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AUTOMATED MEASUREMENT OF CHANGES IN RETINAL, RETINAL PIGMENT

EPITHELIAL, OR CHOROIDAL DISEASE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application No.
61/858,915, filed on July 26, 2013, and titled “AUTOMATED MEASUREMENT OF
CHANGES IN RETINAL, RETINAL PIGMENT EPITHELIAL, OR CHOROIDAL
DISEASE,” the entire disclosure of which is hereby expressly incorporated by reference

herein.

TECHNICAL FIELD

[0002] The present disclosure generally relates to methods for the presentation and
analysis of images of the retina and, more particularly, to an automated method for
measuring changes in retinal, retinal pigment epithelial, or choroidal disease.

BACKGROUND

[0003] The fundus of the human eye is the interior surface of the eye, opposite the
lens, and includes the retina, optic disc, retinal pigment epithelium (RPE), and the
choroid. The retina is a thin layer of neural tissue at the back of the eye that transforms
light into electrical signals for the brain, and the choroid is a vascular layer of the eye
under the retina. The retina can be divided into two distinct regions related to their
visual function. These regions are the macula, where the majority of photoreceptor cells
(responsible for central, high acuity color vision) lie, and the periphery, which includes
everything outside the macula. The macula includes a region known as the fovea,

which is responsible for our high acuity vision.

[0004] To observe and monitor the structure of the retina or choroid, physicians
currently rely on various medical imaging techniques, such as fluorescein angiography
(FA) imaging, indocyanine green (ICG) imaging, and fundus autofluorescence (FAF).
FA/ICG allows physicians to observe the accumulation of fluid from retinal or choroidal
vessels, the formation of new retinal or choroidal blood vessels, and the loss of
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perfusion of blood in retinal vessels and choroidal vessels which cause vision loss and
retinal dysfunction. The leakage of fluid can be observed as a growing region of
hyperfluoresence in time elapsed FA images in areas of the retina or beneath the retina
where fluid leaks, formation of new blood vessels will be seen as hyperfluorescent
networks of vessels and loss of perfusing blood vessels will be seen as areas of
hypofluorescence in FA and ICG imaging.

[0005] FAF imaging relies on the inherent fluorescence of proteins and other
molecules produced in the retina and RPE. The reflected light from these molecules is
captured and transformed into an electrical signal (e.g., an electrical current) to be
processed and displayed as a grayscale image of the retina. In such an image, areas
exhibiting excessive accumulation of metabolic products (e.g., lipofuscin) appear bright
as compared with surrounding tissue, and areas with decreased accumulation appear
dark. Further, areas where cells have died completely (e.g., due to a process known as
atrophy) appear black. Bright regions can be described as hyperfluorescent, and dark
regions can be described as hypofluorescent. Both hyperfluorescent and
hypofluorescent regions are disease signatures, or disease markers, that reflect

dysfunction in retinal tissue, such as the photoreceptor cells described above.

[0006] Current FAF, FA, and ICG techniques rely on a subjective interpretation of
disease signatures. Yet, hyperfluorescence and hypofluorescence are sometimes hard
to visually distinguish from shadows or changes in FAF, FA, or ICG image acquisition
gain and contrast, making subtle changes in disease signatures hard to quantify. As a
result, FAF, FA, and ICG assessment has developed into a primarily descriptive, rather
than quantifiable, process. Without an objective quantification process, variability in
clinical grading can be a barrier to measuring the effectiveness of disease interventions

or determining a prognosis to guide treatment.
SUMMARY

[0007] In one embodiment, a computer-implemented method for automatically
measuring changes in retinal, retinal pigment epithelial, or choroidal disease comprises
retrieving, with one or more processors, a set of images of a fundus and selecting, with

the one or more processors, a plurality of images from the set of images, wherein the
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plurality of images includes images of the fundus captured at successive times.

Further, the method comprises co-registering, with the one or more processors, the
plurality of images, wherein co-registering the plurality of images includes: detecting a
plurality of blood vessel locations within each of the plurality of images, correlating the
detected plurality of blood vessel locations in one of the plurality of images with a
plurality of blood vessel locations in the remaining plurality of images, and transforming
the remaining plurality of images such that blood vessel locations in the remaining
plurality of images are proximate to the detected plurality of blood vessel locations in the
one of the plurality of images. Still further, the method comprises pre-processing, with
the one or more processors, the plurality of images such that the quality, contrast, and
gain of each of the plurality of images is made similar, performing a comparison, with
the one or more processors, of the plurality of images to determine a change in retinal,
retinal pigment epithelial, or choroidal disease, wherein the change in retinal, retinal
pigment epithelial, or choroidal disease is determined based on various disease metrics,
and generating, with the one or more processors, an indication of the change in retinal,
retinal pigment epithelial, or choroidal disease to be displayed to a user of a computing

device.

[0008] In another embodiment, a computer device for automatically measuring
changes in retinal, retinal pigment epithelial, or choroidal disease comprises one or
more processors and one or more non-transitory memories coupled to the one or more
processors, wherein the one or more memories include computer executable
instructions stored therein that, when executed by the one or more processors, cause
the one or more processors to: retrieve a set of images of a fundus and select a plurality
of images from the set of images, wherein the plurality of images includes images of the
fundus captured at successive times. Further, the computer executable instructions
cause the one or more processors to co-register the plurality of images, wherein co-
registering the plurality of images includes: detecting a plurality of blood vessel locations
within each of the plurality of images, correlating the detected plurality of blood vessel
locations in one of the plurality of images with a plurality of blood vessel locations in the
remaining plurality of images, and transforming the remaining plurality of images such

that blood vessel locations in the remaining plurality of images are proximate to the
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detected plurality of blood vessel locations in the one of the plurality of images. Still
further, the computer executable instructions cause the one or more processors to pre-
process the plurality of images such that the quality, contrast, and gain of each of the
plurality of images is made similar, perform a comparison of the plurality of images to
determine a change in retinal, retinal pigment epithelial, or choroidal disease, wherein
the change in retinal, retinal pigment epithelial, or choroidal disease is determined
based on various disease metrics, and generate an indication of the change in retinal,
retinal pigment epithelial, or choroidal disease to be displayed to a user of a computing
device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Fig. 1 illustrates an example system in which a computing device can
automatically measure changes in retinal, retinal pigment epithelial, or choroidal
disease.

[0010] Fig. 2 is a flow diagram of an example method for automatically measuring
changes in retinal, retinal pigment epithelial, or choroidal disease which can be
implemented by the computing device illustrated in Fig. 1.

[0011] Figs. 3A and 3B are example images to be analyzed in determining changes
in macular disease such as in the method described in Fig. 2.

[0012] Figs. 4A-4D are example images processed for blood vessel detection such
as in the method described in Fig. 2.

[0013] Fig. 5is an example image with control points and transformation indications
for a co-registration process such as in the method described in Fig. 2.

[0014] Figs. 6A and 6B are example images before and after pre-processing such as
in the method described in Fig. 2.

[0015] Fig. 7 is a flow diagram of an example method for evaluating changes in
retinal, retinal pigment epithelial, or choroidal disease which can be implemented by the
computing device illustrated in the system of Fig. 1.

[0016] Fig. 8 is an example image of an output of the evaluation of changes in an FA

image of diabetic macular disease such as in the method described in Fig. 7.
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[0017] Figs. 9A-9D illustrate example FA images analyzed to generate disease
metrics such as in the method described in Fig. 7.

DETAILED DESCRIPTION

[0018] Although the following text sets forth a detailed description of numerous
different embodiments, it should be understood that the legal scope of the description is
defined by the words of the claims set forth at the end of this disclosure. The detailed
description is to be construed as exemplary only and does not describe every possible
embodiment since describing every possible embodiment would be impractical, if not
impossible. Numerous alternative embodiments could be implemented, using either
current technology or technology developed after the filing date of this patent, which
would still fall within the scope of the claims.

[0019] It should also be understood that, unless a term is expressly defined in this
patent using the sentence “As used herein, theterm *___ ' is hereby defined to
mean...” or a similar sentence, there is no intent to limit the meaning of that term, either
expressly or by implication, beyond its plain or ordinary meaning, and such terms
should not be interpreted to be limited in scope based on any statement made in any
section of this patent (other than the language of the claims). To the extent that any
term recited in the claims at the end of this patent is referred to in this patent in a
manner consistent with a single meaning, that is done for the sake of clarity only so as
to not confuse the reader, and it is not intended that such claim term be limited, by
implication or otherwise, to that single meaning. Finally, unless a claim element is
defined by reciting the word “means” and a function without the recital of any structure,
it is not intended that the scope of any claim element be interpreted based on the
application of 35 U.S.C. § 112, sixth paragraph.

System Overview

[0020] Fig. 1 illustrates an example system 100 in which a computing device 102
may automatically measure changes in retinal, retinal pigment epithelial, or choroidal
disease by analyzing images of the fundus from a retinal imaging device 104. In some

implementations, the computing device 102 and the retinal imaging device 104 may be
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communicatively connected such that the retinal imaging device 104 may transfer
images to the computing device 102 for analysis. For example, the computing device
102 and the retinal imaging device 104 may be operatively connected via a wired
connection such as a coaxial cable, optical fiber cable, universal serial bus (USB), or
twisted pair cable. Alternatively, the computing device 102 and the retinal imaging
device 104 may be connected via any suitable wired or wireless network, such as a
wireless local area network (WLAN), for example.

[0021] However, a user may transfer images from the retinal imaging device 104 to
the computing device 102 via a removable memory device (not shown), in some
implementations. For example, a user may download images onto a removable
memory device, such as a flash memory card, from the retinal imaging device 104,
physically transfer the removable memory device to the computing device 102, and
subsequently upload the images from the removable memory device to the computing
device 102. Thus, in some implementations, a communicative connection 106 between

the computing device 102 and the retinal imaging device 104 is not necessary.

[0022] The computing device 102 includes a memory 108 that can include both
volatile and nonvolatile memory components and that stores an automated
measurement routine 110, in an embodiment. When executed by a CPU 112, the
automated measurement routine 110 may receive input from a user of the computing
device 102 via user interface 114 (e.g., including a keyboard, mouse, touchscreen,
etc.), pre-process images from the retinal imaging device 104, and automatically
evaluate changes in retinal, retinal pigment epithelial, or choroidal disease based on the
images from the retinal imaging device 104, for example. Further details of a method
for automatically evaluating changes in retinal, retinal pigment epithelial, or choroidal

disease are discussed with reference to Fig. 2 and Fig. 7.

[0023] In some implementations, the computing device 102 or the retinal imaging
device 104 may store images (e.g., captured images of retinas), in an image database
116 communicatively connected to the computing device 102. For example, the image
database 116 may store images of a patient’s fundus over time, thus allowing the
computing device 102 to analyze time elapsed imagery of a patient’s fundus. In some
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cases, the image database 116 may be a remote database that is not physically
connected to the computing device 102. For example, the image database 116 may be
a network accessible database with which the computing device 102 may communicate
via a network interface 118.

[0024] Although Fig. 1 illustrates the computing device 102 and the image database
116, a system to automatically measure changes in retinal, retinal pigment epithelial, or
choroidal disease may include any suitable number of computing devices and
databases communicatively coupled to the retinal imaging device 104 and/or utilized to
analyze imagery from the retinal imaging device 104. For example, multiple images of a
patient’s fundus may be stored on multiple databases and analyzed by multiple

computing devices, each having one or more processors.

[0025] Returning to Fig. 1, the retinal imaging device 104 includes an image capture
device 119, a power supply 120, a control interface 122, a patient support structure 124,
and a communication module 126. For example, the retinal imaging device may be a
non-mydriatic or mydriatic (i.e., making use of dilation) retinal camera, as known in the
industry. A patient’s head may rest on the patient support structure 124 (e.g., chin rest)
and an operator may use the control interface 122 (e.g., including joysticks, buttons,
touchscreens, displays, etc.) to control the image capture device (e.g., digital camera)
and acquire an image of the patient’s retina. Upon acquisition, the image may be
transferred to the computing device 102 via the communication module 126 or stored in
a local memory (not shown), in an implementation. In some cases, the images may be
stored on a removable memory device communicatively attached the retinal imaging

device 104, as discussed above.

Image Preparation and Processing

[0026] Fig. 2 is a flow diagram of an example method 200 for automatically
measuring changes in retinal, retinal pigment epithelial, or choroidal disease. The
method 200 may be implemented by the computing device 102, for example.

[0027] To begin, images of a patient’s fundus are uploaded or input to a computing
device and coordinates of certain fundus structures are defined (block 202). In an

implementation, a user may specify (e.g., via a user interface, such as user interface
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114) images corresponding to a patient name, patient identification number (PIN),
image capture date, etc. For example, a user may use a graphical user interface (GUI)
displayed on the user interface 114 to navigate through directories of the image
database 116, specify images from lists or thumbnail views of images (e.g., labeled by
patient name and capture date), and transfer (e.g., via a drag and drop operation)
images to the computing device 102 for analysis. However, in some implementations,
the process of obtaining images of a patient’s retina may be automated. For example, a
user may need only to enter a patient name or patient identification number (PIN) via a
form (e.g., an XML form). The computing device 102 may then automatically query the
image database 116 and return to the user images matching the patient name/PIN or
sets of images acquired for various sorts of analysis, for example.

[0028] A GUI presented to the user may also prompt the user for input related to the
location of multiple structures in the eye to be used as landmarks for analysis, in an
embodiment. For example, a GUI may prompt the user for coordinates of retinal
structures, which, by way of example, may include the fovea and optic disc in a baseline
image (e.g., the oldest of the available images). Alternatively, the automated
measurement routine 110 may use computer vision techniques to automatically
determine the coordinates of retinal structure without user intervention, in an
embodiment. For example, machine learning or other suitable algorithms, as known in
the industry, may be used to automatically determine the coordinates of the fovea and
optic disc in a reference image (e.g., the selected image with the oldest date of

capture).

[0029] In an implementation, the automated measurement routine 110 may use such
coordinates to determine the location of the macula and, thus, the area outside the
macula in an image. For example, the region outside the macular may be specified by
a ring between the fovea and optic disc of some varying inner and outer radius.
However, any suitable estimate of the location of the fovea and optic disc in the oldest
image (by visitation date) may be used for this purpose as co-registering of subsequent
images using computer determined control points such as vessel bifurcations, a process

to be described in detail below, ensures the matching of landmark retinal structures.
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[0030] After image upload and coordinate definition, a set of images is selected for
analysis (block 204). In some implementations, a user may be prompted to manually
select images from available patient images. For example, the automated
measurement routine may present, via the user interface 114, a thumbnail view of
multiple available retinal images corresponding to a patient, and the user may select
two or more of these images for analysis. Alternatively, the automated measurement
routine 110 may automatically (i.e., without user interaction) choose all available
images, a subset of images from a certain time period, or a pre-defined number of most
recent images for analysis, in an embodiment. To measure changes in retinal, retinal
pigment epithelial, or choroidal disease, the automated measurement routine 110 may
require at least two images captured at differing times. Further, in some
implementations, the automated measurement routine 110 may remove any color
components in the selected images by applying a grayscale filter to the selected

images.

[0031] Figs. 3A and 3B are two example FAF images captured at a first visit to a
clinic and a second visit to a clinic, respectively. The two images in Figs. 3A and 3B
may be selected for analysis either manually by a user or automatically by a computer
routine, as discussed above. Since the image presented in Fig. 3A was captured before
the image presented in Fig. 3B, coordinates of landmark retinal structures may also be
identified in Fig. 3A either by user selection (e.g., by clicking on the structures) or
automatically via a computer vision technique. Although Figs. 3A and 3B illustrate FAF
images, any suitable images of the retina may be analyzed by the method 200, such as
FA and ICG images. Further, any suitable number of images, greater than or equal to
two, may be selected for analysis. For example, a user may select three angiogram

images, representing early, mid, and late times, for analysis.

[0032] Returning to Fig. 2, the selected images are co-registered such that pixels
correlate as closely as possible across images (block 206). In this way, retinal or
choroidal regions in subsequent images may be accurately compared, and variations

due to camera and/or eye movement during image acquisition may be minimized.



WO 2015/013632 PCT/US2014/048222

[0033] In an embodiment, the automated measurement routine 110 utilizes co-
registration techniques that account for translational and rotational shifts in the retina or
choroid between images and dimensional differences. For example, the automated
measurement routine 110 may utilize a registration technique that: (i) detects blood
vessel points, (ii) determines the correspondence between vessel points, and (iii)
estimates image transformation. By way of example and without limitation, specific
techniques are presented below for the steps (i), (ii), and (iii), but any suitable
techniques may be implemented to accomplish (i), (i), and (iii).

[0034] (i) For detecting blood vessel points, the automated measurement routine 110
may utilize a Gaussian filter, bottom hat filter, and thresholding technique, in an
embodiment (Figs. 4A-4D are example images generated with some of these
techniques). For example, the Gaussian filter may first smooth out noise and then the
bottom hat filter may suppress vessels within the image during a “morphological
closure” of the image, as known in the industry (see Fig. 4B for an example
morphological closuring of Fig. 4A). Subsequently, the automated measurement routine
110 may subtract the Gaussian filtered image and the bottom hat filtered image and use
a threshold value to convert the grayscale image to a binary image of zeros (non-
vessels) and ones (vessels), for example (see Fig. 4C for an example subtraction of 4A
from 4B and see Fig. 4D for an example “skeletonized” version of Fig. 4C generated at

least partially by a thresholding process).

[0035] (ii) For determining the correspondence between vessel points (or control
points), the automated measurement routine 110 may use cross correlation techniques
to determine the degree to which two matrices, which encompass information about
each vessel pixel, are correlated, in an embodiment. For example, the cross correlation
algorithm may iterate over the possible vessel matches and calculate the normalized
similarity between corresponding matrices. The algorithm may then determine the most
similar matches between matrices (e.g., the similar vessel points). In some
implementations, the algorithm may also segment the image into a number of regions,
find the local mode of translation for each region of the image, and statistically eliminate
outliers. Further, the algorithm may exclude regions, in particular those with
pathological disease characteristics, in an implementation. For example, by ignoring
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the macula, vessel detection may become more accurate. See Fig. 5 for an example
image in which vessel points (represented by circles) are identified and correlated with

another image, or baseline image.

[0036] (iii) For estimating image transformations, the automated measurement
routine 110 may estimate an affine transformation by utilizing a Random Sample
Consensus (RANSAC) algorithm. An affine transform allows for a manipulation of an
image in the x-offset, y-offset, rotation, and scale while maintaining straight lines in an
image. This preserves the features of an image and allows for pixels to be transformed
while still maintaining their position relative to each other along with feature information
and pixel orientation. The RANSAC algorithm may be highly efficient and allows for a
set of matched points (e.g., vessel points) to be transformed to minimize the difference
between the original matrix and the transformed matrix, for example. For example,
each control point in Fig. 5 has a line indicating the transformation needed to align said
control point with the corresponding point in a baseline image.

[0037] In certain scenarios, the automated measurement routine 110 may be unable
to co-register uploaded or selected images due to the quality of the images. For
example, the conditions under which an image was captured may be such that the
resulting image is extremely dark or light (over/under exposed), blurry, etc. In such
cases, the method 200 may include a step, before co-registration or as part of the co-
registration process, that automatically validates images to be appropriate for co-
registration and alerts a user if images are not valid for co-registration (i.e., are not able
to be co-registered), in an implementation. For example, if images are of poor quality,
based on certain image processing metrics, the automated measurement routine 110
may alert the user of this fact and request that other images be provided for analysis.
Alternatively, if enough (e.g., more than two) images are available in the selected set of
images, the automated measurement routine 110 may delete a poor quality image from
the set of images and continue analysis with the remaining images, assuming the

remaining of the set of images is of adequate quality for co-registration.

[0038] Again returning to Fig. 2, selected and co-registered images are pre-

processed (block 208). In some implementations, the automated measurement routine
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110 uses a number of image processing techniques to ensure the selected images are
as similar as possible with respect to quality, contrast, and gain. To illustrate the effects
of pre-processing, Figs. 6A and 6B each include two example images, an image before
pre-processing on the left and an image after pre-processing on the right.

[0039] As an illustrative example, the automated measurement routine 110 may use
a second Gaussian filter to smooth pixel noise and/or account for differences in
resolution between selected images during pre-processing. In some cases, the window
(or radius) of a second Gaussian filter applied to the images may be proportional to the
resolution of one or more images selected for analysis. Thus, the window of the
Gaussian filter may be dynamic and automatically account for image resolution
differences.

[0040] Also, in some implementations, the automated measurement routine 110 may
utilize a least squares fitting technique to scale all pixel intensities, such that all images
are similar with respect to brightness or intensity. For example, an application of linear
regression, with respect to a first image, may result in a coefficient that, when multiplied
by all pixel values in a second image, produces a second image satisfying a certain
criteria. That certain criteria may declare, for example, that the mean pixel values in
concentric rings in the second image are as close as can be achieved, by linear scaling,
to the means of corresponding rings in the first image.

[0041] Linear regression techniques utilized by the automated measurement routine
110 may only consider concentric rings outside the macula, in some implementations,
as this eliminates possible variations between images. The linear regression
techniques may assume that a linear relationship accurately models the difference in
gain that may be present between images. However, in other embodiments, the
automated measurement routine 110 may implement higher order polynomial, or other

suitable, fitting to obtain a more accurate relationship between image intensities.

[0042] As an alternative example technique for mitigating intensity variations, the
automated measurement routine 110 may utilize top hat filtering to suppress
background variation, in an embodiment. For example, a top hat filter may standardize
background intensity in a manner that preserves objects in the macula but completely

-12-



WO 2015/013632 PCT/US2014/048222

eliminates all other variation by smoothing the background to black, for example. Thus,
the filtered images are solely characterized by disease markers and non-disease related

variation is eliminated, in the embodiment.

[0043] In addition to matching intensity, automated measurement routine 110 may
also address differences in contrast during pre-processing, in an implementation. For
example, to ensure discernible detail is present in each image, the automated
measurement routine 110 may perform dynamic gamma scaling. By adding a dynamic
range of gamma values, this technique of dynamic gamma scaling may also increase
the amount of discernible detail present when the distribution of pixel values in an image
lies on one particular side of the contrast spectrum. For example, if an image is
uniformly dark, gamma scaling will not only increase the separation in pixel values to
provide greater contrast, but gamma scaling will increase the separation in pixel values
on the dark end of the spectrum more as compared with values on the light end of the

spectrum.

[0044] The automated measurement routine 110 may achieve such a dynamic
scaling by using the mean of a sampled ring between the fovea and optic disc as a
threshold to determine what gamma value should be used, in an implementation.
Gamma values less than one correspond to increased contrast stretching in the dark
(low) end of the contrast spectrum while values of gamma greater than one correspond
to increased contrast stretching in the light (high) end of the spectrum. Therefore, if the
mean pixel intensity in a ring between the macula and optic disc is between a range of
values on the dark end of the spectrum, the pixels of that image will be gamma scaled

with a gamma value greater than one, for example.

[0045] In one embodiment, the automated measurement routine 110 may utilize
model intensity maps generated from a large composite set of fluorescence images to
scaled pixel intensities between images. This model intensity mapping process would
eliminate the need for addressing contrast differences because it would allow the pixel
intensities of images to be standardized to a model that already incorporates an
acceptable amount of contrast between regions/objects, for example. In order to
standardize the intensities of specific regions or objects, various computer automated
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image segmentation techniques, as known in the industry, may segment retinal images
into regions based on intrinsic properties such as dark pixel uniformity in areas of
atrophy bounded by sharp gradients, in an implementation. For example, property
identification and boundary reconstruction algorithms may be coupled with a
segmentation process such as quad tree decomposition or watershed segmentation to
identify regions consisting solely of extracted object(s). Once such image segmentation
is complete, the automated measurement routine 110 may carry out object specific
intensity scaling (e.g., histogram matching, object re-coloration), in the implementation.

[0046] In another embodiment of pre-processing, image segmentation techniques
involving gradient filters (e.g., using either canny or sobel approximations) and at least
one instance of image closing, opening, erosion, or dilation may be used to eliminate
non-disease related intensity variation and recolor regions of non-perfusion. Further
details of such an embodiment are discussed with reference to Figs. 9A-9D in which
regions of non-perfusion are recolored black via masking.

[0047] Finally, the selected, co-registered, and pre-processed images are evaluated
for changes in retinal, retinal pigment epithelial, or choroidal disease and the results of
the evaluation are output to a user (block 210). Once comparable images have been
obtained (via blocks 202-210), the method 200 determines regions in each image to
evaluate based on the registered locations of the fovea and optic disc, in an
implementation. Analysis of these macular windows may involve equally dividing the
windows into grid boxes and computing metrics within or between grid boxes, for

example. Image evaluation is further discussed with reference to Fig. 7.

[0048] In an implementation, the results of image evaluation may be output to a user
in a variety of forms. For example, results output may include: colored 3D surface plots
of pixel intensity that allow easy user assessment of the relative sizes of disease
markers, comparison figures in which progression or regression of disease markers
related to hyperfluorescence or hypofluorescence between analyzed images is
identified and highlighted, and quantification metrics that represent the total variation
due to changes in hyperfluoresence and/or hypofluorescence between analyzed images
along with the individual variation of each from a solid gray image. Results may be
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displayed on the user interface 114, for example (e.g., on a computer monitor,
touchsceen, etc.).

[0049] In some cases, additional visual outputs may be generated, where the
additional visual outputs label specific disease marker. For example, a label of a
specific disease marker may indicate that the marker is “progressing” or “regressing”
and by what corresponding quantifiable amount. Thus, changes in retinal, retinal
pigment epithelial, or choroidal disease may be automatically and objectively quantified
and display for a user.

[0050] The output of method 200 may be stored in directories (e.g., in image
database 116) specific to each set images, directories specified by the user, or
directories specific to a test data/event. As such, the method 200 may produce results
that facilitate side-by-side analysis of results by means of display screens showing
several images corresponding to a single analysis of images or multiple different image
analyses.

Image Evaluation

[0051] Fig. 7 is a flow diagram of an example method 700 for evaluating images to
determine changes in retinal, retinal pigment epithelial, or choroidal disease. The
method may be implemented by the computing device 102 and/or as part of block 210
of method 200, for example.

[0052] First, sampled regions, or windows, are divided into a set of grid boxes (block
702). The automated measurement routine 110, for example, may determine regions in
each image to evaluate based on the registered locations of the fovea and optic disc
(e.g., as defined at block 202 of method 200). In some implementations, the automated
measurement routine 110 determines rectangular windows around the fovea in each
image and scales the images to encompass only the macula. This window
determination may be achieved by allowing the windows to run some distance vertically
and horizontally, where the specific horizontal and vertical distances are calculated to
be a proportion of the distance between the fovea and optic disc, for example.
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[0053] The sampled regions are then equally divided into grid boxes in order to
eliminate differences in image size/resolution, in some implementations. However, any
suitable uniform or non-uniform grid of cells may be used to segment or divide each of
the sampled windows.

[0054] Differences, or changes, between earlier and later images are then
determined (block 704). For each window, the automated measurement routine 110
may determine the mean pixel intensity in each one of the grid boxes and store these
values in a matrix. By subtracting the matrix obtained from an older image from that of
the more recent image, a matrix representing changes between imaging visits is
calculated, in an implementation. The automated measurement routine 110 may use
thresholds to determine whether a change within a grid box represents an increase or
decrease in hyperfluorescence or hypofluorescence, for example.

[0055] Changes in retinal images are then quantified using one or more metrics
(block 206). For example, the automated measurement routine 110 may calculate the
mean of the squared differences between all grid boxes that have changed above the
aforementioned thresholds and have, therefore, been determined to have been subject
to retinal, retinal pigment epithelial, or choroidal disease progression. Other
quantification metrics may include, for example, the mean of squared differences
related solely to hyperfluorescence, the mean of squared differences related solely to
hypofluorescence, and a mean squared difference between the sampled windows and a

solid gray window.

[0056] After computing the metrics, the metrics and/or visualization of the metrics are
output to a user (block 208). For example, grid boxes exhibiting changes determined to
be hyperfluorescence or hypofluorescence may be color coded and overlaid on a visual
display of the most recent selected image. Such a visualization, may highlight the
subtle changes between subsequent images in an objective and automatic manner.

Fig. 8 is an example visualization in which some grid boxes within a sampled window, or
macular window in this example case, of an FA image of diabetic macular diseasehave

been highlighted to illustrate disease progression.
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[0057] Although the example methods and system above are illustrated by
applications to macular disease and certain imaging techniques, such as FAF, FA, and
ICG, the techniques of the present disclosure may automatically measure changes in
any retinal, retinal pigment epithelial, or choroidal disease, such as peripheral retinal
diseases, by analyzing any suitable imagery. To illustrate this point, several example

scenarios are discussed below.

[0058] In one example scenario, a routine may automatically measure disease
metrics indicating fluid leakage in or under the retina, the formation of new retinal or
choroidal blood vessels, and the loss of perfusion of blood in retinal and choroidal
vessels. For example, the automated measurement routine 110 may implement the
method 200 and/or the method 700 to analyze FA images and output disease metrics
such that a physician may: (i) diagnose areas of vascular leakage in diabetic macular
edema to help target areas that should be treated with laser photocoagulation; (ii)
diagnose macular lesions and characterize them as “leakage”, “staining”, or “window
defects”; (iii) identify hypofluorescent areas of the retina that have non-perfusion or
ischemia due to diseases such as diabetic retinopathy or retinal vein occlusion; (iv)
identify areas of neovascularization which show leakage of fluorescein; (v) diagnose
inflammatory chororioretinal diseases; (vi) detect signs of vascular or inflammatory optic
nerve diseases or optic neuropathies; and (vii) detect signs of retinal or choroidal
tumors. To further illustrate this scenario, Figs. 9A-9D illustrate example FA images
processed according to the techniques of the present disclosure to automatically
measure perfusion of blood in retinal vessels. The example images include a captured
FA image (Fig. 9A), a binary image in which vessels are detected (Fig. 9B), a closure of
Fig. 9B (Fig. 9C), and an image (Fig. 9D) in which the captured image, Fig. 9A, is
masked by the Fig. 9C closure. In the case of the example images Figs. 9A-9D, the
calculation of disease metrics (e.g., with method 200 and/or method 700) may include
detecting the radius of the optic disc and using the estimated radius to convert the

number of black pixels in the final image (Fig. 9D) to an area in mm?, for example.

[0059] In another example scenario, a routine may automatically measure disease
metrics indicating accumulation of fluid from retinal or choroidal vessels, the formation

of new retinal or choroidal blood vessels, and the loss of perfusion of blood in choroidal
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vessels. For example, the automated measurement routine 110 may implement the
method 200 and/or the method 700 to analyze ICG images and output disease metrics
such that a physician may: (i) diagnose choroidal neovascular disease; (ii) distinguish
choroidal tumors; and (iii) distinguish choroidal inflammatory diseases.

[0060] In still another example scenario, a routine may automatically measure
disease metrics indicating loss (hupofluorescence) or gain (hyperfluorescence) of
autofluorescence of the retina and retinal pigment epithelium. For example, the
automated measurement routine 110 may implement the method 200 and/or the
method 700 to analyze FAF images and output disease metrics such that a physician
may: (i) detect and quantify dry age related macular degeneration progression; (ii)
diagnose and quantify the progression of retinal dystrophies; (iii) diagnose and quantify
changes secondary to medication or drug toxicity such as hydroxychloroquine toxicity;
(iv) diagnose and quantify inflammatory diseases such as multiple evanescent white dot
syndrome or retinal pigment epithelitis; and (v) diagnose choroidal melanomas and

choroidal nevi.

[0061] Upon reading this disclosure, those of ordinary skill in the art will appreciate
still additional alternative structural and functional designs for automatically measuring
changes in retinal, retinal pigment epithelial, or choroidal disease. Thus, while particular
embodiments and applications have been illustrated and described, it is to be
understood that the disclosed embodiments are not limited to the precise construction
and components disclosed herein. Various modifications, changes and variations,
which will be apparent to those skilled in the art, may be made in the arrangement,
operation and details of the method and apparatus disclosed herein without departing
from the spirit and scope defined in the appended claims.

[0062] The particular features, structures, or characteristics of any specific
embodiment may be combined in any suitable manner and in any suitable combination
with one or more other embodiments, including the use of selected features without
corresponding use of other features. In addition, many modifications may be made to
adapt a particular application, situation or material to the essential scope and spirit of
the present invention. It is to be understood that other variations and modifications of
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the embodiments of the present invention described and illustrated herein are possible
in light of the teachings herein and are to be considered part of the spirit and scope of
the present invention. By way of example, and not limitation, the present disclosure
contemplates at least the following aspects:

[0063] 1. A computer-implemented method for automatically measuring changes in
retinal, retinal pigment epithelial, or choroidal disease, the method comprising:

retrieving, with one or more processors, a set of images of a fundus;

selecting, by the one or more processors, a plurality of images from the set of images,
wherein the plurality of images includes images of the fundus captured at successive

times;

co-registering, by the one or more processors, the plurality of images, wherein co-
registering the plurality of images includes:

detecting a plurality of blood vessel locations within each of the plurality of images,

correlating the detected plurality of blood vessel locations in one of the plurality of
images with a plurality of blood vessel locations in the remaining plurality of images, and

transforming the remaining plurality of images such that blood vessel locations in the
remaining plurality of images are proximate to the detected plurality of blood vessel
locations in the one of the plurality of images;

pre-processing, by the one or more processors, the plurality of images such that the
quality, contrast, and gain of each of the plurality of images is made similar;

performing a comparison, by the one or more processors, of the plurality of images to
determine a change in retinal, retinal pigment epithelial, or choroidal disease, wherein
the change in retinal, retinal pigment epithelial, or choroidal disease is determined

based on various disease metrics; and

generating, by the one or more processors, an indication of the change in retinal, retinal
pigment epithelial, or choroidal disease to be displayed to a user of a computing device.

-19 -



WO 2015/013632 PCT/US2014/048222

[0064] 2. The computer-implemented method according to aspect 1, wherein
performing a comparison of the plurality of images to determine a change in retinal,
retinal pigment epithelial, or choroidal disease includes:

identifying a sampled window within each of the plurality of images,
dividing the sampled window into a plurality of grid boxes,

subtracting the mean intensity within each of the grid boxes of an older image from the
mean intensity within each of the corresponding grid boxes of a more recent image to

produce a difference matrix,

determining a plurality of grid boxes representing an increased or decreased value of
intensity as compared with a threshold value, and

calculating disease metrics based on the grid boxes representing the increased or
decreased value of intensity.

[0065] 3. The computer-implemented method according to either aspect 1 or aspect
2, wherein the sampled window corresponds to a macular area, a peripheral area, or an

entire area of a fundus image.

[0066] 4. The computer-implemented method according to any one of the preceding
aspects, wherein identifying the macular window includes determining proportions of the
distance between a fovea and an optic disc.

[0067] 5. The computer-implemented method according to any one of the preceding

aspects, wherein the locations of the fovea and the optic disc are input from a user.

[0068] 6. The computer-implemented method according to any one of the preceding
aspects, wherein the user inputs the locations of the fovea and the optic disc by clicking
on the locations of the fovea and optic disc in a reference image.

[0069] 7. The computer-implemented method according to any one of the preceding
aspects, wherein the locations of the fovea and optic disc are automatically determined

using computer vision algorithms executing on a reference image.
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[0070] 8. The computer-implemented method according to any one of the preceding
aspects, wherein the reference image is one of the plurality of images with the oldest
time of image capture as compared with the remaining plurality of images.

[0071] 9. The computer-implemented method according to any one of the preceding
aspects, wherein the disease metrics includes a mean of squared differences between
values in the plurality of grid boxes representing the increased or decreased value of

intensity.

[0072] 10. The computer-implemented method according to any one of the preceding
aspects, wherein the disease metrics include at least one of the mean of squared

differences between all pixel values, only pixel values representing a change in intensity
above a threshold, pixels representing only hyperfluorescence, pixels representing only
hypofluorescence, or pixels in a the macular region and solid gray pixels or converting a

number of pixels to a area.

[0073] 11. The computer-implemented method according to any one of the preceding
aspects, wherein generating an indication of the change in retinal, retinal pigment
epithelial, or choroidal disease includes generating a display, on a display device of the
computing device, of at least one of a three-dimensional surface plot, one or more
comparison figures, one or more disease metrics, or one or more labels indicating the

progressing or regressing of macular disease.

[0074] 12. The computer-implemented method according to any one of the preceding
aspects, wherein retrieving a set of images of a retina includes user input of the set of

images.

[0075] 13. The computer-implemented method according to any one of the preceding
aspects, wherein retrieving a set of images of a retina includes querying a database of
images based on at least one of patient name, patient identification number, or image

capture date.

[0076] 14. The computer-implemented method according to any one of the preceding

aspects, wherein selecting a plurality of images from the set of images includes
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executing an image selection routine, with the one or more processors, to automatically

select images according to image labels stored with the images in the image database.

[0077] 15. The computer-implemented method according to any one of the preceding
aspects, wherein detecting blood vessels includes applying Gaussian filtering, bottom

hat filtering, and thresholding techniques.

[0078] 16. The computer-implemented method according to any one of the preceding
aspects, wherein correlating blood vessel locations includes executing a cross
correlation algorithm to determine similar matches between blood vessel location of the

plurality of images.

[0079] 17. The computer-implemented method according to any one of the preceding
aspects, wherein transforming the remaining plurality of images includes approximating

a transformation using a Random Sample Consensus (RANSAC) algorithm.

[0080] 18. The computer implemented method according to any one of the preceding
aspects, wherein pre-processing the plurality of images includes at least one of
removing noise with a Gaussian filter, scaling pixel intensities with a linear regression
method, segmenting images, performing a histogram matching, object re-coloration,
eliminating non-disease related variations with a top hat filtering method, or matching
images contrasts with a gamma scaling method.

[0081] 19. The computer-implemented method according to any one of the preceding
aspects, wherein the set of images of the fundus includes at least one of fundus
autofluorescence (FAF) images, fluorescein angiogram (FA) images, or indocyanine
green (ICG) images.

[0082] 20. The computer-implemented method according to any one of the preceding
aspects, wherein the change in retinal, retinal pigment epithelial, or choroidal disease is
related to at least one of fluid leakage in or under the retina, accumulation of fluid from
retinal or choroidal vessels, formation of new retinal or choroidal blood vessels, loss of
perfusion of blood in retinal vessels and choroidal vessels, or changes in
autofluarescence due to retinal or retinal pigment epithelial disease and cell death.
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[0083] 21. A computer device for automatically measuring changes in retinal, retinal
pigment epithelial, or choroidal disease, the computer device comprising:

one or more processors; and
one or more non-transitory memories coupled to the one or more processors,

wherein the one or more memories include computer executable instructions stored
therein that, when executed by the one or more processors, cause the one or more

processors to:
retrieve a set of images of a fundus;

select a plurality of images from the set of images, wherein the plurality of images
includes images of the fundus captured at successive times;

co-register the plurality of images, wherein co-registering the plurality of images

includes:
detecting a plurality of blood vessel locations within each of the plurality of images,

correlating the detected plurality of blood vessel locations in one of the plurality of
images with a plurality of blood vessel locations in the remaining plurality of images, and

transforming the remaining plurality of images such that blood vessel locations in the
remaining plurality of images are proximate to the detected plurality of blood vessel
locations in the one of the plurality of images;

pre-process the plurality of images such that the quality, contrast, and gain of each of
the plurality of images is made similar;

perform a comparison of the plurality of images to determine a change in retinal, retinal
pigment epithelial, or choroidal disease, wherein the change in retinal, retinal pigment
epithelial, or choroidal disease is determined based on various disease metrics; and

generate an indication of the change in retinal, retinal pigment epithelial, or choroidal

disease to be displayed to a user of a computing device.
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[0084] 22. The computer device according to aspect 21, wherein performing a
comparison of the plurality of images to determine a change in retinal, retinal pigment
epithelial, or choroidal disease includes:

identifying a sampled window within each of the plurality of images,
dividing the sampled window into a plurality of grid boxes,

subtracting the mean intensity within each of the grid boxes of an older image from the
mean intensity within each of the corresponding grid boxes of a more recent image to

produce a difference matrix,

determining a plurality of grid boxes representing an increased or decreased value of
intensity as compared with a threshold value, and

calculating disease metrics based on the grid boxes representing the increased or
decreased value of intensity.

[0085] 23. The computer device according to aspect 21 or aspect 22, wherein the
disease metrics include at least one of the mean of squared differences between all
pixel values, only pixel values representing a change in intensity above a threshold,
pixels representing only hyperfluorescence, pixels representing only hypofluorescence,

or pixels in a the macular region and solid gray pixels.
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CLAIMS

We claim:
1. A computer-implemented method for automatically measuring changes in
retinal, retinal pigment epithelial, or choroidal disease, the method comprising:
retrieving, with one or more processors, a set of images of a fundus;
selecting, by the one or more processors, a plurality of images from the set of
images, wherein the plurality of images includes images of the fundus captured at
successive times;
co-registering, by the one or more processors, the plurality of images, wherein
co-registering the plurality of images includes:
detecting a plurality of blood vessel locations within each of the plurality of
images,
correlating the detected plurality of blood vessel locations in one of the
plurality of images with a plurality of blood vessel locations in the remaining
plurality of images, and
transforming the remaining plurality of images such that blood vessel
locations in the remaining plurality of images are proximate to the detected
plurality of blood vessel locations in the one of the plurality of images;
pre-processing, by the one or more processors, the plurality of images such that
the quality, contrast, and gain of each of the plurality of images is made similar;
performing a comparison, by the one or more processors, of the plurality of
images to determine a change in retinal, retinal pigment epithelial, or choroidal disease,
wherein the change in retinal, retinal pigment epithelial, or choroidal disease is
determined based on various disease metrics; and
generating, by the one or more processors, an indication of the change in retinal,
retinal pigment epithelial, or choroidal disease to be displayed to a user of a computing
device.

2. The computer-implemented method of claim 1, wherein performing a
comparison of the plurality of images to determine a change in retinal, retinal pigment
epithelial, or choroidal disease includes:
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identifying a sampled window within each of the plurality of images,

dividing the sampled window into a plurality of grid boxes,

subtracting the mean intensity within each of the grid boxes of an older image
from the mean intensity within each of the corresponding grid boxes of a more recent
image to produce a difference matrix,

determining a plurality of grid boxes representing an increased or decreased
value of intensity as compared with a threshold value, and

calculating disease metrics based on the grid boxes representing the increased
or decreased value of intensity.

3. The computer-implemented method of either claim 1 or claim 2, wherein
the sampled window corresponds to a macular area, a peripheral area, or an entire area

of a fundus image.

4. The computer-implemented method according to any one of the preceding
claims, wherein identifying the macular window includes determining proportions of the

distance between a fovea and an optic disc.

5. The computer-implemented method of claim 4, wherein the locations of
the fovea and the optic disc are input from a user.

6. The computer-implemented method of claim 5, wherein the user inputs the
locations of the fovea and the optic disc by clicking on the locations of the fovea and
optic disc in a reference image.

7. The computer-implemented method of claim 4, wherein the locations of

the fovea and optic disc are automatically determined using computer vision algorithms

executing on a reference image.
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8. The computer-implemented method of claim 7, wherein the reference
image is one of the plurality of images with the oldest time of image capture as
compared with the remaining plurality of images.

9. The computer-implemented method of claim 2, wherein the disease
metrics includes a mean of squared differences between values in the plurality of grid
boxes representing the increased or decreased value of intensity.

10.  The computer-implemented method according to any one of the preceding
claims, wherein the disease metrics include at least one of the mean of squared
differences between all pixel values, only pixel values representing a change in intensity
above a threshold, pixels representing only hyperfluorescence, pixels representing only
hypofluorescence, or pixels in a the macular region and solid gray pixels or converting a

number of pixels to a area.

11.  The computer-implemented method according to any one of the preceding
claims, wherein generating an indication of the change in retinal, retinal pigment
epithelial, or choroidal disease includes generating a display, on a display device of the
computing device, of at least one of a three-dimensional surface plot, one or more
comparison figures, one or more disease metrics, or one or more labels indicating the

progressing or regressing of macular disease.

12.  The computer-implemented method according to any one of the preceding
claims, wherein retrieving a set of images of a retina includes user input of the set of

images.

13.  The computer-implemented method according to any one of the preceding
claims, wherein retrieving a set of images of a retina includes querying a database of
images based on at least one of patient name, patient identification number, or image

capture date.
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14.  The computer-implemented method of claim 13, wherein selecting a
plurality of images from the set of images includes executing an image selection routine,
with the one or more processors, to automatically select images according to image
labels stored with the images in the image database.

15.  The computer-implemented method according to any one of the preceding
claims, wherein detecting blood vessels includes applying Gaussian filtering, bottom hat
filtering, and thresholding techniques.

16.  The computer-implemented method according to any one of the preceding
claims, wherein correlating blood vessel locations includes executing a cross correlation
algorithm to determine similar matches between blood vessel location of the plurality of

images.

17.  The computer-implemented method according to any one of the preceding
claims, wherein transforming the remaining plurality of images includes approximating a

transformation using a Random Sample Consensus (RANSAC) algorithm.

18.  The computer implemented method according to any one of the preceding
claims, wherein pre-processing the plurality of images includes at least one of removing
noise with a Gaussian filter, scaling pixel intensities with a linear regression method,
segmenting images, performing a histogram matching, object re-coloration, eliminating
non-disease related variations with a top hat filtering method, or matching images
contrasts with a gamma scaling method.

19.  The computer-implemented method according to any one of the preceding
claims, wherein the set of images of the fundus includes at least one of fundus
autofluorescence (FAF) images, fluorescein angiogram (FA) images, or indocyanine

green (ICG) images.
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20.  The computer-implemented method according to any one of the preceding
claims, wherein the change in retinal, retinal pigment epithelial, or choroidal disease is
related to at least one of fluid leakage in or under the retina, accumulation of fluid from
retinal or choroidal vessels, formation of new retinal or choroidal blood vessels, loss of
perfusion of blood in retinal vessels and choroidal vessels, or changes in

autofluarescence due to retinal or retinal pigment epithelial disease and cell death.

21. A computer device for automatically measuring changes in retinal, retinal
pigment epithelial, or choroidal disease, the computer device comprising:
one or more processors; and
one or more non-transitory memories coupled to the one or more processors,
wherein the one or more memories include computer executable instructions
stored therein that, when executed by the one or more processors, cause the one or
more processors to:
retrieve a set of images of a fundus;
select a plurality of images from the set of images, wherein the plurality of
images includes images of the fundus captured at successive times;
co-register the plurality of images, wherein co-registering the plurality of images
includes:
detecting a plurality of blood vessel locations within each of the plurality of
images,
correlating the detected plurality of blood vessel locations in one of the
plurality of images with a plurality of blood vessel locations in the remaining
plurality of images, and
transforming the remaining plurality of images such that blood vessel
locations in the remaining plurality of images are proximate to the detected
plurality of blood vessel locations in the one of the plurality of images;
pre-process the plurality of images such that the quality, contrast, and gain of
each of the plurality of images is made similar;
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perform a comparison of the plurality of images to determine a change in retinal,
retinal pigment epithelial, or choroidal disease, wherein the change in retinal, retinal
pigment epithelial, or choroidal disease is determined based on various disease metrics;
and

generate an indication of the change in retinal, retinal pigment epithelial, or
choroidal disease to be displayed to a user of a computing device.

22.  The computer device of claim 21, wherein performing a comparison of the
plurality of images to determine a change in retinal, retinal pigment epithelial, or
choroidal disease includes:

identifying a sampled window within each of the plurality of images,

dividing the sampled window into a plurality of grid boxes,

subtracting the mean intensity within each of the grid boxes of an older image
from the mean intensity within each of the corresponding grid boxes of a more recent
image to produce a difference matrix,

determining a plurality of grid boxes representing an increased or decreased
value of intensity as compared with a threshold value, and

calculating disease metrics based on the grid boxes representing the increased
or decreased value of intensity.

23.  The computer device of either claim 21 or claim 22, wherein the disease
metrics include at least one of the mean of squared differences between all pixel values,
only pixel values representing a change in intensity above a threshold, pixels
representing only hyperfluorescence, pixels representing only hypofluorescence, or

pixels in a the macular region and solid gray pixels.
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)
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because they relate to subject matter not required to be searched by this Authority, namely:
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3. Claims Nos.: 4,10-13,15-20
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claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4, |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest |:| The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
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