that corresponds to the
reference frame. The precision of this method is dependent
on the precision of the registration processing. After the
registration processing is executed, the above-mentioned
processing of removing high frequency components by
frequency conversion is executed. Noise removal may use
other common processing methods, and is not limited to
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what has been described. An image acquired in this manner
is referred to as “pre-processed image”.

[0173] <Step S1120>

[0174] As described above, a nonconfocal image that is
usually generated from two received-light signals that are
created by dividing a light flux generally has characteristics
in the direction in which the light flux has been divided, in
other words, has directionality of image characteristics. A
model image to be used for similarity degree calculation
therefore preferably has a contrast gradient component in a
direction that substantially matches the light flux division
direction in the nonconfocal image, in order to analyze the
image effectively by utilizing the directionality of image
characteristics. The model image and a filter, which is
described later, are stored in the memory portion 640, which
is a storing unit. The model image for similarity degree
calculation can be formulated by a plurality of methods. In
this embodiment, the eye cell analyzing portion 653 uses in
Step S1120 a model image that uses the first derivation of a
Gaussian function, as a model image for similarity degree
calculation that has a contrast gradient component in the
same direction as a light flux division direction stored in the
memory portion 640 for photoreceptor cell analysis.

[0175] When the top side of a model image is set as a
T-axis direction, the right side of the model image is set as
an S-axis direction, and coordinates in the model image are
given as (s, t), the first derivation of a Gaussian function can
be obtained as follows.

[0176] In this expression, a spread 60 of the Gaussian
function and the size of the model image correspond to the
size of a photoreceptor cell, and the photoreceptor cell size
is known to increase as the distance from a macula grows.
The value of 0, namely, the relative size of the model image
is therefore determined automatically based on the distance
obtained in Step S1050. Specifically, an approximate expres-
sion of a relationship between the photoreceptor cell diam-
eter and the distance from a macula is calculated, and the
distance obtained in Step S1050 is used to calculate the
photoreceptor cell diameter. The value of a is calculated by
regarding the photoreceptor cell diameter as a value equal to
the spread 60 of the Gaussian function, and the size of the
model image is determined automatically as that of a square
having the length of the calculated photoreceptor cell diam-
eter on a side. In other words, the size of the model image
relative to a photoreceptor cell size of image data actually
stored is calculated based on the calculated distance. The
model image and the like are determined based on the
division direction of the outer light flux described above.

[0177] The photoreceptor cell size, which is calculated
here automatically based on the distance from a macula, may
instead be determined by a method in which the user
manually inputs distance information or a method in which
the user manually inputs the photoreceptor cell size. Alter-
natively, the pre-processed image may be used to determine
the photoreceptor cell size automatically from the pre-
processed image. For example, the photoreceptor cell size
may be determined by performing frequency conversion on
the pre-processed image and using a frequency component.
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[0178] The above-mentioned expression is an expression
for generating a model image when the light flux division
direction of the photo-receiving unit in the SLO apparatus is
the main scanning direction. Needless to say, when the light
flux division direction in a nonconfocal image that is stored
in the memory portion 640 is not the main scanning direc-
tion, the model image needs to be rotated in a corresponding
direction. While model image formulation by the first deri-
vation of a Gaussian function has been described here, a
filter having a contrast gradient component in the same
direction as the light flux division direction in a nonconfocal
image may be created and applied. For example, a common
edge extraction filter such as a Sobel filter, which is a typical
filter used to extract a contrast gradient component, may be
used. The present invention is not limited to the methods
described above, and any method can be employed as long
as the method involves processing in which the division
direction is associated with the direction of edge extraction.
While this embodiment focuses on the contrast gradient
component as the characteristics of a model image to be
used, it is sufficient if some gradient component of the model
image such as contrast, luminance, or sharpness, or a com-
bination of the gradient components, has particular direc-
tionality.

[0179] <Step S1130>

[0180] In Step S1130, the eye cell analyzing portion 653
calculates the degree of similarity between the pre-processed
image acquired in Step S1110 and the model image formu-
lated in Step S1120. The degree of similarity can be calcu-
lated by a plurality of methods. Here, similarity degree
calculation by normalized cross-correlation is described. A
pre-processed image luminance at coordinates (X, y) in the
pre-processed image and a model image luminance at the
coordinates (X, y) in the model image are given as I(x, y) and
M(x, y), respectively, and the mean luminance of the former
and latter are expressed as follows.

M
[0181] Then, a normalized cross-correlation image C (x,
y) can be obtained as follows.
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[0182] The thus acquired image that indicates the degree
of similarity to the model image is referred to as “model
similarity degree image”. In the case where a filter is created
in Step S1120, filter processing is performed on the pre-
processed image, which has been acquired in Step S1110,
and the acquired image is used in the subsequent steps.
[0183] <Step S1140>

[0184] In Step S1140, the eye cell analyzing portion 653
conducts photoreceptor cell detection in the model similarity
degree image acquired in Step S1130.

[0185] The eye cell analyzing portion 653 first detects a
local maximum value of the luminance of the model simi-
larity degree image. In the case where the distance between
points detected as the local maximum value is smaller than
a size that a photoreceptor cell is theoretically known to
have, the eye cell analyzing portion 653 determines that this
is due to the influence of noise, and executes processing of

Nov. 3, 2016

integrating the detection points. The photoreceptor cell size
used here is calculated, as in Step S1110, based on the
distance calculated in Step S1050 which is the distance of a
nonconfocal AO-SLO image (actual image acquisition site)
that is an image analysis target from a macula. This way,
detection of higher precision is accomplished.

[0186] The photoreceptor cell detection given here is an
example. The method of detection is not limited to the one
described above, and there are various possible methods that
can be used. The various methods include, for example, one
in which only pixels having a luminance value higher than
a threshold are selected and the barycenter of a region where
the selected pixels are linked is obtained. Another method of
detection involves calculating the feature amount of a small
region and using the technique of pattern recognition. Spe-
cifically, a Gabor feature amount is calculated for a small
region that is 11 pixels by 11 pixels, for example. Gabor
feature vectors obtained from a plurality of small regions
each of which contains a detection point regarded as a
photoreceptor cell at the center and a plurality of small
regions each of which does not contain the detection point
are fed to a support vector machine for learning. A Gabor
feature amount is calculated for a small region that is a new
target of pattern recognition, and the result of the leaning is
used to determine whether or not the center of the new small
region is a photoreceptor cell.

[0187] The detection by software described above may be
used in combination with manual modification by the user,
or the user may conduct detection manually from the begin-
ning. The input information acquiring portion 620 in this
case obtains the position of a detection point that has been
detected in Step S1140 and then modified by the user.

[0188] <Step S1150>

[0189] In Step S1150, the eye cell analyzing portion 653
performs Voronoi analysis on the detection point detected in
Step S1140.

[0190] Specifically, for every detection point detected in
Step S1140, a Voronoi region belonging to the detection
point is calculated by dividing a region in the image along
a perpendicular bisector of detection points that are in the
vicinity of each other.

[0191] <Step S1160>

[0192] In Step S1160, the eye cell analyzing portion 653
selects a region for which reference values for the results of
analysis of Step S1140 and Step S1150 are to be calculated.
The reference values here mean ones that are used to
determine whether an eye being inspected has an anomaly
when the eye being inspected is compared to a normal eye
as described above.

[0193] To select the region, an area of a certain size may
be selected out of the pre-processed image, or a selection
region may be set for each detection point. For example, for
each detection point, a circle having a diameter of 20 pm and
centered about the detection point may be set and the inside
of' the circle may be considered as a region corresponding to
the detection point. The measure of selection is not limited
to detection points, and a region may be set for every given
number of pixels that leave a suitable gap between one
region and another. For example, pixels are selected at
ten-pixel intervals across and down and, also in this case, a
circle having a diameter of 20 pm can be set for each
selected pixel in order to use a region inside of the circle as
a selected region.
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[0194] The distance of the selected region from a macula
is calculated. The position of each AO-SLO image, which is
an actual image acquisition site, from the macula has already
been calculated in Step S1050. The distance of the center of
the selected region from the macula is calculated based on
the position of the selected region in the AO-SLO image.
[0195] <Step S1170>

[0196] In Step S1170, the eye cell analyzing portion 653
calculates the reference values for the region selected in Step
S1160, based on the results obtained in Step S1140 and Step
S1150.

[0197] Examples of the reference values include the num-
ber of detection points obtained in Step S1140, a density that
is calculated by dividing the number of detection points by
the area, the distance to the closest detection point obtained
in Step S1150, and the proportion of Voronoi regions that are
hexagonal to all Voronoi regions.

[0198] The results of the photoreceptor cell analysis and
the obtained reference values are stored in the memory
portion 640 via the control portion 630, and then the
processing returns to Step S1060.

[0199] <Step S1070>

[0200] In Step S1070, the input information acquiring
portion 620 acquires the user’s decision about whether or
not to modify the analysis results presented in Step S1060.
The modification by the user is made to the alignment of
AO-SLO images executed in Step S1030 and the macula
detection conducted in Step S1040.

[0201] Specifically, when determining that the alignment
of an AO-SLO image in Step S1030 has been done incor-
rectly, the user can change the position of the AO-SLO
image. The user can also change the macula position deter-
mined in Step S1040.

[0202] In the case where the user decides not to make
modifications, the procedure proceeds to Step S1080. In the
case where the user has made modifications, the procedure
returns to Step S1050 to calculate the distance again based
on the modified macula position and the modified AO-SLO
image positions, and the subsequent processing steps are
executed.

[0203] <Step S1080>

[0204] In Step S1080, the control portion 630 stores, in a
database, the calculated reference values, the comparison
result, and other processing results stored in the memory
portion 640.

[0205] As has been described above, a nonconfocal image
generated from received-light signals that result from divid-
ing a light flux has directionality of image characteristics.
According to the present invention, photoreceptor cells can
be detected with a higher precision by using a model image
for similarity degree calculation that has a contrast gradient
component in a direction substantially matching the direc-
tion of the light flux division in an analysis of the noncon-
focal image having the directionality. In addition, when
reference values are calculated through an analysis of a
plurality of nonconfocal AO-SLO images acquired with the
SLO apparatus, the positional relationship with a macula
that is not included in the same AO-SLO image can be taken
into account in the analysis.

Other Embodiments

[0206] The embodiment described above deals with a
detection method in photoreceptor cell analysis. Also in the
detection of a blood vessel or a tumor, an edge portion of the

Nov. 3, 2016

object to be detected itself or of a structure or the like can
be detected by performing calculation in which the light flux
division direction in a nonconfocal image is associated with
the direction of a contrast gradient component of a filter or
a model image for similarity degree calculation.

[0207] Further, the present invention is not limited to the
above-mentioned embodiment, and can be embodied with
various changes and modifications without departing from
the spirit of the present invention. For instance, although the
object to be inspected is an eye in the above-mentioned
embodiment, the present invention can be applied to an
object to be measured other than an eye, such as skin or an
organ. In this case, the present invention includes an aspect
as medical devices, such as an endoscope, other than oph-
thalmic apparatus. Thus, it is desired that the present inven-
tion be grasped as an inspection apparatus exemplified as an
ophthalmic apparatus or a method of operating an inspection
apparatus, and an eye to be inspected be grasped as one
aspect of an object to be inspected.

[0208] Embodiment(s) of the present invention can also be
realized by a computer of a system or apparatus that reads
out and executes computer executable instructions (e.g., one
or more programs) recorded on a storage medium (which
may also be referred to more fully as a ‘non-transitory
computer-readable storage medium’) to perform the func-
tions of one or more of the above-described embodiment(s)
and/or that includes one or more circuits (e.g., application
specific integrated circuit (ASIC)) for performing the func-
tions of one or more of the above-described embodiment(s),
and by a method performed by the computer of the system
or apparatus by, for example, reading out and executing the
computer executable instructions from the storage medium
to perform the functions of one or more of the above-
described embodiment(s) and/or controlling the one or more
circuits to perform the functions of one or more of the
above-described embodiment(s). The computer may com-
prise one or more processors (e.g., central processing unit
(CPU), micro processing unit (MPU)) and may include a
network of separate computers or separate processors to read
out and execute the computer executable instructions. The
computer executable instructions may be provided to the
computer, for example, from a network or the storage
medium. The storage medium may include, for example, one
or more of a hard disk, a random-access memory (RAM), a
read only memory (ROM), a storage of distributed comput-
ing systems, an optical disk (such as a compact disc (CD),
digital versatile disc (DVD), or Blu-ray Disc (BD)™), a
flash memory device, a memory card, and the like.

[0209] While the present invention has been described
with reference to exemplary embodiments, it is to be under-
stood 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 encom-
pass all such modifications and equivalent structures and
functions.

[0210] This application claims the benefit of Japanese
Patent Application No. 2015-094244, filed May 1, 2015, and
Japanese Patent Application No. 2016-033071, filed Feb. 24,
2016, which are hereby incorporated by reference herein in
their entirety.
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What is claimed is:

1. An inspection apparatus, comprising:

a measurement optics system configured to scan an object
to be inspected with measuring light from a light
source;

a dividing unit, which is arranged at a position conjugate
with the object to be inspected, and is configured to
divide return light, being the measuring light returning
from the object to be inspected, into a plurality of light
beams;

a photo-receiving unit configured to receive the plurality
of light beams obtained by the division;

a recording unit configured to record image data of the
object to be inspected, which is based on a plurality of
intensity signals output by the photo-receiving unit, and
a division direction in which the return light is divided,
the image date being associated with the division
direction; and

an analysis unit configured to analyze the image data
based on the associated division direction.

2. An inspection apparatus according to claim 1,

wherein the recording unit is configured to record a model
image for use in the analysis of the image data, and

wherein the analysis unit is configured to analyze the
image data by using the model image that is determined
based on the division direction of the return light.

3. An inspection apparatus according to claim 1,

wherein the recording unit is configured to record at least
one of a model image or a filter that comprises a
contrast gradient component having at least direction-
ality for the analysis of the image data, and

wherein the analysis unit is configured to analyze the
image data by using at least one of the model image or
the filter that comprises the contrast gradient compo-
nent having directionality that matches the division
direction recorded in association with the image data.

4. An inspection apparatus according to claim 1, wherein
the dividing unit is variable in the division direction of the
return light.

5. An inspection apparatus according to claim 1,

wherein the dividing unit comprises a first light flux
dividing unit configured to take out light at a central
portion of the return light, and a second light flux
dividing unit configured to divide light in a portion of
the return light that is outside the central portion into a
plurality of light beams, and

wherein the image data is generated in a first image
acquisition mode, which uses the intensity signals
output by the photo-receiving unit that indicate the
intensity of the plurality of light beams created by
dividing the light of the outside portion, and a second
image acquisition mode, which uses the intensity signal
output by the photo-receiving unit that indicates the
intensity of the light of the central portion.

6. An inspection apparatus according to claim 5, wherein
the recording unit is configured to record the first image
acquisition mode, the second image acquisition mode, and
the image data, the first image acquisition mode and the
second image acquisition mode being associated with the
image data.

7. An inspection apparatus according to claim 5, further
comprising a determining unit configured to determine
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which of the first image acquisition mode and the second
image acquisition mode has been used to acquire the image
data to be analyzed,

wherein the analysis unit is configured to, when it is
determined by the determining unit that the second
image acquisition mode has been used to acquire the
image data, perform an analysis in which feature points
without directionality are extracted from the image
data.

8. An inspection apparatus according to claim 1,

wherein the object to be inspected comprises an eye to be
inspected,

wherein the recording unit is configured to record the
image data and information about a distance between
an image acquisition site of a fundus of the eye to be
inspected and a macula portion, the image data being
associated with the information, and

wherein the analysis unit is configured to analyze the
image data by using the associated information about
the distance.

9. An inspection apparatus according to claim 1, wherein
the analysis unit is configured to analyze the image data
based on directionality of image characteristics that corre-
sponds to the division direction.

10. An image processing apparatus, comprising:

a unit configured to generate a nonconfocal image of an
object to be inspected, based on a plurality of light
beams obtained by dividing return light from the object
to be inspected; and

an analysis unit configured to analyze the nonconfocal
image by using a division direction in which the return
light is divided.

11. An image processing apparatus according to claim 10,
wherein the analysis unit is configured to analyze the
nonconfocal image by using at least one of a model image
or a filter that comprises a gradient component that matches
the division direction.

12. A method of operating an inspection apparatus, com-
prising:

dividing, at a position conjugate with an object to be
inspected, return light, being measuring light that has
been scanned on the object to be inspected and returns
from the object to be inspected, into a plurality of light
beams;

receiving, by a photo-receiving unit, the plurality of light
beams obtained by the division;

recording image data of the object to be inspected, which
is based on a plurality of intensity signals output by the
photo-receiving unit, and a division direction in which
the return light is divided, the image data being asso-
ciated with the division direction; and

analyzing the image data based on the associated division
direction.

13. Amethod of operating an inspection apparatus accord-

ing to claim 12,

wherein the recording comprises recording a model image
for use in the analysis of the image data, and

wherein the analyzing comprises analyzing the image data
by using the model image that is determined based on
the division direction of the return light.

14. A method of operating an inspection apparatus accord-

ing to claim 12,

wherein the recording comprises recording at least one of

a model image or a filter that comprises a contrast
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gradient component having at least directionality for
the analysis of the image data, and

wherein the analyzing comprises analyzing the image data
by using at least one of the model image or the filter that
comprises the contrast gradient component having
directionality that matches the division direction
recorded in association with the image data.

15. A method of operating an inspection apparatus accord-

ing to claim 12,

wherein the object to be inspected comprises an eye to be
inspected,

wherein the recording comprises recording the image data
and information about a distance between an image
acquisition site of a fundus of the eye to be inspected
and a macula portion, the image data being associated
with the information, and

wherein the analyzing comprises analyzing the image data
by using the associated information about the distance.

16. A method of operating an inspection apparatus accord-

ing to claim 12, wherein the analyzing comprises analyzing
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the image data based on directionality of image character-
istics that corresponds to the division direction.

17. An image processing method, comprising:

generating a nonconfocal image of an object to be

inspected, based on a plurality of light beams obtained
by dividing return light from the object to be inspected;
and

analyzing image data of the nonconfocal image by using

a division direction in which the return light is divided.

18. An image processing method according to claim 17,
wherein the analyzing comprises analyzing the nonconfocal
image by using at least one of a model image or a filter that
comprises a gradient component that matches the division
direction.

19. A storage medium having recorded thereon a program
for causing a computer to execute the steps of the method of
operating an inspection apparatus of claim 12.

20. A storage medium having recorded thereon a program
for causing a computer to execute the steps of the image
processing method of claim 17.
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