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DESCRIPTION

TITLE OF INVENTION
IMAGE PROCESSING APPARATUS, CONTROL METHOD THEREOF, AND

COMPUTER PROGRAM

TECHNICAL FIELD

[0001] The present invention relates to an image
processing apparatus, control method thereof, and
computer program.

BACKGROUND ART

[0002] Ophthalmic examinations are commonly made
for the early diagnosis of various diseases that come
before lifestyle-related diseases and causes of
blindness. Since a medical examination or the like is
required to find a disease in a whole eye portion, an
examination using an image over a broad range of the
eye portion (to be referred to as a fundus image
hereinafter) is indispensable. The fundus image is
captured using a fundus camera or SLO (Scanning Laser
Opthalmoscope). On the other hand, a tomography
apparatus for an eye portion such as an OCT (Optical
Coherence Tomography) is expected to effectively give
more adequate diagnoses of diseases since it allows to
three-dimensionally observe the state of the interior
of retina layers.

[0003] Fig. 5A is a pattern diagram of a macula
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tomogram of a retina captured by the OCT. A tomogram
of an eye portion by the OCT is three-dimensionally
obtained. In Fig. 5A, reference symbols T; to T, denote
two-dimensional (2D) cross—-sectional images (B-scan
images) of a macula portion. Then, reference numeral 1
denotes an inner limiting membrane; 2, a boundary
between a nerve fiber layer and its underlying layer
(to be referred to as a nerve fiber layer boundary 2
hereinafter); and 2', a nerve fiber layer. Reference
numeral 3 denotes a boundary between an inner plexiform
layer and its underlying layer (to be referred to as an
inner plexiform layer boundary 3 hereinafter); and 4, a
boundary between an outer plexiform layer and its
underlying layer (to be referred to as an outer
plexiform layer boundary 4 hereinafter). Reference
numeral 5 denotes a junction between inner and outer
photoreceptor segments; and 6, a retinal pigment
epithelium boundary. For example, when such tomogram
is input, if the thickness of the nerve fiber layer 2'
(T, in Fig. 5A) can be measured, a degree of progress
of a disease such as glaucoma and a recovery level
after a medical treatment can be gquantitatively
diagnosed. In order to quantitatively measure the
thicknesses of these layers, a technique for detecting
the boundaries of respective layers of a retina from a
tomogram using a computer and measuring the thicknesses

of the respective layers is disclosed (see Japanese
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Patent Laid-Open No. 2008-073099).

[0004] On the other hand, in an OCT tomogram, when
measurement light is strongly reflected or absorbed by
an object, an artifact caused by attenuation or
omission of signals is often generated behind the
object. Note that the object includes a blood vessel
(blood) and exudate. By contrast, a technique which
extracts a blood vessel region from a surface image of
an eye fundus, back-projects the blood vessel region
onto the OCT tomogram, and interpolates layer
boundaries in the vicinity of the back;projection
region, so as to estimate the layer boundaries in an
artifact region caused by the blood vessel has been
proposed (see Japanese Patent Laid-Open No. 2007~
325831).

[0005] On the other hand, it is demanded for an
examination using the OCT to detect a plurality of
types of ophthalmic diseases such as glaucoma and age-
related macular degeneration. Then, since layers of
interest in the tomogram are different according to the
presence/absence of a disease and the types of diseases,
it is demanded to detect layers according to the state

of a retina.

SUMMARY OF INVENTION
[0006] With the methods described in Japanese

Patent Laid-Open Nos. 2008-073099 and 2007-325831, in
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order to cope with detection of a plurality of types of
diseases, an operator has to estimate a disease in
advance, and has to perform a measurement in an
analysis mode suited to that disease. When a proper
processing result cannot be obtained, the operator has
to perform a re-measurement by changing the analysis
mode to that suited to another disease and changing
image processing parameters, resulting in troublesome
processing. For this reason, large quantities of data
are to be analyzed, a tremendous load is imposed on the
user. Furthermore, the method described in Japanese
Patent Laid-Open No. 2008-073099 above does not
disclose any method of calculating a layer boundary of
a region where an artifact is generated.

[0007] The method described in Japanese Patent
Laid-Open No. 2007-325831 above handles all regions
which are back-projected onto the OCT tomogram as
artifact regions (blood vessel immediately beneath
regions), and interpolates layer boundaries to estimate
them without detecting any tomogram in those regions.
For this reason, when no signal attenuation occurs on
each back—projection region on the tomogram, the layer
boundary result becomes inaccurate. Also, the above
method copes with only signal attenuation due to a
blood vessel, but it does not cope with any signal
attenuation due to morbid portions such as an exudate

and bleeding.
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[0008] Hence, the present invention selects types
of layers to be detected according to the state of a
retina of an eye to be examined, and detects layers
based on anatomical features of retina layers, thus
allowing high-precision detection of layer boundaries
as well as an attenuation region.

[0009] One aspect of embodiments of the present
invention relates to an image processing apparatus,
which analyzes retina layers of an eye to be examined,
comprising, feature extraction means for extracting a
feature amount, which represents an anatomical feature
in the eye to be examined, from a projection image
obtained from a tomogram of the retina layers and a
fundus image of the eye to be examined, determination
means for determining a type of the anatomical feature
based on the feature amount, layer structure detection
means for deciding layers to be detected from the
retina layers according to the determined type of the
anatomical feature, and detecting structures of the
decided layers in the tomogram, and layer structure
modifying means for modifying the structure of the
layer included in a region having the anatomical
feature of the structures of the layers detected by the
layer structure detection means.

[o010] Another aspect of embodiments of the
present invention relates to an image processing

apparatus, which analyzes retina layers of an eye to be
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examined, comprising, feature extraction means for
extracting a feature amount, which represents an
anatomical featuré in the eye to be examined, from a
projection image obtained from a tomogram of the retina
layers, layer structure detection means for detecting
structures of layers in the retina layers from the
tomogram, information extraction means for extracting
information of intensities and information of a shape
of a layer between predetermined layers based on the
structures of the layers detected by the layer
structure detection means, determination means for
determining a presence/absence and a type of a morbid
portion in the retina layers based on the feature
amount, the information of the intensities, and the
inforﬁation of the shape, and layer structure modifying
means for modifying the structures of the layers
detected by the layer structure detection means, in
accordance with the determination result of the
determination means, wherein when the determination
means determines that the morbid portion exists, the
layer structure modifying means modifies structures of
some of the layers detected by the layer structure
detection meéns.

[0011] Further features of the present invention
will become apparent from the following description of
exemplary embodiments (with reference to the attached

drawings) .
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BRIEF DESCRIPTION OF DRAWINGS
[0012] Fig. 1 is a block diagram showing an
example of the functional arrangement of an image
processing system according to an embodiment;
[0013] Fig. 2 is a block diagram showing the
functional arrangement of an image processing unit 200
according to the embodiment;
[0014] Fig. 3 is a flowchart showing the retina
layer structure analysis processing sequence according
to the embodiment;
[0015] Figs. 4A and 4B are flowcharts showing the
processes at the time of normal and abnormal states in
the layer structure analysis processing sequence;
[0016] Figs. 5A and 5B are schematic views showing
examples of a tomogram and projection image according
to the embodiment;
[0017] Fig. 6 is a view showing the relationship
between eigenvalues and eigenvectors required to
generate a layer strubture—emphasized image according
to the embodiment;
[0018] Figs. 7A to 7D are views for explaining
generation of a multiresolution layer structure-
emphasized image according to the embodiment;
[0019] Figs. 8A and 8B are views for explaining
features of a tomogram and those of the layer

structure-emphasized image according to the embodiment;
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[0020] Fig. 9 is a view for explaining a mask
region in a tomogram according to the embodiment;
[0021] Figs. 10A and 10B are views for explaining
features of the tomogram and the mask region according
to the embodiment;

[0022] Fig. 11 is a block diagram showing the
functional arrangement of an image processing apparatus
11 according to the second embodiment;

[0023] Fig. 12 is a flowchart showing the retina
layer structure analysis processing sequence according
to the second embodiment; and

[0024] Fig. 13 is a block diagram showing the
basic arrangement of an image processing apparatus

according to an embodiment.

DESCRIPTION OF EMBODIMENTS

[0025] The best mode for carrying out the present
invention will be described in detail hereinafter with
reference to the drawings. However, the scope of the
invention is not limited to illustrated examples.
[0026] According to one aspect of an embodiment of
the invention, an image processing apparatus 10
acquires a tomogram and fundus image of an eye to be
examined, and generates a projection image from the
tomogram so as to perform registration between the
tomogram and fundus image. Then, the apparatus 10

detects anatomical information required to determine
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the presence/absence and type of a disease from the
fundus image and projection image, determines layers to
be measured based on the detection result, and executes
analysis processing of pfedetermined layers. Note that
this embodiment will explain a tomogram in which a
macula portion appears. However, a portion to be
captured is not limited to a macula portion, but the
same processing may be applied to an optic papilla.
Furthermore, processing is applicable to an image in
which a macula portion and optic papilla appear at the
same time. Also, a case will be described wherein
analysis processing is applied to the entire three-
dimensional (3D) tomogram to be acquired. However, in
another arrangement, a two-dimensional (2D) tomogram of
interest (the 2D tomogram will be referred to as a
cross-sectional image hereinafter) may be selected from
the 3D tomogram, and processing may be applied to the
selected cross-sectional image. For example,
processing may be applied to a cross—-sectional image
including a.specific portion (for example, a central
fovea) of an eye fundus, which is determined in advance.
In this case, boundaries and normal structures of
layers to be detected, data in a normal state, and the
like are 2D data on that cross-section.

[0027] The image processing apparatus 10 shown in
Fig. 1 is connected to a tomography apparatus 20,

fundus image capturing apparatus 30, and data server 50
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via a local area network (LAN) 40 such as Ethernet® to
build up an image processing system. Note that the
image processing apparatus 10 may be connected to these
apparatuses via an interface such as an optical fiber,
USB, or IEEE1394. Also, thevimage processing apparatus
10 may be connected to these apparatuses via an
external network such as the Internet.

[0028] The tomography apparatus 20 obtains a
tomogram of an eye portion, and includes, for example,
a time domain OCT or Fourier domain OCT. The fundus
image capturing apparatus 30 captures a fundus image of
an eye portion, and includes, for example, a fundus
camera or SLO. The data server 50 holds tomograms,
image feature amounts, and the like of an eye to be
examined. The data server 50 stores tomograms of an
eye to be examined outpuf from the tomography apparatus
20, and analysis results output from the image
processing apparatus 10. Also, the data server 50
transmits previous data associated with an eye to be
examined to the image processing apparatus 10 in
response to a request from the image processing
apparatus 10.

[0029] Respective functional blocks which
configure the image processing apparatus 10 will be
described below. An image processing unit 200 performs
a disease determination of an eye fundus by detecting

feature amounts of morbid portions and blood vessels
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from a fundus image, and executes processing for
analyzing predetermined layers for a tomogram according
to the determination result. An ETBE (eye to be
examined) information acquisition unit 210 externally
acquires information used to identify an eye to be
examined. An image acquisition unit 220 includes a
tomogram acquisition unit 221 and fundus image
acquisition unit 222. The image acquisition unit 220
acquires a tomogram transmitted from the tomography
apparatus 20 and a fundus image transmitted from the
fundus image capturing apparatus 30. An instruction
acquisition unit 230 acquires a processing instruction
input by an operator. A storage unit 240 temporarily
holds the information associated with an eye to be
examined acquired by the ETBE information acquisition
unit 210 and the tomogram and fundus image of the eye
to be examined acquired by the image acquisition unit
220. A display unit 270 displays the tomogram acquired
by the image acquisition unit 220 and the processing
result of the tomogram by the image processing unit 200
on a monitor. A result output unit 280 associates an
examination date and time, information used to identify
the eye to be examined, the tomogram of the eye to be
examined, and the analysis result obtained by the image
processing unit 200 with each other as information to
be stored, and transmits that information to the data

server 50.
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[0030] Respective functional blocks which
configure the image processing unit 200 will be
described below with reference to Fig. 2. A projection
image generation unit 251 generates a projection image
by integrating a tomogram in the depth direction, so as
to perform registration between a fundus image and the
tomogram. A region specifying unit 252 specifies
regions of morbid portions and blood vessels in the
tomogram based on an extraction result of a feature
extraction unit 257. A layer structure emphasizing
unit 253 emphasizes layer structures of a retina from
the tomogram based on an anatomical feature indicating
that the retina includes the layer structures. A layer
structure detection unit 254 detects predetermined
layers from the tomogram so as to quantify the
thicknesses, volumes, and the like of retina layers. A
layer structure modifying unit 255 modifies the
detection results of the layers detected by the layer
structure detection unit 254 at, for example, a
position where a signal intensity attenuation occurs in
a region of the tomogram. A quantifying unit 256
calculates layer thicknesses, areas, and volumes based
on the results of the layer structure detection unit
254. The feature extraction unit 257 detects blood
vessels and morbid portions from the projection image
generated by the projection image generation unit 251

and the fundus image captured by the fundus image
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capturing apparatus 30. The morbid portions include an
exudate, druse, and bleeding. A registration unit 258
performs registration between the projection image and
fundus image based on blood vessel features and feature
portions extracted by the feature extraction unit 257.
A first determination unit 259 determines types of
layers to be detected by the layer structure detection
unit 254 based on the features extracted by the feature
extraction unit 257. Note that the contents of the
detailed processes to be executed by the respective
functional blocks will be described in detail later.
[0031] The processing sequence of the image
processing apparatus 10 will be described below with
reference to the flowchart shown in Fig. 3. The
processing sequence acquires a tomogram and fundus
image of an eye to be examined, and generates a
projection image from the tomogram so as to perform
registration between the tomogram and fundus image.
Then, the processing sequence detects anatomical
information required to determine the presence/absence
and type of a disease from the fundus image and
projection image, determines layers to be measured
based on the determination result, and executes
analysis processing of predetermined layers.

[0032] In step S301, the ETBE information
acquisition unit 210 externally acquires an object

identification number as information used to identify
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an eye to be examined. The unit 210 acquires
information associated with the eye to be examined held
by the data server 50 based on the object
identification number. The information associated with
the eye to be examined includes, for example, the name,
age, gender, and right or left eye as an examination
target of a patient. Furthermore, when measurement
data of visual acuities, axial lengths, ocular
pressures, and the like are available as another
examination information, the unit 210 may acquire these
measurement data. Then, the unit 210 transmits the
acquired information to the storage unit 240.

[0033] In step S302, the tomogram acquisition unit
221 acquires a tomogram transmitted from the tomography
apparatus 20, and the fundus image acquisition unit 222
acquires a fundus image transmitted from the fundus
image capturing apparatus 30. These units 221 and 222
transmit the acquired information to the storage unit
240. The following description will be given under the
assumption that the tomogram and fundus image acquired
by the image acquisition unit 220 are those of the eye
to be examined identified by the ETBE information
acquisition unit 210. Also, assume that the tomogram
includes various parameters associated with tomography
as information, and the fundus image .includes various
parameters associated with its capturing as information.

[0034] In step S$303, the projection image
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generation unit 251 generates a projection image by
integrating respective cross-sectional images (for
example, B-scan images) in the depth direction, so as
to perform registration between the fundus image and
tomogram. The processing of the projection image
generation unit 251 will be described below with
reference to Figs. 5A and 5B. Figs. 5A and 5B show
examples of a tomogram and projection image. Fig. 5A
shows cross-sectional images T; to T,, and Fig. 5B
shows a projection image P generated based on the
cross-sectional images T; to Tn. The depth direction
agrees with a z-direction in Fig. 5A, and integrating
images in the depth direction is processing for summing
up light intensities (luminance values) at respective
depth positions in the z-direction of Fig. 5A. The
projection image P may be defined by values obtained by
simply adding intensities at respective dept positions
or average values obtained by dividing the sums by the
number of additions. To obtain the projection image P,
intensities of not all pixels need be added in the
depth direction, but intensities of pixels within only
an arbitrary range may be added. For example, the
entire retina layers may be detected in advance, and
intensities in only the retina layers may be added.
Furthermore, intensities in only arbitrary layers in
the retina layers may be added. The projection image

generation unit 251 generates the projection image P by
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executing the processing for integrating the n cross-
sectional images T; to T, captured by the tomography
apparatus 20 in the depth direction. The projection
image P in Fig. 5B expresses that a larger integrated
value represents a higher intensity and a smaller
integrated value represents a lower intensity. A curve
V in the projection image P in Fig. 5B represents a
blood vessel, and a circle M at the center of the image
represents a macula portion. The tomography apparatus
20 captures the cross-sectional images T; to T, of the
eye portion by receiving reflected light of light
emitted by a low-coherence light source using a light-
receiving element. At a location where the blood
vessel exists, reflected light intensities of light at
positions deeper than the blood vessel tend to become
weak, and a value obtained by integrating them in the
z-direction is smaller than that at a location where no
blood vessel exists. For this reason, by generating
the projection image P, an image having a contrast
between the blood vessel and other portions can be
obtained.

[0035] In step S304, the feature extraction unit
257 extracts feature amounts which represent blood
vessels and morbid portions from the projection image
generated by the projection image generation unit 251
and the fundus image captured by the fundus image

capturing apparatus 30. The morbid portions include an
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exudate,vdruse, and bleeding. In an OCT tomogram,
artifacts caused by attenuation or omissions of signals
are often generated behind absorbing substances such as
these blood vessels and morbid portions. For this
reason, the feature amounts which well express them are
extracted from the fundus image ana projection image,
and these regions are used as mask regions upon
deciding layer structures. Furthermore, these feature
amounts can also be used as features upon registration
between the fundus image and projection image in next
step S305. Since a blood vessel has a thin linear
structure, it is extracted using a filter that
emphasizes the linear structure. As the filter that
emphasizes the linear structure, a filter, which
calculates a difference between an average value of
image density values in a line segment assumed as a
structural element, and an average value in a local
region that surrounds the structural element, is used.
However, the present invention is not limited to this,
and a differential filter such as a Sobel filter may be
used. Alternatively, eigenvalues of a Hessian matrix
may be calculated for respective pixels of a density
value image, and a linear region may be extracted based
on combinations of two eigenvalues obtained as results.
Furthermore, tophat operations which simply have a line
segment as a structural element may be performed.

[0036] As image features, an exudate region as a



WO 2010/140476 PCT/JP2010/058490

morbid portion locally exists in the fundus image, and
has higher intensities than a surrounding region.
Hence, exudate extraction can be attained by focusing
attention on such image features. Various extraction
methods are available. For example, a method of
applying tophat operations to one of R, G, and B
components of the fundus image is available. The
tophat operations calculate density value differences
for respective pixels between an original image and
output image obtained by applying morphological
operations to a density image. In the image after
application of the tophat operations, since pixels
included in an exudate have signals higher than other
pixels, an exudate region can be extracted by applying
threshold processing to this image.

[0037] With the above processing, feature amounts
which well express the exudate region can be extracted.
A druse, bleeding, and the like can be similarly
extracted as anatomical feature amounts. As the
anatomical features obtained from the fundus image, the
druse has a white massive image feature. As image
features of a bleeding region, the bleeding region has
lower density values in respective R, G, and B
components than a non-bleeding region, and a heavy
bleeding region has considerably lower density values
than those of a blood vessel portion. In this way, the

morbid portions such as an exudate, druse, and bleeding
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can be extracted while focusing on pixel values of the
projection image.

[0038] The extraction method of the feature
amounts which express these blood vessels and morbid
portions is not limited to the aforementioned method.
Also, the method need not be limited to only one method,
and a plurality of methods may be combined. As for the
morbid portions, they need only be extracted from
either the projection image or fundus image, and morbid
positions in the tomogram can be specified by combining
both the extraction results.

[0039] Note that the feature extraction unit 257
may extract a macula portion, optic papilla, and the
like in addition to the blood vessels and morbid
portions. The registration unit 258 may use these
macula portion and optic papilla position as feature
amounts upon registration between the projection image
and fundus image, or they may be used as feature
amounts so as to reduce detection errors of morbid
portions. When effective feature amounts (blood
vessels and morbid portions) used in layer structure
detection cannot be extracted from the fundus image,
the process in step S306 is executed while skipping
that in next step S305.

[0040] In step S305, the registration unit 238
performs registration between the projection image. and

fundus image. When the fundus image is defined as a
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reference image, the registration between the
projection image and fundus image can be attained by
calculating a scale (Sy, Sy), position coordinates (x,
y), and rotation (rot) parameters of the projection
image. In order to register the positions of the
images, regions having anatomical features are
extracted. As one of representative anatomical
features, the present invention focuses attention on
blood vessels. Using the blood vessels respectively
extracted from the projection image and fundus image,
the images are registered. Upon performing the
registration, an evaluation value which represents a
similarity between two images is defined in advaﬁce,
and images are deformed to obtain the best evaluation
value. As the evaluation value, a value which
represents a degree of overlapping between the
projection image blood vessel regions and fundus imagé
blood vessel regions obtained by the above processing,
a distance between corresponding landmarks upon
focusing attention on regions having characteristic
geometric sﬁapes such as branch portions of blood
vessels, and the like can be used. In this embodiment,
a blood vessel is used as a region having an anatomical
feature. Alternatively, another anatomical feature
such as an optic papilla region, or an exudate or
bleeding region caused by a disease may be used.

Furthermore, in place of focusing attention on only
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' anatomical features such as blood vessels, an
evaluation value calculated from the entire images, for
example, a mean square error, correlation coefficient,
or mutual information content of intensities can be
used.

[0041] In step 8306, the fegion specifying unit
252 back-projects the blood vessels and morbid portions
extracted by the feature extraction unit 257 onto the
OCT tomogram. As a result, the blood vessels and
morbid portions obtained from the fundus image and
projection image can be set on the tomogram as mask
regions. The first determination unit 259 determines
in step S307 using the feature amounts extracted by the
feature extraction unit 257 whether or not a morbid
portion is detected and a type 6f the detected morbid
portion, and selects types of layers to be detected by
the layer structure detection unit 254. In order to
determine the presence/absence and type of a morbid
portion, an identifier such as a Support Vector Machine
or an identifier ensemble built based on, for example,
AdaBoost is used. For example, when an exudate region
is to be extracted, output results of various image
filters, which can emphasize a region in which density
values of R, G, and B components of the fundus image or
intensity contrasts in R, G, and B components are high,
are used as feature amounts. Then, whether or not each

pixel belongs to an exudate is determined using the
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identifier or its ensemble. Furthermore, all pixels,
which are determined to belong to an exudate, undergo
clustering to identify again whether or not each
cluster belongs to an exudate region. At this time, an
average or variance of intensities in each cluster or a
intensity contrast between regions inside and outside
each cluster is used as a feature amount.

[0042] When no morbid portion is detected as the
determination result of the first determination unit
259, the layer structure detection unit 254 detects the
inner limiting membrane 1, nerve fiber layer boundary 2,
inner plexiform layer boundary 3, outer plexiform layer
boundary 4, junction 5 between inner and outer
photoreceptor segments, and retinal pigment epithelium
boundary 6. When a morbid portion is detected, the
unit 254 detects the inner limiting membrane 1 and
retinal pigment epithelium boundary 6. Furthermore,
when a druse is detected as a morbid portion, since the
retina suffers age-related macular degeneration, the
retinal pigment epithelium boundary 6 has a concave-
convex shape. For this reason, a normal structure of
the retinal pigment epithelium boundary 6 is estimated
simultaneously with detection of the retinal pigment
epithelium boundary 6. If the first determination unit
259 determines that the state of an eye fundus is
normal, the process advances to step S$308; if it

determines that the state of the eye fundus is abnormal,
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the process advances to step S3009.

[0043] In step S308, analysis processing when the
state of the retina is normal is executed. The
processing in this step will be described later with
reference to the flowchart shown in Fig. 4A. 1In step
S309, analysis processing when the state of the retina
is abnormal is executed. The processing in this step
will be described later with reference to the flowchart
shown in Fig. 4B. 1In step S310, the instruction
acquisition unit 230 externally acquires an instruction
as to whether or not the result of the current
processing associated with the eye to be examined is
stored in the data server 50. This instruction is
input by an operator using a user interface (not shown).
If the operator instructs to store the result, the
process advances to step S311; otherwise, the process
jumps to step S312.

[0044] In step S311, the result output unit 280
associates a date and time of examination, the
information used to identify the eye to be examined,
the tomogram and fundus image of the eye to be examined,
and the analysis result obtained by the image
processing unit 200 with each other as information to
be stored, and transmits that information to the data
server 50. In step S312, the instruction acquisition
unit 230 éxternally acquires an instruction as to

whether or not the tomogram analysis processing by the
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image processing apparatus 10 is to end. This
instruction is input by an operator using a user
interface (not shown). If the unit 230 acquires an
instruction to end the processing, the image processing
apparatus 10 ends its processing. On the other hand,
if the unit 230 acquires an instruction to continue the
processing, the process returns to step S301 to execute
processing for the next eye to be examined (or re-
processing for the current eye to be examined). As
described above, the processing of the image processing
apparatus 10 is executed.

[0045] Details of the processing contents in step
5308 will be described below with reference to Fig. 4A.
In step S410, the layer structure emphasizing unit 253
emphasizes the layer structures of the retina from the
tomogram. In order to emphasize the layer structures
of the retina, a layer structure emphasizing filter
based on eigenvalues of a Hessian matrix is used. This
filter can emphasize a secondary local structure of a
3D density distribution based on the relationship among
three eigenvalues (A1, Az, A3) of the Hessian matrix.

The Hessian matrix is given by:

I I 1

xx xy xz
H=\I, I, I, 4
sz Izy Izz

The Hessian matrix is a square matrix made by the
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entire second partial derivatives of a multi-variable
function. I is a density value of an image. Fig. 6
shows the relationship between the eigenvalues of the
Hessian matrix and eigenvectors (ei, ez, e3). The
relationship among the eigenvalues of the Hessian
matrix is described by:

Az £ A £ A ... (2)
A‘conditional formula for the eigenvalues required to
emphasize the layer structure is described by:

Az << Ay = A1 =0 ...(3)

The layer structure of the retina can be
emphasized by calculating, from the three eigenvalues

calculated by these equations:

S, (f}= Iﬂg | oA A) oA Ay) A4 <0

otherwise

. (4)

where ® (As;At) is a weighting function, which is given

by:
( A
(1+—=)
|4, ] A, <A <0
A A
o(A;4)=1-a=>) |—’—|>/1S>O
A, 1 , ... (5)
0 otherwise
N
where y and o are weights.
[0046] Furthermore, in order to cope with retina

layers with various thicknesses, a multiresolution
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layer structure emphasizing filter can be used. For
this purpose, the eigenvalues of the Hessian matrix for
smoothed images by Gaussian functions G(x;o¢) of a
plurality of resolutions of need only be analyzed.
Note that x is (x, y, z). Figs. 7A and 7B show
Gaussian functions having different resolutions of, and
Figs. 7C and 7D show images of thicknesses of layers
emphasized by these functions. Fig. 7C shows the
thickness of the layer emphasized by the Gaussian
function shown in Fig. 7A, and Fig. 7D shows the
thickness of the layer emphasized by the Gaussian
function shown in Fig. 7B. The resolution in Fig. 7A
is o,, that in Fig. 7B is op, and the relation between
the two resolutions is as described by:

ca < Op ... (6)
[0047] An equation of a smoothed image by the

Gaussian function is described by:

2
Ixx:—ax—zG(x;O'f)*I(x) .
Equation (7) describes one component in the Hessian
matrix, and other components can be calculated in the
same manner as in equation (7). A plurality of
resolutions of are set in equation (7), and equations
(1) and (4) are solved at the respective resolutions,
thus emphasizing retina layers having thicknesses

corresponding to the respective resolutions. The
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results of the plurality of resolutions of are combined

by: _
‘ 2
Ssheet(x) = maXi {O-i Ssheet (X9 O-i )}

.. (8)
Then, one output can cope with retina layers having
various thicknesses. In equation (8), the reason why
c;° is multiplied is to attain normalization processing.
i ranges from 1 to n, and corresponds to the number n
of set resolutions.
[0048] This embodiment has explained the
processing for combining the plurality of resolutions
o¢f using equation (8). However, the resolutions need
not always be combined. For example, the results
processed at resolutions suited to the thicknesses of
respective layers may be respectively held, and may be
selectively used for respective layers. For example,
when the tomogram has an image size of 256*240%256, a
resolution required to calculate, for example, the
inner limiting membrane 1 is 3 or more, and a
resolution required to calculate, for example, the
inner plexiform layer 3 is 1 to 2. As for the inner
limiting membrane 1, an image emphasized using a low
resolution may be used. However, using an image
obtained by emphasizing the entire retina layers using
a high resolution, a probability of a detection error

of a cortex of a vitreum peeled from the retina can be
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reduced.

[0049] | In the above description, the layer
structures of the retina are emphasized based on the
eigenvalues of the Hessian matrix using equations (4)
and (5). However, the present invention is not limited
to equations (4) and (5) as long as the layer
structures are emphasized using the relationship among
the eigenvalues. Fig. 8A is a view for explaining
features of a tomogram. In Fig. 8A, reference numeral
1 denotes an inner limiting membrane; 2, a nerve fiber
layer boundary; 3, an inner plexiform layer boundary; 4,
an outer plexiform layer boundary; 5, a junction
between inner and outer photoreceptor segments; 6, a
retinal pigment epithelium boundary; 7, a blood vessel
Iregion; and 7', a region below a blood vessel. The
left view of Fig. 8A shows a cross-sectional image Ti,
and the right view shows a profile of an image along an
A-scan at the blood vessel existence position in the
left view. That is, the right view shows the
relationship between coordinates and intensities on a
line indicated by "A-scan". Fig. 8B shows an example
obtained by applying the layer structure emphasizing
filter to the tomogram shown in Fig. 8A. The left view
of Fig. 8B shows a layer structure-emphasized image of
the cross-sectional image Ti, and the right view shows
a profile of filter outputs along an A-scan at the

blood vessel existence position in the left view.
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Using the layer structure emphasizing filter, even when
signals are attenuated by the blood vessel, the layer
structure can be emphasized unless signal components
are lost. Furthermore, noise components other than the
layer structure can be reduced.

[0050] In step 5420, the layer structure detection
unit 254 detects the inner limiting membrane 1, nerve
fiber layer boundary 2, junction 5 between inner and
outer photoreceptor segments, and retinal pigment
epithelium boundary 6. The layer structure detection
unit 254 detects the respective layers using feature of
the layer structure-emphasized image generated by the
layer structure emphasizing unit 253 and gradient
features of an image obtained by applying smoothing
processing and gradiént detection processing to the
tomogram. As for the inner limiting membrane 1, a peak
of the layer structure emphasizing filter is searched
for in the depth direction of an eye fundus from the
vitreum side, and a first peak position equal to or
larger than a threshold is detected as an initial wvalue
of the inner limiting membrane 1 and nerve fiber layer
boundary 2. From that initial value, a gradient
feature is searched for toward the vitreum side, and a
gradient peak position is detected as the inner
limiting membrane 1. Likewise, as for the nerve fiber
layer boundary 2, a gradient feature is searched for

from that initial value in the depth direction of the
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eye fundus, and a gradient peak position is detected as
the nerve fiber layer boundary 2. As for the retinal
pigment epithelium boundary 6, a peak of the layer
structure emphasizing filter is searched for further in
the depth direction of the eye fundus, and the last
peak position equal to or larger than the threshold is
detected as an initial value of the retinal pigment
epithelium boundary 6. A gradient feature is searched
for from that initial value in the depth direction of
the eye fundus, and a gradient peak position is
detected as the retinal pigment epithelium boundary 6.
Likewise, as for the junction 5 between inner and outer
photoreceptor segments, a gradient feature is searched
for from that initial value toward the vitreum side,
and a gradient peak position is detected as the
junction 5 between inner and outer photoreceptor
segments.

[0051] Next, the outer plexiform layer boundary 4
is detected. As for the outer plexiform layer boundary
4, between the nerve fiber layer boundary 2 and
junction 5 between inner and outer photoreceptor
segments, the output values of the layer structure

emphasizing filter, which meet:

S sheet(x) > Th

Max.s ..., yrL 150s 4 - (9)
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are detected as candidate points. Of these candidate
points, a point nearest to the position of the eye
fundus in the depth direction is detected as the outer
plexiform layer boundary 4. In equation (9), Th is a
threshold, which ranges from 0 to 1. In this
embodiment, Th = 0.7. Ssneet(X) is an output value of
the layer structure emphasizing filter at a pixel (x, Yy,
Z) . MaxXSsheet NFL ISOS_A is a maximum output value of the
layer structure emphasizing filter between the nerve
fiber layer boundary 2 and junction 5 between inner and
outer photoreceptor segments at each A-scan. The
output value of the layer structure emphasizing filter
of the outer plexiform layer boundary 4 tends to be
larger than that of the inner plexiform layer boundary
3, but these output values have a very small difference.
Hence, using an anatomical feature indicating that the
outer plexiform layer boundary 4 is located in the
depth direction side of the inner plexiform layer
boundary 3 as spatial position information, detection
errors can be reduced. As for the inner plexiform
layer boundary 3, a peak of the layer structure
emphasizing filter located between the nerve fiber
layer boundary 2 and outer plexiform layer boundary 4
is searched for, and that position is detected as an
initial value. Then, a gradient feature is searched
for from that initial value in the depth direction of

the eye fundus, and a gradient peak position is
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detected as the inner plexiform layer boundary 3.
[0052] Point groups detected in the respective
layers undergo outlier removal processing by, for
example, a polynomial function and M—eetimation.
Alternatively, outlier removal processing for
calculating an angle between neighboring detected
points, and removing points having an angle equal to or
larger than a threshold is executed. Since
interpolation processing is executed for removed points,
a smooth layer is detected. The example using the
output results of the layer structure emphasizing
filter has been described. However, the results of the
layer structure emphasizing filter need not always be
used, and the inner limiting membrane 1, nerve fiber
layer boundary 2, and the like may be detected by, for
example, threshold processing, gradient detection, or a
region expansion method. The processing for detecting
the inner limiting membrane 1, nerve fiber layer
boundary 2, inner plexiform layer boundary 3, outer
plexiform layer boundary 4, junction 5 between inner
and outer photoreceptor segments, and retinal pigment
epithelium boundary 6 in case of a normal eye has been
described. However, a boundary between a ganglion cell
layer and the inner plexiform layer, an outer limiting
membrane, and the like may be detected in addition to
the aforementioned layers. Alternatively, only the

layers required to analyze the layer thicknesses and
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areas, such as the inner limiting membrane 1, nerve
fiber layer boundary 2, and retinal pigment epithelium
boundary 6, may be detected.

[0053] In step S430, the layer structure modifying
unit 255 modifies the layer detection results by the
layer structure detection unit 254 using the blood
vessel detection result by the feature extraction unit
257. Fig. 9 shows an image in which the blood vessel
position in Fig. 8A is masked. Referring to Fig. 9,
reference numeral 9 denotes a mask region; and 9', a
search range in the mask region indicated by a broken
line. This mask region 9 is obtained by back-
projecting, onto the tomogram, the blood vessel
position or positions detected from either or both of
the projection image and fundus image by the feature
extraction unit 257. The layer structure modifying
unit 255 modifies the detection result of the nerve
fiber layer boundary 2 in this mask region 9. The
nerve fiber layer boundary 2 is detected while the
nerve fiber layer and blood vessel overlap each other,
if the blood Qessel exists. For this reason, in this
region, when the nerve fiber layer boundary 2 is re-
detected by searching for a gradient feature in the
depth direction of the eye fundus to have a peak of the
layer structure emphasizing filter as an initial value,
a search range is limited so as not to erroneously

detect the blood vessel. The search range is limited
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by executing interpolation processing from the position
of the nerve fiber layer boundary 2 that neighbors the
mask region 9. The interpolation processing may use,
for example, linear interpolation, spline interpolation,
or nonlinear interpolation using a curve of degree n.
In this case, it is desirable to limit the search range
by a region having a margin in the depth direction by
about several pixels from the position calculated by
interpolation. By performing boundary detection within
the search range, the nerve fiber layer boundary 2 can
be detected without erroneously detecting the blood
vessel. In this region, not only the search range is
limited, but also a threshold of the gradient detection
and an algorithm itself of the gradient detection may
be changed. Alternatively, the layer structure
modifying unit 255 may modify the detection results
other than the inner limiting membrane 1 in this mask
region. For example, processing for removing points in
the mask region, and interpolating each layer by linear
or nonlinear interpolation may be executed.

[0054] In step S440, the quantifying unit 256
calculates the thicknesses, areas, and volumes of the
layers based on the layer boundaries detected by the
layer structure detection unit 254. Note that a
thickness T1 of the layer (nerve fiber layer 2') can be
computed by calculating differences between z-

coordinates of the inner limiting membrane 1 and nerve
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fiber layer boundary 2 at respective coordinate points
on an x-z plane. Also, the area of the nerve fiber
layer 2' in each cross-sectional image can be computed
by adding the layer thicknesses at respective
coordinate points in the x-axis direction for
respective y-coordinates. Furthermore, the volume of
the nerve fiber layer 2' can be computed by adding the
calculated areas in the y-axis direction. In this case,
the nerve fiber layer 2' has been exemplified, and the
thicknesses, areas, and volumes of other layers and the
entire retina layers can be similarly calculated.
[0055] Furthermore, when previously quantified
layer thicknesses, areas, and volumes are available,
comparison with the previously quantified data can be
made. A comparison method with the previously
guantified data in this case will be exemplified below.
Initially, previous and current tomograms are
registered. The registration of the tomograms can use
a known method such as rigid affine deformation or FFD
(Free form deformation) as nonlinear deformation. If a
positional correspondence with the previously captured
tomogram is already determined, the layer thicknesses,
areas, and the like of arbitrary sections, and the
volumes and the like of arbitrary regions can be
compared. In the above description, data are compared
after registration with a previous image. However,

when the tomography apparatus 20 includes a tracing
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function, and can capture an image at the same position
as the previous position at the time of tomography, no
registration is required. Furthermore, comparison
between slice numbers of B-scan images or 3D images may
be simply made. Assume that the quantifying unit 256
need only calculate at least one of the aforementioned
numerical value data, and can arbitrarily set data to
be quantified. If no data can be calculated, a
quantification failure message may be displayed by the
display unit 270 in next step S450.

[0056] In step S450, the display unit 270 displays
the tomogram and fundus image, the detection results of
the layers and layer boundaries of the tomogram, and
the quantification results in association with the
layers of the tomogram. If previous data are available,
the display unit 270 may display the current data in
comparison with the previous data. Not all the layers
and quantification results calculated in steps S420 to
S440 need be displayed, and the results may be
internally held. The processing sequence executed in
the processing in step S309 when the state of the
retina is abnormal will be described below with
reference to Fig. 4B. Since step S415 is the same as
step S410, a description thereof will not be repeated.
Fig. 10A shows a case when an exudate is detected as a
morbid portion. Fig. 10A is a view for explaining

features of a tomogram when an exudate exists. In Fig.
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10A, reference numeral 1 denotes an inner limiting
membrane; 2, a nerve fiber layer boundary; 6, a retinal
pigment epithelium boundary; 8, an exudate region; and
8' a region below the exudate. The left view of Fig.
10A shows a cross-sectional image T;, and the right
view shows a profile of an image along an A-scan at the
position where the exudate is located in the left view.
That is, the right view shows the relationship between
the coordinates and intensities on a line indicated by
"A-scan".

[0057] In step S425, the layer structure detection
unit 254 calculates the inner limiting membrane 1 and
retinal pigment epithelium boundary 6. Since the layer
detection method is the same as that in step S420, a
description thereof will not be repeated. Note that
layers to be detected when a fundus disease exists are
not limited to the inner limiting membrane 1 and
retinal pigment epithelium boundary 6, and arbitrary
layers may be detected in accordance with a user's
instruction.

[oo058] In step S435, the layer structure modifying
unit 255 modifies the layer detection results of the
layer structure detection unit 254 using the detection
results of the blood vessel and exudate (morbid
portion) by the feature extraction unit 257. Fig. 10B
shows an image obtained masking the exudate and blood

vessel positions in Fig. 10A. In Fig. 10B, reference



WO 2010/140476 PCT/JP2010/058490

- 38 -

numeral 9 denotes a mask region. This mask is obtained
by back-projecting, onto the tomogram, the exudate and
blood vessel positions defected from either or both of
the tomogram and fundus image by the feature extraction
unit 257. The layer structure modifying unit 255
modifies the detection result of the retinal pigment
epithelium boundary 6 in this mask region. For example,
the unit 255 removes points in the mask region in the
morbid region, and then interpolates the retinal

pigment epithelium boundary 6 using a remaining point
group or curve. Thus, even_when signals of the retinal
pigment epithelium boundary 6 are omitted due to a
disease such as an exudate, the retinal pigment
epithelium boundary 6 can be detected without
erroneously detecting the exudate.

[0059] In the above description, a single mask
region is used for the exudate and blood vessel.
However, it is desirable to assign labels to masks for
an exudate, a druse, bleeding, a blood vessel, and the
like so as to identify their mask regions. For example,
a label region for a mask is assured to have the same
image size as the projection image and 8 bits per pixel.
To respective bits, morbid portions and blood vessels
detected from the fundus image and tomogram are
assigned in advance. Thus, even when a morbid portion
and blood vessel are detected to overlap each other at

the same coordinate position, a plurality of labels can
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be assigned to the same coordinate position. The bit
size can be set depending on types to be identified.
[0060] In step S445, the quantifying unit 256
quantifies the morbid features extracted by the feature
extraction unit 257. For example, as shown in Fig. 10A,
when an exudate exists in a retina, the unit 256
calculates the area, volume, and existing position of
the detected exudate, the number of exudates, and the
like. The unit 256 calculates the exudate area from
the fundus image or projection image, and the exudate
volume from the tomogram. Furthermore, when the
exudate area, volume, and existing position and the
number of white spots, which are quantified previously,
are available, comparison with the previously
quantified data may be made. The quantifying unit 256
need only calculate at least one of the aforementioned
numerical value data and the thicknesses, area, and
volume of each layer, and can arbitrarily set data to
be quantified. If no data can be calculated, a
guantifying failure message may be displayed by the
display unit 270 in next step S455.

[o061] In step S455, the display unit 270 displays
the tomogram and fundus image, the detection results of
the layers and layer boundaries of the tomogram, the
detection results of the morbid portions, the
quantification results associated with the layers of

the tomogram, and the quantification results of the
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morbid portions. If previous data are available, the
display unit 270 may display the current data in
comparison with the previous data.

[0062] According to the aforementioned arrangement,
when retina layers to be extracted are specified based
on morbid portions and features detected from a fundus
image, segmentation of layers suited to an input image
can be automatically done, thus providing an effect of
reducing the load on the user upon segmentation of the
retina layers. Since layers are emphasized in
consideration of the thicknesses of the retina layers,
and the retina layers are segmented in consideration of
blood vessels and morbid portions detected from the
fundus image or projection image, layer boundaries can
be precisely extracted independently of diseases.

[0063] A case will be described below wherein a
second determination unit 260 is added to an image
processing unit 200 in place of the first determination
unit 259. 1In general, it is difficult to judge
diseases such as age-related macular degeneration and
edema from a fundus image and projection image. Thus,
the second determination unit 260 is added to use shape
features of a retina tomogram in addition to image
features obtained from the fundus image and projection
image. Then, the types of layers to be presented to
the user can be robustly selected.

[0064] Fig. 11 is a block diagram showing the
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functional arrangement of an image processing apparatus
11. Since the functional arrangement shown in Fig. 11
is the same as that shown in Fig. 1 except for an image
processing unit 201, a description thereof will not be
given. The image processing unit 20£ includes the
second determination unit 260 in place of the first
determination unit 259 shown in Fig. 2. The second
determination unit 260 makes determination based on
feature amounts extracted by a feature extraction unit
257 and detection results of layer structures detected
by a layer structure detection unit 254, and outputs
the determination result to a layer structure modifying
unit 255.

[0065] The processing sequence of the image
processing apparatus 11 will be described below with
reference to the flowchart shown in Fig. 12. Note that
the processes in steps S1201 to S1206 and in steps
S1214 to S1216 are the same as those in steps S301 to
$306 and in steps S310 to S312 in Fig. 3. Also, steps
$1207, S1212, and S1213 are the same as steps S410,
$440, and S450 in Fig. 4A. Hence, a description of
these steps will not be repeated.

[0066] In step S1208, the layer structure
detection unit 254 calculates an inner limiting
membrane 1, nerve fiber layer boundary 2, and retinal
pigment epithelium boundary 6. Since the layer

detection method is the same as that in step 5420, a
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description thereof will not be repeated. Note that
when a morbid portion is detected from the fundus image
in step S1204, layers may be calculated in a mask
region of the morbid portion of the tomogram by
interpolation from the detection positions of the
layers in the vicinity of a mask region. Then, the
layer structure detection unit 254 calculates an inner
plexiform layer boundary 3, outer plexiform layer
boundary 4, and junction 5 between inner and outer
photoreceptor segments. However, since these layers
are not detected due to the influence of a disease, it
is desirable not to detect these layers or to calculate
them by interpolation processing in advance in the mask
region of the morbid portion in the tomogram.

[0067] In step S1209, the feature extraction unit
257 extracts image features and shape features of
retina layers from the tomogram. The image features of
the tomogram will be described first. 1In this case,
the feature extraction unit 257 uses the position
information of the inner limiting membrane 1 and
retinal pigment epithelium boundary 6 detected in step
S1208. That is, the feature extraction unit 257 limits
a range for extracting image features to that between
the inner limiting membrane 1 and retinal pigment
epithelium boundary 6. The tomogram of the retina
layers has different intensities for respective layers.

In case of a normal eye, a nerve fiber layer 2' and
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photoreceptor layer between the junction 5 between
inner and outer photoreceptor segments and the retinal
pigment epithelium boundary 6 have high intensities.
When an exudate exists inside retina layers, a region
of the exudate has high intensities, and the
photoreceptor layer between the junction 5 between
inner and outer photoreceptor segments and the retinal
pigment epithelium boundary 6 has low intensities.

When bleeding is spread in the retina layers, the
photoreceptor layer between the junction 5 between
inner and outer photoreceptor segments and the retinal
pigment epithelium boundary 6 has low intensities as
its feature. As image features, primary statistical
amounts such as a histogram, secondary statistical
amounts such as a density co-occurrence matrix, Fourier
features, and the like are extracted. Furthermore, a
profile feature of intensities along an A-scan is
extracted between the inner limiting membrane 1 and
retinal pigment epithelium boundary 6. The right views
of Figs. 8A and 10A show the profile of intensities.

In addition to these image features, gradient features
of an image, and feature amounts of a layer structure-
emphasized image by a Hessian matrix may be used.
[0068] The shape features of the retina layers
will be described below. The inner limiting membrane 1
has an upward convex shape as a feature since blood is

accumulated in the retina when the interior of the
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retina layers has bleeding. The layer shape of the
retinal pigment epithelium 6 is deformed to have a
concave-convex shape due to a newborn blood vessel
formed from its lower portion as a feature when the
retinal pigment epithelium 6 suffers age-related
macular degeneration. For this reason, the shape
feature of the layer can be used as one feature used to
identify a morbid portion. The shape feature can be
extracted by calculating a curvature of neighboring
detection points in a single layer. The image features
and shape features from the tomogram may be extracted
with or without a limitation to the interior of the
mask region extracted from the fundus image and
projection image. When only the image features of the
tomogram are used, they may be calculated from the
entire image without using the positions of layers.
Note that the retina layers have different shapes in a
macula portion and optic papilla. For example, as a
feature, the inner limiting membrane 1 has a downward
convex shape at a position near the center of the optic
papilla rather than a position near the center of a
macula portion. Also, as another feature, when a
retina falls to a disease, since an optic papilla fovea
is enlarged, the shape of the inner limiting membrane 1
is enlarged. For this reason, learning is made in next
step S1210 in consideration of differences of features

due to differences of portions.
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[0069] In step S1210, the second determination
unit 260 judges the presence/absence and type of a
morbid portion using the image features calculated from
the fundus image and the image features and shape
features of respective layers calculated from the
tomogram, and decides the types of layers to be output
to the user. For example, by learning the image
features and the shape features of layers calculated
from the tomograms in normal and morbid states using an
identifier such as a Support Vector Machine or AdaBoost,
a morbid portion can be determined.

[0070] In step S1211, the layer structure
modifying unit 255 modifies the results of the layer
structures of all the layers when the second
determination unit 260 determines based on the image
feature amounts extracted from the fundus image and
tomogram that no morbid portion exists. On the other
hand, the layer structure modifying unit 255 modifies
some layer structures, that is, the result of the
retinal pigment epithelium boundary 6 when the second
determination unit 260 determines that a morbid portion
exists. In this case, the layer structure modifying
unit 255 searches for a gradient feature in vertical
direction within a given range to have positions of the
layers calculated by interpolation by the layer
structure detection unit 254 as initial values} thus

detecting respective layers.
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[0071] According to the aforementioned arrangement,
the types of layers to be presented to the user are
selected using the image features or the shape features
of layers obtained from the tomogram of the retina
layers in addition to the image features obtained from
the fundus image and projection image. Since the
feature amounts inside the retina layers are used in
addition to those of a surface image of an eye portion,
the types of layers to be presented to the user can be
robustly selected.

[0072] Next, a case will be described below
wherein the processing contents of a feature extraction
unit 257 and first determination unit 259 are changed.
This embodiment is different from the above embodiments
in that weights are set for feature amounts extracted
by the feature extraction unit 257, and the first
determination unit 259 selects feature amounts to be
back-projected onto a tomogram as a mask region from
those extracted from a fundus image and projection
image.

[0073] In this embodiment, in place of using all
feature amounts extracted from a fundus image and
projection image as a mask region at the time of
detection of a tomogram, feature amounts having higher
- likelihoods are selected from those obtained from the
tomogram and fundus image and are set as a mask region

of the tomogram. More specifically, a mask region is
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set only on a region where a signal attenuation is more
likely to be generated on the tomogram. For this
reason, as for a region where a signal attenuation is
unlikely to be generated on the tomogram, since a layer
is directly detected in place of approximating a layer
by interpolation, a layer structure can be detected
more precisely.

[0074] This embodiment is different from the above
embodiments in that steps S304 and S307 in Fig. 3 have
different processing contents, and region specifying
processing in step S306 is executed according to the
determination result in step S307. Since other
processes are the same as those in the above
embodiments, a description thereof will not be repeated.
A case will be explainéd below wherein the feature
extraction unit 257 detects a blood vessel. Note that
morbid portions (an exudate, druse, bleeding, etc.)
other than the blood vessel can be calculated in the
same manner as in the following processing.

[0075] When the feature extraction unit 257
detects blood vessels from a projection image and
fundus image in step S304, it holds output values equal
to or larger than a threshold intact without binarizing
output results of a blood vessel detection filter via
threshold processing. Alternatively, the feature
extraction unit 257 may convert a filter output value

into multi-values by dividing it into some values
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within a range from a threshold to a maximum value.
Alternatively, the feature extraction unit 257 may
multiply a filter output value by a weighting function
that assumes 0 for the filter output value equal to or
smaller than a threshold and assumes 1 for a maximum
value. In this manner, since a feature amount is
extracted as a value that reflects an existence
likelihood of an anatomical feature, an output value of
a region which is likely to be a blood vessel becomes
large and an output value of a region near the
threshold becomes small in a region detected as the
blood vessel by the feature extraction unit 257. Note
that when the projection image and fundus image have
different numbers of bits per pixel, it is desirable to
apply normalization processing to these images.

[0076] In step S307, the first determination unit
259 selects regions having high likelihoods as a blood
vessel by selecting regions having large filter output
values from the projection image and fundus image.
Selecting those having feature amounts equal to or
larger than a predetermined value can attain the
selection method of regions from the projection image
and fundus image. In addition, a known identifier may
be used, or top several % of reéions equal to or larger
than a threshold may be determined.

[0077] According to the aforementioned arrangement,

as for a region where a signal attenuation is unlikely
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to be generated on a tomogram, since a layer is
directly detected without approximating a layer by
interpolation, the layer structure can be detected more
precisely.

[0078] A case will be described below wherein a
layer structure update unit is added to an image
processing unit 200 shown in Fig. 1. The layer
structure update unit serves to update the positions of
a layer, which are independently detected for
respective A-scans, to have a three-dimensionally
smooth layer shape. For this purpose, an image
processing apparatus further includes the layer
structure update unit between a layer structure
modifying unit 255 and quantifying unit 256 in the
image processing unit 200 shown in Fig. 1. Other
components are the same as those in Fig. 1.

[0079] The processes at the time of normal and
abnormal processes in the image processing unit of this
embodiment are basically the same as those in Figs. 4A
and 4B, except that layer structure detection result
update processing is executed after the layer structure
detection result modifying processing in steps S430 and
S435. The layer structure detection result update
processing in the image processing unit of this
embodiment will be described below.

[0080] The layer structure update unit updates

results of retina layers, which are detected by a layer
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structure detection unit 254 and are modified by the
layer structure modifying unit 255. Upon application
of an active contour method such as Snakes or a level
set method, the layer structure update unit makes
iterative calculations to minimize an energy value to
have the detection result of the layer structure
detection unit 254 as an initial value. In case of
Snakes, the layer structure update unit defines an
image energy and shape energy, and repeats a
calculation to minimize the sum of these energies. An
energy formula of Snakes is described by:

E = Esnhape locai t Einage ... (10)
where E is an entire energy value, Eshape local is a shape
energy value, and Emﬁ@ is an image energy value. In
this way, an energy value converges to an edge of an
image while maintaining a smooth layer structure. The
layer structure update unit updates the modification
results of the retina layers based on the energy
obtained in this way.
[0081] For example, the image energy is defined by
a intensity gradient at respective detection points and
a variance sum of intensities in upper and lower layers,
as given by:

Eimage = WeEeage * Wy (Evariance_of_upper_layer ¥
Evariance of_lower layer) -+« (11) |
where Eeqqe 15 a intensity gradient at respective

control points, Evariance of upper layer is a variance of
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intensities of an upper layer, and Evariance of lower layer 1S
a variance of intensities of a lower layer. we and wy
are weights. In this way, since the variances of
intensities of the upper and lower layers are defined
as image features, an image energy acts to be converged
to a layer boundary even at the layer boundary where it
is attenuated due to a blood vessel or morbid portion,
and an image gradient cannot be obtained. For example,
in case of a nerve fiber layer boundary 2,

Evariance of upper_ layer minimizes a variance of intensities
of a layer (nerve fiber layer 2') between itself and an
inner limiting membrane 1. Evariance of lower_layer minimizes
a variance of intensities of a layer (a ganglion cell
layer (not shown) + an inner plexiform layer) between
the nerve fiber layer boundary 2 and an inner plexiform
layer boundary 3. In this embodiment, the lower layer
is defined as a layer between the nerve fiber layer
boundary 2 and the inner plexiform layer boundary 3.
Alternatively, the ganglion cell layer (not shown) may
be defined as a lower layer. Note that the image
energy defined by equation (11) may have different
definitions for respective layers. For example, since
the inner limiting membrane 1 is not influenced by a
blood vessel or morbid portion, only Eegge may be
defined.

[0082] The shape energy acts to smoothen between

respective detection points by defining shape features
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such as a first differential and second differential.
Note that weights to be given to the shape energy and
image energy may be changed between a mask region and a
region outside the mask region. For example, when a
signal attenuation in a mask region is more likely to
occur, a weight for the image energy with a low
reliability is set to be small, and that for the shape
energy is set to be large. By increasing the weight
for the shape energy, a smooth layer can be detected.
[0083] According to the aforementioned arrangement,
layer boundaries can be detected according to the state
of a retina. A layer which suffers a signal
attenuation due to a blood vessel or a morbid portion
such as an exudate is detected, and the detection
result is updated to detect a layer boundary whiie
maintaining the layer shape structure. For this reason,
the layer structures of the retina can be three-
dimensionally smoothly detected.

[0084] An arrangement, in which the fundus image'
acquisition unit 222 is omitted from that shown in Fig.
11 so as to cope with a case in which no fundus image
is available and only a tomogram is available, will be
described below. Since other components are the same
as those in Fig. 11, a description thereof will not be
repeated. The processing sequence of the image
processing apparatus is substantially the same as that

shown in Fig. 12, except that the processes in steps
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$1205 and S1206 are excluded. Also, another difference
from the above embodiments is that input images include
only a tomogram, and a.projection image generated from
the tomogram.

[0085] Therefore, in step S1202 a tomogram
acquisition unit 221 acquires a tomogram transmitted
from a tomography apparatus 20. Then, the unit 221
transmits the acquired information to a storage unit
240. In step S1204, a feature extraction unit 257
extracts blood vessels and morbid portions from a
projection image generated by a projection image
generation unit 251. The extraction method of these
blood vessels and morbid portions is the same as that
in step S304. However, an extraction target is the
projection image. Also, the feature extraction unit
257 may extract a macula portion, optic papilla, and
the like in addition to the blood vessels and morbid
portions. These feature amounts may also be used to
reduce detection errors in extraction of the blood
vessels and morbid portions. In step S1209, the
feature extraction unit 257 extracts features of the
morbid portions from the tomogram. In this case, the
feature extraction unit 257 desirably executes feature
extraction processing for entire retina layers in place
of the processing in only a mask region in the retina
layers.

[0086] According to the aforementioned arrangement,
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when only a tomogram is available, diagnosis
information data required to diagnose a plurality of
types of diseases can be acquired from a tomogram of an
eye portion without increasing the load on the user.
[0087] In the aforementioned embodiments of the
present invention, the types of layers to be measured
are selected using only feature amounts obtained from
images. However, when previous examination results are
available, layers to be segmented are often decided
beforehand. Therefore, using this information, the
processing can be simplified or speeded up.

[0088] In consideration of this point, the first
determination unit 259 or second determination unit 260
according to the above embodiment determines the types
of layers to be detected using information acquired by
the ETBE information acquisition unit 210. When the
ETBE information acquisition unit 210 acquires
examination results associated with the eye to be
examined, and the examination results include pre#ious
examination results associated with the tomography
apparatus 20, it acquires information of retina layers
measured at the time of immediately preceding
tomography. Thus, in case of follow-up, the first
determination unit 259 or second determination unit 260
selects the same layers as those of retina layers used
in quantification at the time of immediately preceding

tomography. Alternatively, when the ETBE information
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acquisition unit 210 acquires an examination result
associated with the eye to be examined, and the
examination result describes a case name, it acquires
that information. In this way, the first determination
unit 259 or second determination unit 260 can select
the types of layers to be measured from examination
results of an examination apparatus other than the
tomography apparatus 20.

[0089] According to the aforementioned arrangement,
using the ETBE information, the processing can be
speeded up, and layers to be extracted can be specified
more precisely.

[0090] In the aforementioned émbodiments, the
layer structure emphasizing processing is applied to an
entire image. However, it is inefficient to apply the
layer structure emphasizing processing to an image
region other than retina layers, and a long processing
time is required. A case will be described below
wherein retina layers are detected and are set as a
region of interest prior to the layer structure
emphasizing processing, which is applied to only the
interior of this region of interest,-so as to shorten
the time required for the entire layer structure
detection processing sequence. In order to speed up
the processing, the processes are modified as follows
in the respective embodiments. In this case, the

following description will be given taking one
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embodiment as an example. However, when the same
processing is applied to other embodiments, the
processes of these embodiments can also be speeded up.
[0091] The speed-up processing corresponding to
this embodiment is basically the same as those in Figs.
4A and 4B, except that region of interest detection
processing is executed before the layer structure
emphasizing processing in steps S410 and S415. Other
processes are the same as those in Figs. 4A and 4B.

The region of interest detection processing in the
image processing unit will be described below.

[0092] The layer structure detection unit 254
detects a layer, whose layer structure is easily
detected, in advance, and detects the entire region of
retina layers as a region of interest with reference to
that layer. For example, the unit 254 detects the
inner limiting membrane 1, and approximates the
detected point group by a multi-dimensional curve.
Then, the unit 254 sets a region from there until a
given distance in the depth direction as a region of
interest. Alternatively, the unit 254 also detects the
retinal pigment epithelium boundary 6, and approximates
the detected point group by a multi-dimensional curve.
Then, the unit 254 sets a region between the inner
limiting membrane 1 and retinal pigment epithelium
boundary 6 detected by approximation as a region of

interest. Alternatively, the unit 254 detects a retina
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layer region simply by threshold processing, and
applies labeling processing to the detected region.
Then, the unit 254 sets a region of interest to
surround labeling regions with top two numbers of
coupled pixels. With these processes, the unit 254 can
detect the retina layers as a region of interest.

[0093] Then, the layer structure emphasizing
processing in step S410 or S415 is applied to the
interior of only the region of interest, which is set
by the above processing. Also, upon detection of layer
structures in step S420 or S425, a search region is
limited to the region of interest. Note that even when
the region of interest detectioﬁ processing detects the
inner limiting membrane 1 and retinal pigment
epithelium boundary 6 in advance, the processing in
step S420 or S425 may detect them again using layer
structure-emphasized image features.

[0094] According to the aforementioned arrangement,
the layer structure emphasizing unit 253 applies the
layer structure emphasizing processing to the interior
of only the region of interest, and the layer structure
detection unit 254 sets the inferior of only the region
of interest as a search region. Therefore, since the
processing is executed in only the region of interest,
the time required for the entire layer structufe
detection processing sequence can be shortened.

[0095] (Other Embodiments)
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The aforementioned embodiments implement the
present invention as an image processing apparatus.
However, an embodiment of the present invention is not
limited to only the image processing apparatus. This
embodiment implements the present invention as software
which runs on a computer. Fig. 13 is a block diagram
showing the basic arrangement of a computer used to
implement the functions of respective units of an image
processing apparatus 10 as software. A CPU 1901
controls the overall computer using programs and data
stored in a RAM 1902 and ROM 1903. Also, the CPU 1901
implements the functions of the respective units by
controlling execution of software programs
corresponding to the respective units of the image
processing apparatus 10. The RAM 1902 includes an area
for temporarily storing computer programs and data
loaded from an external storage device 1904, and also
an area required for the CPU 1901 to execute various
processes. The function of a storage unit 240 1is
implemented by the RAM 1902 and the like.

[0096] The ROM 1903 generally stores a BIOS,
setting data, and the like of the computer. The
external storage device 1904 serves as a large-capacity
information storage device such as a hard disk drive,
and stores an operating system and computer programs
executed by the CPU 1901. The external storage device

1904 stores information that is given in the
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description of this embodiment, and such information is
loaded onto the RAM 1902 as needed. A monitor 1905 is
configured by, for example, a liquid crystal display.
For example, the monitor 1905 can display the contents
output from a display unit 270. A keyboard 1906 and
mouse 1907 are input devices. An operator can input
various instructions to the image processing apparatus
10 using these input devices. The functions of an ETBE
information acquisition unit 210 and instruction
acquisition unit 230 are implemented via these input
devices.

[0097] An interface 1908 is used to exchange
various data between the image processing apparatus 10
and external apparatuses, and is configured by, for
example, an IEEE1394, USB, or Ethernet® port. Data
acquired via the interface 1908 is fetched onto the RAM
1902. Functions of an image acquisition unit 220 and
result output unit 280 are implemented via the
interface 1908. The aforementioned components are
interconnected via a bus 1909.

[0098] Aspects of the present invention can also
be realized by a computer of a system or apparatus (or
devices such as a CPU or MPU) that reads out and
executes a program recorded on a memory device to
perform the functions of the above-described
embodiment (s), and by a method, the steps of which are

performed by a computer of a system or apparatus by,



WO 2010/140476 PCT/JP2010/058490

for example, reading out and executing a program
recorded on a memory device to perform the functions of
the above-described embodiment (s). For this purpose,
the program is provided to the computer for example via
a network or from a recording medium of various types
serving as the memory device (for example, computer-
readable medium).

[0099] While the present invention has been
described with reference to exemplary embodiments, it
is to be understood that the invention is not limited
to the disclosed exemplary embodiments. The scope of
the following claims is to be accorded the broadest
interpretation so as to encompass all such
modifications and equivalent structures and functions.
[0100] This application claims the benefit of
Japanese Patent Application No. 2009-133454, filed June
2, 2009, which is hereby incorporated by reference

herein in its entirety.
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CLAIMS

1. An image processing apparatus, which analyzes
retina layers of an eye to be examined, comprising:

feature extraction means for extracting a feature
amount, which represents an anatomical feature in the
eye to be examined, from a projection image obtained
from a tomogram of the retina layers and a fundus image
of the eye to be examined;

determination means for determining a type of the
anatomical feature based on the feature amount;

layer structure detection means for deciding
layers to be detected from the retina layers according
to the determined type of the anatomical feature, and
detecting structures of the decided layers in the
tomogram; and

layer structure modifying means for modifying the
structure of the layer included in a region having the
anatomical feature of the structures of the layers

detected by said layer structure detection means.

2. The apparatus according to claim 1, wherein when
the anatomical feature includes a blood vessel, said
feature extraction means extracts a feature amount of
the blood vessel using a filter which emphasizes a
linear structure, and

said layer structure modifying means modifies a

structure of a layer, which neighbors the blood vessel,
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by limiting a search range by interpolation using a
boundary of the layer, which neighbors the region and
neighbors the blood vessel, and re-detecting a layer

structure within the search range.

3. The apparatus according to claim 1 or 2, wherein
when the anatomical feature includes a morbid portion,
said feature extraction means extracts a feature amount
of the morbid portion based on pixel values, and

said layer structure modifying means modifies the
structure of the layer included in the region by
interpolation using a boundary of the detected layer,

which boundary neighbors the region.

4, The apparatus according to'any one of claims 1 to
3, wherein said feature extraction means extracts the
feature amount as a value which reflects an existence
likelihood of the anatomical feature in the eye to be
examined, and

said layer structure modifying means modifies a
structure of a layer included in the region having the

likelihood not less than a predetermined value.

5. The apparatus according to any one of claims 1 to
3, further comprising layer structure update means for
updating the structure of the layer modified by said

layer structure modifying means,
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wherein said layer structure update means
specifies, using detection points that form a layer
detected by said layer structure detection means, a
layer boundary which minimizes an energy value
calculated based on at least one of an image energy
based on variances of intensities in layers which
sandwich the detection points and a intensity gradient
at the detection points, and a shape energy that
represents a smoothness of a shape of the layer formed
by connecting the detection points, and updates the
structure of the layer based on the specified layer

boundary.

6. An image processing apparatus, which analyzes
retina layers of an eye to be examined, comprising:

feature extraction means for extracting a feature
amount, which represents an anatomical feature in the
eye to be examined, from a projection image obtained
from a tomogram of the retina layers;

layer structure detection means for detecting
structures of layers in the retina layers from the
tomogram;

information extraction means for extracting
information of intensities and information of a shape
of a layer between predetermined layers based on the
structures of the layers detected by said layer

structure detection means;
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determination means for determining a
presence/absence and a type of a morbid portion in the
retina layers based on the feature amount, the
information of the intensities, and the information of
the shape; and

layer structure modifying means for modifying the
structures of the layers detected by said layer
structure detection means, in accordance with the
determination result of said determination means,

wherein when said determination means determines
that the morbid portion exists, said layer structure
modifying means modifies structures of some of the

layers detected by said layer structure detection means.

7. The apparatus according to claim 6, wherein said
feature extraction means further extracts the feature
amount from a fundus image of the eye to be examined,

when the anatomical feature includes a blood
vessel, said feature extraction means extracts a
feature amount of the blood vessel using a filter that
emphasizes a linear structure, and

when the anatomical feature includes a morbid
portion, said feature extraction means extracts a
feature amount of the morbid portion based on pixel

values.

8. A control method of an image processing apparatus,
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which analyzes retina layers of an eye to be examined,
comprising:

a step of extracting a feature amount, which
represents an anatomical feature in the eye to be
examined, from a projection image obtained from a
plurality of tomograms of the retina layers and a
fundus image of the eye to be examined;

a step of determining a type of the anatomical
feature based on the feature amounts;

a step of deciding layers to be detected from the
retina layers according to the determined type of the
anatomical feature, and to detect structures of the
decided layers in the tomogram; and

a step of modifying the structure of the‘layer
included in a region having the anatomical feature of

the detected structures of the layers.

9. A control method of an image processing apparatus,
which analyzes retina layers of an eye to be examined,
comprising:

a step of extracting a feature amount, which
represents an anatomical feature in the eye to be
examined, from a projection image obtained from a
plurality of tomograms of the retina layers;

a step of detecting structures of layers in the
retina layers from the tomogram;

a step of extracting information of intensities
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and information of a shape of a layer between
predetermined layers based on the detected structures
of the layers;

a step of determining a presence/absence and a
type of a morbid portion in the retina layers based on
the feature amount, the information of the intensities,
and the information of the shape; and

a step of modifying the structures of the layers
detected in the detection step in accordance with the
determination result,

wherein in the modifying step, when it 1is
determined that the morbid portion exists, structures
of some of the layers detected in the detecting step

modified.

10. A computer program for making a computer function
as an image processing apparatus according to any one

of claims 1 to 7.
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