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DISEASE DETERMINATION

The present invention relates to methods and apparatus suitable for use in the
determination of the presence or absence of disease. More particularly, but not
exclusively, the invention relates to methods for analysing corneal images to
determine an indication of likelihood of disease.

Automated image analysis may be used to reduce manual workloads in determining
properties of images. Image analysis is now used in a variety of different fields. In
particular, a variety of image analysis techniques are used to process medical
images so as to provide data indicating whether an image includes features
indicative of disease. Image analysis techniques for the processing of medical
images in this way should be reliable both from the point of view of reliably detecting
all features which are indicative of disease and from the point of view of not

incorrectly detecting features which are not indicative of disease.

Features of the cornea of the eye can be used to determine indications of disease, in
particular peripheral neuropathy. One type of corneal image that may be used to
determine indications of disease is a Corneal Confocal Microscopy (CCM) image.
CCM is highly sensitive and images are prone to noise. Additionally, CCM images
capture only a single two-dimensional layer of the cornea and features that are
indicative of disease may move between two-dimensional layers. Breaks in a feature
shown in a CCM image may occur when the feature moves between a captured layer
and other layers of the cornea. An automated system that is able to properly identify
features of a CCM image that are useful in determining indications of disease is
therefore desirable but has not, heretofore, been available.

Furthermore, corneal images indicating properties of the cornea can be difficult to
capture effectively. Patients’ eyes tend to move during image acquisition and the

clarity of an image may therefore be poor.

It is an object of some embodiments of the present invention to obviate or mitigate at

least some of the problems set out above.

CONFIRMATION COPY
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According to a first aspect of the invention there is provided a method of generating
data providing a quantitative indication of the presence or absence of disease from
an image of a patient. The method comprises processing the image to identify at
least one linear structure, processing the at least one identified linear structure to
generate data indicating properties of the at least one identified linear structure and
processing the data indicating properties of the at least one identified linear structure
to generate the data providing a quantitative indication of the presence or absence of
disease.

That is, whereas prior art methods simply provide an indication of presence or
absence of disease, the inventors have realised that by combining data indicating
properties of at least one linear structure in an image, a quantitative indication may
be provided. Providing a quantitative indication in this way allows a severity or
confidence of the determination of the presence or absence of disease to be
indicated. For example, the quantitative indication may be used to classify the patient
into categories such as no disease, mild disease, moderate disease and severe
disease. The quantitative indication therefore provides additional information over
prior art methods which may be useful for making clinical decisions relating to the
patient.

The generated data indicating properties of the at least one identified linear structure
may comprise a plurality of data values and processing the data indicating properties
of the at least one identified linear structure may comprise combining the data

values.

Each of the data values may have an associated weight, and the data values may be
combined in accordance with the respective associated weight.

The generated data indicating properties of the at least one identified linear structure

may comprise a plurality of data values and processing the data indicating properties
of the at least one identified linear structure may comprise processing the data
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values with a trained classifier to generate the quantitative indication of the presence
or absence of disease.

The quantitative indication may be a confidence of the presence or absence of
disease.

The image may be a corneal confocal microscopy (CCM) image. Use of CCM images
provides a non-invasive way of detecting nerve damage. Additionally, CCM enables
nerve damage to be detected earlier than prior art methods and allows neuropathy to
be detected in patients earlier than other methods.

The disease may be a neuropathy. The neuropathy may be a somatic or autonomic
peripheral neuropathy.

Processing the image to identify at least one linear structure may comprise
processing the image to generate an enhanced image and processing the enhanced
image to identify the at least one linear structure.

Processing the image to generate an enhanced image may comprise generating a
respective first value for each of a plurality of points in the image; generating a
respective second value for each of a plurality of points in the image; and combining
the first values and the second values to generate the enhanced image.

Generating a respective first value for each of a plurality of points in the image may
comprise applying a first model to the image. Generating a respective second value
for each of a plurality of points in the image may comprise applying a second model
to the image.

For points of the image representing linear structures, the first value may be greater

than the second value. For points of the image not representing linear structures, the
first value may be less than the second value.

§5623164-2-drobinson
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Processing the image to identify at least one linear structure may comprise:
processing the image at a plurality of scales to generate a plurality of values for each
of a plurality of image locations; for each of the plurality of image locations,
processing the plurality of values to generate an indication of whether the image
location represents a linear structure in the image; and processing the generated
indications of whether the image location represents a linear structure in the image to
identify at least one linear structure.

The identified linear structure may represent a nerve fiber.

The properties of the linear structure may be indicative of properties of the nerve fiber
selected from the group consisting of: fiber length, fiber density, fiber branch density,
fiber width and fiber tortuosity.

According to a second aspect of the invention there is provided a computer
implemented method for screening a population for disease, the method comprising,
at the computer: receiving a plurality of images, each image being taken from a
member of said population; and processing each of the plurality of images according
to the first aspect of the invention to determine a quantitative indication of the
presence or absence of disease from each member of the population.

In this way, a population may be screened and the respective quantitative indications
may be used to compare members of the population. The comparison may be used
to determine, for example, an order in which patients should be seen.

According to a third aspect of the invention there is provided a method of generating
output data providing an indication of the presence or absence of disease from an
image of a patient. The method comprises generating a respective first value for
each of a plurality of points in the image; generating a respective second value for
each of a plurality of points in the image; combining the first values and second
values to generate an enhanced image; processing the enhanced image to identify at
least one linear structure in the enhanced image; processing the at least one
identified linear structure to generate data indicating properties of the at least one

4
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identified linear structure; and generating the output data providing an indication of
the presence or absence of disease based upon the data indicating properties of the
at least one identified linear structure. The image may be a corneal image although
processing other types of medical image in this way may provide a useful indication
of the presence of absence of disease.

In this way, structures relevant to determining the presence or absence of disease
can effectively be identified. More particularly, by enhancing an image before
identifying linear structures by generating a first value and a second value for each
point in the image and combining the first and second values, the inventors have
found that linear structures useful in the determination of the presence or absence of
disease can be more effectively identified.

Generating a respective first value for each of a plurality of points may comprise
applying a first model to the image and generating a respective second value for
each of a plurality of points may comprise applying a second model to the image.

For each point in the enhanced image, if the first value and the second value for the
point satisfy a predetermined condition, the point in the enhanced image may take a
greater (or lesser) value than if the predetermined criterion is not satisfied. That is,
the value for a point in the enhanced image may be generated using a ‘step’ function
(or a function similar to a step function) such that if the criterion is satisfied the point
in the enhanced image may have a value on a first side of the ‘step’ while if the
criterion is not satisfied, the point in the enhanced image may have a value on the
other side of the ‘step’. Combining the first values and the second values to generate
the enhanced image may comprise, for each of a plurality of points in the image:
determining whether a first value for a respective point and a second value for a
respective point satisfy a predetermined criterion; if the first value and the second
value satisfy the predetermined criterion, setting the paint to a first output value; and
if the first value and the second value do not satisfy the predetermined criterion,
setting the point to a second output value.

65623164-2-drobirson
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In this way, the enhanced image can provide a relatively large value for a point if a
predetermined criterion involving the first and second values is satisfied, and a
relatively small value for a point if a predetermined criterion involving the first and
second values is not satisfied. Contrast between structures representing nerve fibers
in an image and other areas can thereby be increased based upon the first and
second values and structures representing nerve fibers can thus be more easily
identified and properties of the structures can be more readily determined.

The first output value may be based upon the first value and the second value. For
example, the first output value may be the result of an arithmetic operation, such as
addition, applied to the first and second values. The second output value may be a
constant value, for example zero. For points of the image representing linear
structures, the first value may be greater than the second value. For points of the
image not representing linear structures, the first value may be less than the second
value. The predetermined criterion may therefore be based upon the relative values
of the first and second values.

The first model may be based upon an estimate of orientation of structures in the
image. The first model may provide a respective value for each of a plurality of points
in the image, and each value may be based upon an estimate of orientation at a
particular point in the image. The inventors have found that processing an image
with reference to an estimate of orientation of linear structures in the image allows an
image to be enhanced in such a way that linear structures are more clearly
discernable in the enhanced image.

The method may further comprise determining an estimate of orientation of
structures of the image by applying a least-squares estimation operation to the image
to generate a local orientation estimate for each of a plurality of points in the image.

Determining the estimate of orientation of structures of the image may further

comprise applying a smoothing operation to the local orientation estimate, for
example applying a Gaussian smoothing operation.

65623164-2.crobinson
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The first model may be a Gabor model, although it will be appreciated that any model!
arranged to enhance the visibility of linear structures in an image can effectively be
used.

Processing the enhanced image to identify at least one linear structure in the
enhanced image may comprise applying a threshold to the enhanced image to
generate a thresholded image. For example, the enhanced image may be generated
in such a way that pixels representing linear structures have relatively high intensity,
and a comparison of pixel intensity with a threshold can therefore be used to
differentiate pixels representing linear structures from pixels not representing linear

structures.

The at least one linear structure may be a connected area in the thresholded image.

Processing the enhanced image to identify at least one linear structure in the
enhanced image may comprise identifying a plurality of linear structures in the
enhanced image and processing the identified plurality of linear structures to form a

single linear structure from the identified plurality of linear structures.

Processing the identified plurality of linear structures to form a single linear structure
may comprise selecting a pair of linear structures; for the selected pair of linear
structures, determining a cost associated with a connection between the pair of linear
structures; processing the cost associated with the selected pair of linear structures
with respect to a predetermined threshold; and determining whether to form a single
linear structure from the pair of linear structures based upon the processing. In this
way, a determination can be made, for a particular pair of linear structures as to
whether a connection between the pair of linear structures can be made sufficiently
‘easily’. The term ‘cost’ is used herein to refer to any parameter (e.g. an energy)
which can be used as a basis for determination of whether a pair of linear structures
should be connected.

Selecting a pair of linear structures may comprise selecting a plurality of pairs of
linear structures from the identified plurality of linear structures; for each of the pairs

7
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of linear structures, determining a cost associated with a connection between the pair
of linear structures; and selecting a pair associated with an optimal cost.

Selecting the plurality of pairs may comprise determining a probability associated
with each of a plurality of pairs of linear structures, the probability indicating a
probability that the pair represent a single linear structure, and selecting the plurality

of pairs based upon the determined probabilities.

The probability may be determined based upon at least one property of the linear
structures, the at least one property being selected from the group consisting of:
intensity of the linear structures, size of the linear structures, distance between the
linear structures, orientation of the linear structures, and orientation of a connection

between the linear structures.

According to a fourth aspect of the invention there is provided a method for
processing images to assess the condition of a patient, the method comprising:
processing a first image obtained from the patient at a first time using a method
according to the first aspect of the invention; processing a second image obtained
from the patient at a second time using a method according to the first aspect of the
invention, and comparing results of processing the first image and processing the
second image to assess a change in the condition of the patient between the first
time and the second time.

The fourth aspect of the invention therefore provides a method for monitoring a
change in the condition of a patient over time. In this way, the method may be useful
in assessing the natural history of a disease in longitudinal studies and in assessing
the efficacy of a medicament, for example in clinical trials.

The second image may be obtained after the patient has been subjected to therapy.

The therapy may comprise a medicament. In this way, the second aspect of the
invention can be used to monitor the efficacy of a treatment applied to the patient.

65623164-2-drobinson
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According to a fifth aspect of the invention there is provided a method of enhancing a
corneal image, the method comprising: generating an estimate of orientation of
structures of the corneal image; and enhancing linear structures in the corneal image
based upon the estimate of orientation of structures.

The inventors have found that enhancing a corneal image based upon estimates of
orientation of structures in the corneal image allows a corneal image to be enhanced
in such a way that linear structures can be clearly identified.

Enhancing linear structures in the corneal image may comprise applying a first model
to the corneal image to generate a respective first value for each of a plurality of
points in the corneal image; applying a second model to the corneal image to
generate a respective second value for each of a plurality of points in the corneal
image; and combining the first values and the second values to generate the
enhanced corneal image.

The estimate of orientation of structures of the image may be generated by applying
a least-squares estimation operation to the corneal image to generate a local

orientation estimate for each of a plurality of points in the corneal image.

Determining the estimate of orientation of structures of the image may further

comprise applying a smoothing operation to the local orientation estimate.

The first model may be applied to the corneal image based upon the estimate of
orientation of structures.

According to a sixth aspect of the invention there is provided a method of generating
output data providing an indication of the presence or absence of disease from a
corneal image. The method comprises identifying an elongate structure representing
a nerve fibre in the corneal image, . the elongate structure defining a path; generating
data based upon a part of the elongate structure, the data indicating a property of the
elongate structure in a direction transverse to the path of the part of the elongate

65623164-2-arobinson
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structure; and generating the output data providing an indication of the presence or
absence of disease based upon the generated data.

The inventors have realised that a measure transverse to the path of a nerve fiber
can be used to determine an indication of the presence or absence of disease from a
corneal image.

Generating data based upon the part of the elongate structure may comprise
determining a width of the part of the elongate structure.

Generating data based upon the part of the elongate structure may comprise
determining an intensity at a plurality of points of the elongate structure along the
direction transverse to the part of the elongate structure. In this way an intensity
profile, or variance in intensity across a nerve fiber may be used in the determination

of the presence or absence of disease.

The direction transverse to the part of the elongate structure may be based upon an
estimate of orientation of the part of the elongate structure.

The direction transverse to the part of the path may be substantially perpendicular to
a direction indicated by the estimate of orientation of the part of the elongate
structure. The data indicating a property of the elongate structure may therefore be a

cross section of the elongate structure.

The method may further comprise: generating respective data based upon each of a
plurality of parts of the elongate structure, each of the respective data indicating the
property of the elongate structure in a direction transverse to the path of a respective
one of the plurality of parts of the elongate structure; and the output data may be
based upon an average of the respective data. Determining a property at a plurality
of locations along an elongate structure in this way avoids anomalous results that

may be provided by a single measurement.

Generating data based upon a part of the elongate structure may comprise:

determining a length of the elongate structure; determining an area of the elongate
10
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structure; and the data may be based upon the determined length and the
determined area. In this way an indication of an average width of the elongate
structure may be determined based upon an average number of pixels per pixel
length.

The method may further comprise: identifying a plurality of elongate structures, each
elongate structure representing a nerve fibre in the corneal image; generating
respective data based upon a part of each of the elongate structures, each
respective data indicating a property of a respective elongate structure in a direction
transverse to the path of the part of the respective elongate structure; and generating
the output data based upon the generated respective data. Considering a plurality of
elongate structures in an image allows the determination of the presence or absence
of disease to be based upon an overall property of elongate structures across the
image.

Generating the output data may comprise generating data indicative of a distribution
of the generated data. For example the distribution of generated data from each
elongate structure in the image may be considered and the distribution may provide
an indication of disease. The distribution may be processed using a trained classifier.

Generating the output data providing an indication of the presence or absence of
disease may comprise: generating further data based upon the part of the elongate
structure, the further data indicating a property of the elongate structure in a direction
along the path of the part of the elongate structure; and comparing the data and the
further data. For example the variance in intensity across an elongate structure
compared to intensity along an elongate structure may provide an indication of the

presence or absence of disease.

Identifying the linear structures may comprise enhancing the corneal image using a
method according to the second aspect of the invention.

In each of the aspects of the invention, the corneal images may be corneal confocal
microscopy images.

11
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In each of the aspects of the invention the disease may be a nerve disorder.
Particularly suitable nerve disorders are neuropathies, for example peripheral
neuropathies such as diabetic neuropathy.

It should be appreciated that features described in the context of one aspect of the
invention can be applied to other aspects of the invention.

Aspects of the invention can be implemented in any convenient form. For example
computer programs may be provided to carry out the methods described herein.
Such computer programs may be carried on appropriate computer readable media
which term includes appropriate tangible storage devices (e.g. discs). Aspects of the

invention can also be implemented by way of appropriately programmed computers.

Embodiments of the present invention will now be described, by way of example
only, with reference to the accompanying drawings, in which:

Figure 1 is a schematic illustration of a system for analysis of images according to an
embodiment of the present invention;

Figure 1A is a schematic illustration showing a computer of the system of Figure 1 in
further detail;

Figure 2 is an image suitable for processing using the system of Figure 1;

Figure 3 is a flowchart showing processing carried out to analyse an image in the
system of Figure 1;

Figure 4 is a flowchart showing processing to enhance an image;

Figure 5 is a flowchart showing a part of the processing of Figure 4 in further detail;

12
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Figure 6 is a flowchart showing processing to extract parts of an image showing
nerve fibers;

Figure 7 is a flowchart showing processing to connect linear structures in an image;
and

Figure 8 is a schematic illustration of part of an image in which it is desirable to
determine a width of a nerve fiber at a particular point on the nerve fiber.

Referring now to Figure 1, an image capture device 1 is arranged to capture a digital
image 2 of an eye 3. The digital image 2 is a Corneal Confocal Microscopy (CCM)
image showing features of the cornea of the eye 3. The image 2 is stored in a
database 4 for processing by a computer 5. Images such as the image 2 of Figure 1
may be collected from a population for screening for a disease such as, for example,
a peripheral neuropathy such as somatic neuropathy or autonomic neuropathy.
Additionally, images such as image 2 of Figure 1 may be collected from a patient at
intervals to assess deterioration of a condition of the patient or to determine the
efficacy of any therapy given to the patient to improve the condition. The image
capture device 1 may be a CCM camera such as a Heidelberg Retina Tomograph
(HRT3) manufactured by Heidelberg Engineering, Heidelberg, Germany, or any
image acquisition device suitable for capturing a CCM image of an eye.

Figure 1A shows the computer 5 in further detail. It can be seen that the computer
comprises a CPU 5a which is configured to read and execute instructions stored in a
volatile memory 5b which takes the form of a random access memory. The volatile
memory 5b stores instructions for execution by the CPU 5a and data used by those
instructions. For example, in use, the digital image 2 may be stored in the volatile
memory 5b.

The Computer 5 further comprises non-volatile storage in the form of a hard disc
drive 5¢c. The digital image 2 may be stored on the hard disc drive 5¢c. The computer
5 further comprises an /O interface 5d to which are connected peripheral devices
used in connection with the computer 5. More particularly, a display 5e is configured

13
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so as to display output from the computer 5. The display 5e may, for example,
display a representation of the digital image 2. Additionally, the display S5e may
display images generated by processing of the digital image 2. Input devices are
also connected to the 1/0 interface 5d. Such input devices include a keyboard 5f and
a mouse 5g which allow user interaction with the computer 5. A network interface Sh
allows the computer 5 to be connected to an appropriate computer network so as to
receive and transmit data from and to other computing devices. The CPU 5a, volatile
memory 5b, hard disc drive 5c, /O interface 5d, and network interface 5h, are
connected together by a bus 5i.

Referring now to Figure 2, a CCM image of the cornea of a patient suitable for
processing by the computer 5 of Figure 1 is shown. The CCM image shows clearly
defined nerve fibers 7 as well as other linear structures that are less clear such as
linear structure 8 which may indicate a nerve fiber at a deeper level in the cornea
than nerve fiber 7, or may be noise in the image. Linear structure 9 appears in an
area of noise in the image and is difficult to identify. Circled areas 10 indicate parts of
relatively clear linear structures where a clear linear structure becomes hard to
identify or disappears. For example, sections 11a and 11b appear to be two parts of
the same nerve fiber, however in the area 10 the exact path followed by the linear
structure is not clear and is difficult to determine.

Referring now to Figure 3, processing carried out to analyse a CCM image is shown
at a high level. At step S1 a CCM image of dimensions M x N pixels is received and
at step S2 the image is processed to enhance the quality of the image. Processing to
enhance the quality of an input image is described in further detail below with
reference to Figures 4 and 5. At step S3 parts of the enhanced image representing
nerve fibers are identified. Identification of parts of an image representing nerve
fibers is described in further detail below with reference to Figure 6. At step S4 the
identified parts of the image representing nerve fibers are quantified according to
measures of peripheral neuropathy as will be described in further detail below with
reference to Figure 7. At step S5 it is determined whether the identified parts of the
image representing nerve fibers are indicative of peripheral neuropathy based upon
the quantification of step S4.

14
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Referring now to Figure 4, processing to enhance the quality of an input image is
shown. At step S6 an image P is generated by processing the input image to remove
high frequency noise components in the image and to normalise the image intensity
such that all pixel values are in the range 0 to 1. The pre-processing of step S6 is not
intended to affect linear structures in the image but instead to only remove
background noise.

At step S7 an estimate of the orientation of each of a plurality of blocks of the input
image is determined. For each of the blocks, two orthogonal gradient components
are determined, and these components are combined to provide an estimate of
orientation. These estimates can be represented in the form of an image 6, where
each pixel in the image has an orientation value determined by a gradient estimate
generated from a block centred at that pixel. The estimates of orientation are then
smoothed to generate a further image 0.

In more detail, the pre-processed image P output from step S6 is processed by
taking, for each pixel (i,j) a block of pixels centred on the pixel (i,j) and determining an
orientation estimate for that pixel (i,j) from pixel values within the block of pixels

The estimates of orientation are determined as set out in equations (1) to (3) below.
More particularly an x-gradient component is determined using equation (1), a y-
gradient component is determined using equation (2) and the x-gradient and y-
gradient components are combined according to equation (3) to provide an estimate
of orientation for the particular pixel.

L@ @
+=  j+=

V)= SEwv)-a2(uv) (1)

U=i—9 v=j_9
2 2

L o
+— =

Vi)=Y 3 0a,0vke,uv) @

u=i~2 V=j—9-
2 2
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v (i
9=12‘-+1tan"( V(!’J_)J 3)

2 V,(.3)

where:
w is the width of the block centred at pixel (i,j); and

0x(u,v) and d,(u,v) are the gradients computed at each pixel (u,v) for u in the
range i-5 toi+- andvinthe range j-J to j+ 5.

The gradients 6.(u,v) and d,(uv) may be computed in any convenient way, for
example using a Sobel operator or Canny operator.

Values of the image 0 are processed to extract x and y vector field components,

which are then filtered using a low-pass Gaussian fiiter G.

Vector field components @, and @, of 6 in the x and y-axes for a pixel (ij) are

determined according to equations (4) and (5) respectively:

(Dx (I. j) = COS(zeij ) (4)

@, (i.j) = sin(26;) (5)

~ A

Smoothed vector field components ®x, ®y are determined from vector field

components @, and ®, according to equations (6) and (7) respectively.

Ox(ij)= Y. D .Gluv)o,(i-uj-v) (6)

2 2
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where o, x 0, is the size of the kernel of G.

The estimated orientation 6 may not be correct in all cases due to the local nature of
the estimate. Applying the low-pass filter G therefore corrects some errors given that
the orientation varies slowly. The low-pass Gaussian filter G is applied to each pixel
in the image 0 in turn to reduce errors at near-nerve fiber and non-nerve fiber
regions. An estimate of local orientation of structures © is determined from the

smoothed vector field components according to equation (8).

o1 Dy (i
@(I,J)zatan'] —Zyzg ©)

In this way the image ©® provides an acceptably accurate estimate of gradient
direction for each pixel of the original image.

Referring back to Figure 4, at step S8 linear structures in the pre-processed image
output from step S6 are enhanced using the estimates of local orientation of
structures ® output from step S7. Linear structure enhancement is described in
further detail below with reference to Figure 5.

At step S9 a determination is made as to whether the processed image output from
step S8 is suitable for processing to determine the presence or absence of disease. If
it is deterrhined at steb S9 that the image is not suitable for further proceséing then
processing terminates. An image may not be suitable for further processing if, for
example, the size of linear structures in the image is below a particular size (i.e. if
linear structures comprise less than a particular number of pixels), which is taken as
an indication that the image is of a layer of the cornea which does not contain nerve
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fibers but is instead a layer of the cornea containing cells. Quantitative features of an
image may be used to determine a quantitative indicator of validity, used to
determine if an image is valid. The quantitative indicator may be determined using a
trained classifier such as a support vector machine to classify images as suitable or
not suitable for further processing based upon a distribution of sizes of linear
structures in the image.

If the processing of step S9 determines that the image output from step S8 is suitable
for processing to determine the presence or absence of disease, the image is
processed to extract nerve fibers as is described below with reference to Figure 6.

The processing to enhance linear structures of step S8 of Figure 4 is shown in further
detail in Figure 5. The enhancement of linear structures uses the estimate of local
orientation of structures - determined according to equation (8). It will be recalled that
the estimate of local orientation of structures ® is an image in which each pixel
represents an orientation associated with a corresponding pixel of the image P. In
areas of the image P representing nerve fibers the image ® has lines of substantially
constant values. In background areas of the image P (i.e. areas that are not
representative of nerve fibers) pixel values of the image © provide a noisy image due
to the lack of structure and uniform direction in background areas.

With this in mind, the image © is used as an input to a foreground model h, with
which the image P is combined to enhance linear structures. The image P is
additionally combined with a background model of a type described below.

Referring to Figure 5, at step S15 the pre-processed image P is received and at step
S16 the local orientation estimate ® generated at step S7 of Figure 4 as described
above is received. At step S17 the foreground model h is generated based upon the
local orientation estimate ®. The foreground model h is a 2D Gabor filter defined by

equation (9):

18

65623164 2-grobinson



WO 2011/007126 PCT/GB2010/001330

2

2
Xo ¥ y“’]}cos(hfx(I> +9) C)

E=EN N ]

|

2
Gy

h(x,y,¢,f) = exn{—%[

® N

(¢)

where:

x, y are respectively horizontal and vertical indices of a pixel of the input
image;

o is the orientation of the Gabor filter h, as determined by the local orientation
estimation © at the pixel x,y received at step S16;

f is the frequency of the cosine wave;

ox and o, are the standard deviations of the Gaussian envelope along the x
and y axis respectively;,

X = X Cos(p) +y sin(g);

Yo = -X Sin(g) +y cos(y);

8 is an offset of the cosine function which generally takes a value O (i.e. no
offset is applied), although other values may be used where it is desirable to apply an
offset to the model h; and

v is a parameter which allows the aspect ratio of the foreground model h to be
adjusted.

The Gabor filter is a cosine function modulated by a Gaussian function. The value f
defines the number of cycles of the cosine function within a predetermined distance.
The value f is selected such that the spatial extent of a single cycle of the cosine
function is approximately the same width as a linear structure that it is desirable to
enhance (i.e. a nerve fiber). The Gaussian function determines the contribution of
pixels at varying distances from a pixel which is currently being processed. The
values o, and o, define the widths of the Gaussian function in the x and y directions
respectively The larger the value o,, the greater the contribution of pixels at some
distance from a particular pixel which is currently the subject of processing. The
value y defines the ratio between the widths o, and o,. Where y has a value 1, the
Gaussian function is symmetric, i.e. has equal width in both the x and y dimensions,
and where y has any other value, the Gaussian function is asymmetric, i.e. has
different widths in the x and y dimensions. An asymmetric Gaussian function may be
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advantageous in some embodiments as this may magnify the response of the
function to nerve fibers, given the linear nature of the nerve fibers. The values x, and
Yy, define respectively the x and y-axes of the filter coordinate frame after a clockwise
rotation of the Cartesian axis by an angle of (/2 — ¢). The Gabor filter is rotated so
that its local x-axis is perpendicular to the fiber direction and is applied across the
direction of the fibers as determined by the local orientation estimation ®.

Selection of f, 6, and o, allows the Gabor filter to be tuned to the particular images
and features. Suitable values for f, o, and o, have been determined as follows,
although other values may be suitable according to the images to be processed:
f=1/9;
ox=4; and

oy = 3.

At step S18 an image P, is generated by pixel-wise convolving the foreground model
h with the image P. The Gabor filter h enhances parts of the image P representing
nerve fibers that are oriented in the direction of the filter (as defined by ¢), and
reduces visibility of parts of the image P having an orientation different to ¢. Applying
the filter h to the image P increases the contrast between the foreground and the
“noisy” background, as well as reducing noise around the fiber structure. Additionally
the filter h increases the likelihood of detecting nerve fibers that are not represented
clearly in the image P due to the prior knowledge of the general structure of the fiber
and the assumption of continuous flow of the fibers along a particular known direction
as determined from the local orientation estimation ©.

Whilst it has been described that the model h is a Gabor model, it will be appreciated
that any model arranged to enhance the visibility of linear structures in an image can
be used, for example a model such as the model described in R.N. Dixon and C.J.
Taylor “Automated Asbestos Fibre Counting”, Machine Aided Image Analysis,
Institute of Physics, London, 1979, pp.178-185 may be used.

At step S19 a background model g is received. The background model g is a
Gaussian kernel generated according to equation (10):
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where: _

X, y are respectively horizontal and vertical indices of a pixel of the input
image;

ox1, Oy1 are the spread in, respectively, the x and y direction of the kernel, and

a is a weight that may be applied to g, although a generally takes a value 1
(i.e. no weight is generally applied to g). Applying a weight other than 1 to g allows
the effect of the model g to be varied relative to the model h.

At step S20 an image Py is generated by pixel-wise convolving the image P with the
background model g. The image P, is a smoothed version of the image P. It will be
appreciated that background models other than the Gaussian kernel of equation (10)
that smooth an image can be used.

At step S21 a check is performed for each pixel (x,y) to determine whether the value
of the image Py(x,y) is greater than the value of the image Py(x,y). For each pixel for
which the value Py(x,y) is greater than the value Py(x,y) a corresponding pixel in an
image S is generated according to equation (11):

S(x,y) = Pn(x,y) + Py(x,y) (11)

In the case where Py(x,y) is not greater than the value Py(x,y) then the value S(x,y) is
set to a value zero. Combinihg the values in this way means that areas likely to be
linear structures are highlighted and areas that are likely to be background are
reduced to a constant value of zero. The contrast between background and
foreground areas is therefore increased.

Alternatively image S can be generated using a sigmoid function such as equation
(11a):
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I, (x,
S(x,y)= ﬂ% (11a)

where l"h(x,y) is the result of pixel-wise convolving the image P with R, = h(x,y) +

a(x,y);
I (x, y) is the result of pixel-wise convolving the image P with R, = h(x,y) -

g(x.y); and
k is a parameter that controls the sharpness of the change between a pixel
being highlighted (i.e. treated as foreground) and being reduced to a constant value

of zero (i.e. treated as background), which occurs when T, (x,y) is equal to zero, i.e.

when the foreground response, h(x,y) and the background response, g(x,y) are

equal.

It will be appreciated that the step function of equation (11a) provides an image S
that is an approximation to the image S generated at step S21 above using logical
statements and equation (11) given that R, takes a positive value where h is greater
than g and a negative value or zero otherwise. As such the denominator of the right
hand side of equation (11a) tends to 1 where h is greater than g, and S(x,y) therefore
also tends to 1, and the denominator tends to infinity otherwise causing S(x,y) to tend
to 0. It will be appreciated that generation of the image S of step S21 may be more
computationally efficient to implement than implementation of equation (11a).

It has been described above that a Gabor filter is used as a foreground model. It will
however be appreciated that wavelets other than the Gabor filter, for example the
Daubechies wavelet, can be used. Additionally wavelets having different frequencies
could be applied to the image and averaged or the values of f, o, and o, could be
adaptively set according to appropriate local values determined by pre-processing
the image.
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It will be appreciated that some of the processing shown in Figure 5 can be carried
out in parallel. In particular, S17 and S18 can be carried out in parallel with steps S19
and S20.

Referring back to Figure 3, the processing described above with reference to Figures
4 and 5 is carried out at step S2 of Figure 3. The identification of parts of the image
representing nerve fibers at step S3 of Figure 3 is shown in further detail in Figure 6.
The identification of parts of the image representing nerve fibers generally comprises
a pre-processing part A in which a skeletonised binary image B is generated,
followed by iterative processing B using the skeletonised binary image B. The
iterative processing B is described in further detail below with reference to Figure 7.

Referring now to Figure 6, at step S25 a binary image T is generated by thresholding
the image S. Areas of the image S that are greater than the threshold are set to a
value ‘1’ and areas that are not greater than the threshold are set to a value ‘0. At
step S26 pixels in the image T having a value of ‘1’ which do not, together with other
pixels having a value of ‘1’ form an area exceeding a predetermined size are setto a
value ‘0’. The size of an area is determined by the number of connected pixels in the
area and the number of pixels is compared to a threshold to determine if the area is
smaller than the predetermined size. At step $27 the image output from step S26 is
dilated and at step S28 the image output from step S27 is eroded. The dilation and
erosion operators of steps $S27 and S$28 open up the binary image and fill small gaps
between and within areas representing nerve fibers. Dilation and erosion can be
carried out using any suitable structuring element, for example a square 3x3
structuring element. At step S29 the image output from step S28 is skeletonised to
generate the image .

Referring now to Figure 7, the iterative processing B of Figure 6 is shown. The
iterative processing B is intended to identify discrete linear structures in the
processed image which represent a single linear structure in the cornea. Such
identified discrete linear structures are connected areas. In general terms, the
processing described with reference to Figure 7 is concerned with identifying which
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structures to combine. At step S30 a model ¥ is initialised based upon the enhanced
image S and the local orientation estimation ®. The model ¥ is defined as follows:
¥ = {yy, s, ..., y .} where L =M x N is the number of pixels in the image;

Y, = rie"‘”‘ where r; is the magnitude of S at pixel i, ¢; is the value of local

orientation estimation @ at pixel i and j is the complex number V-1.

At step S31 the set of linear structures I' = {y, v, 7.} in the skeletonised image B is

determined, where each vy, is a connected area of pixels having value 1 in the image
B. Given the processing described above, it is assumed that each connected area

represent a linear structure in the cornea. Each y; is defined as follows:

Yo = (pﬁf),Q(s)) where:

Q"™ ={qs, 9, ..., Gn} is the set of pixel descriptors g = (Xk, Yi, ¢ in
the connected area vy, where xx and yi are the coordinates of the pixel represented
by the pixel descriptor qx in the image B and ¢ is the orientation of the pixel
represented by the pixel descriptor g« determined from the image ®; and

pt’ is the relative size of the area ys; determined by dividing the

number of pixels in ys, by the number of pixels in the image, M x N.

At step S32 a pair of linear structures v, v, are selected such that the pair y, y, has not
previously been selected. At step S33 a probability A, of a connection between the

selected structures is determined. The probability of a connection Ag; in A is defined

as follows:

As,t = {A']

st’

7»25,t,7»351,7&1,1:7»55,“7»654} where each of the A

st» 151 <6, areinthe

range 0 to 1 and where:
A, =pS’py) where pZ’ and pg’ are the values of the pixels

represented by the pixel descriptors gs and q, respectively in the image S, where g;
represents a pixel in y, and q, represents a pixel in y, and qs and q; are selected such
that the Euclidean distance between the pixels represented by the pixel descriptors is
minimal across all possible pixels in ys, yi;

AL, =pipl where p and p}’ are the relative sizes of the areas v,

and y, respectively;
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=1—l95—[;q—tl where |qs—qt| defines the distance between the

pixels represented by the pixel descriptors q; and q; (used in the determination of

2.,) and D is the maximum possible distance between points in the image;

3 .
Moy =1-2% where &, = minl(o, -0\ )+7~(9, -0, )+ 7] and ¢.. @
are the orientations of the pixels represented by the pixel descriptors qs and q;
respectively;
A, =1-8 where §_ :{-1_’__Ifs__=_t_; and
' 0, otherwise

S =%[1—%§f:t) [1—%&{,:] where ugy is a connecting line between

linear structures s and t and:
& = minf(g, — 05 )+ 1.~(0, -9, )+1];

gV = min|(@, - ¢, )+7.~(o, - ¢,)+ 7] where:

0, =1an“(—Ah) where —iy—s‘ is the gradient of the
X

st st

connecting line between pixels represented by the pixel descriptors g5 and q;.
The probability A, for a connection between linear structures (y, v, is determined
Koo Mo Mo Moy

st’

by multiplying the values A, A’

s;t’

The value X‘s‘, is such that linear structures with high intensity are more likely to be

connected to each other than linear structures with low intensity. The value kzs‘t IS
such that larger linear structures are more likely to be connected than smaller linear
structures. The value A%, is such that linear structures that are located close
“together are more likely to be connected than linear structures that are spaced far
apart. The value A%, is such that linear structures with ends with similar orientations
are more likely to be connected than linear structures with ends with different

orientations. The value 1%, is such that if the linear structures s, t are connected in
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the processed image then no further connection will be made. The value 1, is such

that if a connecting line between the ends of two linear structures has a similar
orientation to the orientation of the two ends of the linear structures a connection is
more likely to be made than if the connecting line has a different orientation to the
orientation of the ends of the two linear structures.

At step S34 it is determined if there are more pairs of linear structures for which a
probability of a connection has not been determined. If it is determined that there are
more pairs of linear structures then processing returns to step S32 where a further
pair is selected for processing. If it is determined that all possible pairs of linear

structufes s, t have been processed to determine a probability A, then at step S35
a set I1 of the most likely connection for each linear object y, is determined by
determining a linear structure vy, for which the value A, is a maximum for the linear

object y, and adding the connection (s,t) to the set I1.

At step S36 the minimum energy e, associated with a connection between each of
the pairs of linear structures (s,t) in I1 is determined according to equation (12) below:

2 2
€t = Zleus,t \/\V| — WV (12)

where:
Us: is the connecting line between pixels qs and q; described above (that is
pixels in v, y, between which the Euclidean distance is minimal) and includes the

pixels qs and q;, | is a pixel in the connecting line ug;, and v, =r,e""’I as described

above. The value e, is the energy required to make a direct connection between

pixels gs and q;. At step S37 the pair of linear structures (s,t) in IT for which the value
€5 is minimal is determined and at step S38 a check is performed to determine if the
value e is smaller than a threshold eyy.q,. If it is determined that the value e, is not
smaller than eyesh then it is determined that no further connections can be made in
the image B and at step S39 the image B is output.
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If it is determined at step S38 that eg; is smaller than ey.sn then at step S40 the
image B is updated to include the connection us, and the two linear structures s, t
become a single linear object. At step S41 the set of linear structures I' is updated
based upon the updated image B and joined linear structures s, t. Processing passes
from step S41 to step S31 and the processing to determine connections in the image
is repeated based upon the updated model.

The image B output from step S39 (updated with any connections whose energy
does not exceed the threshold eyresn) is used to determine nerve fibers in the area of
the eye represented by the CCM image received at step S1. Areas with a value ‘1’
are determined to be nerve fibre and areas with a value ‘O’ are determined to be
background.

It has been described above that pixels are classified as nerve fiber or not nerve fiber
based upon an image in which linear structures are enhanced. In an alternative
embodiment (schematically illustrated in Figure 8A), an input image 2 may be
processed to generate a plurality of scaled images 12. The input image 2 and each of
the scaled images 12 may each be processed using the two models of equations (9)
and (10). The model of equation (9) is applied at a plurality of different orientations to
each of the input image 2 and each of the scaled images 12 to generate a respective
plurality of images indicated by one of S;(x,y) to S,(x,y). A vector of pixel values 13
may be determined for each pixel 14 (corresponding to one of the pixels of the input
image 2). The vector of pixel values 13 comprises values taken from each of the
images in each of the plurality of images Si(x,y) to Sx(x,y). The vector of pixel values
13 for each pixel may be processed using a trained classifier 15 to provide an output
16 indicating whether the pixel is part of a linear structure and indicating the
orientation of the linear structure of which the pixel is a part.

In more detail, and with reference to Figure 8B at step S51 an input image is
received. At step S52 the input image is smoothed, for example using a Gaussian
smoothing operation and at step S53 the image is sub-sampled such that the image
comprises fewer pixels than the input image. Sub-sampling may be carried out in any
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convenient way, for example by taking an average of pixel values which are used to
form the basis of a pixel in the sub-sampled image. The processing of steps S52 and
$53 is repeated a plurality of times to generate a plurality of images, each generated
image being based upon a previous smoothed and sub-sampled image. At step S54
it is determined whether a predetermined number of iterations of steps S52 to S54
have been carried out to generate respective smoothed and sub-sampled images. If
the predetermined number of iterations has not been carried out then processing
continues at steps S52 and S53 where a further smoothed and sub-sampled image is
generated based upon the previous smoothed and sub-sampled image. Otherwise at
step S55 the input image and each smoothed and sub-sampled image output from
step S53 is processed to generate a plurality of images S(x,y) as described above.
Each of the plurality of images S(x,y) for each image is generated using a respective
one of a predetermined number of orientations ¢ for the foreground model h and
background model g. For example, eight orientations may be used to generate eight

images.

At step S56 pixel values are determined for each pixel in the original image based
upon each of the images S(x,y) generated at step S55 (where each image S(x,y) has
a respective scale, and orientation associated with the model h). Given that the
images output from step S53 are sub-sampled and contain fewer pixels than the
input image, and correspondingly the images S(x,y) contain fewer pixels than the
input image, values for pixel locations in the original image are determined based
upon values for pixels in the image S(x,y) that represent the pixel location of the pixel
in the original image. Pixel locations that are represented by a pixel in the image
S(x,y) may be determined based upon the sub-sampling of step $53.

The image value at a particular pixel in the output image Sn(x,y), that has been
generated by smoothing and sub-sampling at steps S52 and S53, will consist of
contributions from a plurality of pixels in the input image. The number of pixels in the
input image that contribute to a particular pixel value in the generation of Sy(x,y) at
step S55 will increase as n increases, i.e. as more smoothing is applied to the input
image. Correspondingly, since the image S.(x,y) provides a value for each pixel
location in the input image, at step S56 a plurality of pixel locations in the input image
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take a value based upon a particular pixel in the image output from step S53, with a
pixel in an image Sn(x,y) that is generated based upon an image that has been
generated by smoothing and sub-sampling the input image a large number of times
providing a value to a relatively large number of pixel locations in the input image
relative to an image Si(x,y) that is generated based upon the input image (or an
image that has been generated by smoothing and sub-sampling the input image a
relatively small number of times).

At step S57 a feature vector is generated for each pixel in the input image, where
values of the feature vector are the values determined at step S56 from each of the
images S(x,y). At step S58 each feature vector comprising values for a pixel location
in the original image is processed using a trained classifier which provides an
indication of whether a pixel represents a linear structure in the image, together with
an indication of an orientation of any linear structure represented by the pixel. A set
of linear structures I' can be determined from the output of the classifier, based upon

classifications of pixels in the input image determined by the classifier.

For each of the methods of identifying linear structures in an image set out above,
properties of nerve fibers in the input image can be determined based upon the set of
identified linear structures I

The following criteria are determined from the image B in order to determine an
indication of the presence or absence of disease in the patient from whom the
corneal image was captured:

fiber length;

fiber density;

fiber branch density;

fiber width; and

fiber tortuosity.
Each of the parameters can be determined in any convenient way from the nerve
fibers identified by the processing of Figure 3. For example fiber length may be
determined by calculating the total number of pixels in image B. Fiber density may be
determined by calculating a count of the number of fibers in the image or a maximum
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fiber density in an area of a predetermined size. Fiber branches may be identified
based upon locations at which fibers coincide. The number of such locations may be
summed to give a total number of branches per image. Fiber tortuosity may be
determined according to the method described in Corneal Nerve Tortuosity in
Diabetic Patients with Neuropathy, Kallinikos et. al., Investigative Ophthalmology &
Visual Science, February 2004, Vol. 45, No. 2, or in any other suitable way.

The measure of fiber width may be generated directly from the image 2 of Figure 1 or
from any other suitable image generated from the image 2, for example from the pre-
processed image P or the binary image T. Additionally, nerve fibers may be identified
in one image, such as the skeletonised image B, and the width of identified nerve
fibers may be measured in another image, such as the image 2 of Figure 1 or an
enhanced image based upon image 2. Measuring nerve fibers in image 2, or an
enhanced image based upon image 2, may result in a more accurate indication of
nerve fiber width.

A measure of a width of a nerve fiber at a particular point on the nerve fiber may be
determined in any convenient way. For example, width of a nerve fiber may be
determined using the estimate of local orientation of structures ®. Figure 9 shows
part of an image 2 in which a width of a nerve fiber 17 at a particular point q is
indicated by cross section 18. The direction in which to measure the width, indicated
by cross section 17, is selected so as to be perpendicular to the direction indicated
by the local orientation of structures 19 of the point q. A number of ways of
determining a measure of fiber width at the cross section 18 will now be described,
although it will be appreciated that width of a nerve fiber may be determined in any

convenient way.

One suitable measure of fiber width at a particular point on a nerve fiber is a number
of sequential pixels along the cross section 18 whose pixel value each exceed a
predetermined threshold. The number of sequential pixels may be determined by
thresholding the image S in which linear structures have been enhanced such that all
values in the image S having a value less than the threshold are set to a constant
value (for example 0). The number of pixeis along the cross section 18 which have a
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value different to the constant value may be counted so as to provide a measure of
fiber width.

Alternatively, an indication of width of a nerve fiber at a particular point on a nerve
fiber may be determined by processing values along cross section 18 in the input
image 2 or an image generated from the input image 2 (for example, a Gaussian
smoothed image generated from the input image 2) to generate second derivative
values of values along the cross section 18. Edges of the nerve fiber along the cross
section 18 are located at points having maximal gradient (that is points at which first
derivative values are maximal), and as such are indicated as zero values in the
second derivative values. A value indicating a distance between points having
second derivative values of zero is therefore also indicative of width of the nerve fiber
along the cross section 18 and can be used as an alternative to the number of pixels
along the cross section 18 described above.

The measures of width of nerve fiber described above (number of pixels exceeding a
threshold and distance between points having second derivative values of zero) can
be used to determine an average width of a nerve fiber by determining the width of
the nerve fiber at each possible point along the nerve fiber according to one of the
methods (each possible point being determined, for example, by a pixel in the
skeletonised image B), or by determining the width of the nerve fiber at a plurality of
intervals along the nerve fiber, and averaging the determined widths.

An indication of an average fiber width in the image may be generated, determined
by processing a plurality of widths, each width being determined from a respective
nerve fiber identified in the image. Alternatively, an average width of a nerve fiber
may be determined by determining the length of the nerve fiber I,, for example by
determining the number of pixels in the skeletonisation of the nerve fiber in the image
B, determining the total number of pixels which exceed a predetermined threshold in
the nerve fiber t, in a non-skeletonised image (for example the image P or the binary
image T) and dividing t, by l,. The value t,/Il, provides an indication of the average
width, in pixels, across the length of the nerve fiber. Determining a total length of all
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fibers in the image and a total number of pixels of all fibers in the image allows an
average fiber width across an image to be determined in a similar way.

Altternatively, the measure of fiber width may be a measure indicative of fiber width
distribution such as, for example, a histogram indicating the distribution of measured
widths in the image. The histogram may indicate average widths determined for each
nerve fiber or may indicate a plurality of measured widths determined from each of a
plurality of nerve fibers. The distribution of the measured widths of nerve fibers in the
histogram may be used to determine an indication of the presence or absence of
disease in the patient from whom the corneal image was captured, for example by
training a classifier on a training set of images to classify fiber width distributions as
indicative of the presence or absence of disease. In general terms, low fiber width
values are indicative of nerve damage or repair and therefore may be associated with
disease or recovery from disease, respectively. Additionally, where nerve fiber width
distribution indicates that a disproportionately large number of nerve fiber widths are
relatively low (as indicated by a distribution which is asymmetric, with a greater
number of fiber widths having a width lower than an average fiber width than fiber
widths having a width higher than an average fiber width), this may be indicative of
nerve fiber beading and may be indicative of neuropathy.

In an alternate embodiment the measure of fiber width may be based upon pixel
intensities determined in a direction transverse the nerve fiber. The direction
transverse the nerve fiber may be determined based upon the estimate of local
orientation of structures ® at the point at which the measure of fiber width is
determined. For example, a sum of pixel values along cross section 18 of Figure 9
may be generated and used as an indication of fiber width at a particular point on a
nerve fiber. The distribution of sums of pixel intensities along a plurality of cross
sections 18 at a plurality of points in the image may be classified using a classifier
trained on a training set of images to classify pixel intensity distributions as indicative
of the presence or absence of disease. Distribution of fiber width based upon pixel
intensities may again be used to indicate, for example, nerve fiber beading.
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The classifier may further use pixel intensity distribution in a direction along the path
of the nerve fiber, as indicated by the estimate of local orientation of structures 0,
and may classify images based upon a comparison of variation in pixel intensity
across a nerve fiber and along a nerve fiber.

Alternatively, pixel intensities in a direction transverse the nerve fiber may be
processed to generate a plot of pixel values along the cross section 18. The plot of
pixel values may be integrated to determine a value indicative of an area under the
plot and the value indicative of an area may be used as a value indicative of width.

In each of the methods described above for determining a width, it will be
appreciated that any suitable image can be used, including, without limitation, the
input image, and images generated from the input image by or during the processing
set out above.

In general terms each of short fiber length, low fiber density, low fiber branch density
and high fiber tortuosity are indicators of neuropathy and these indicators are
combined to generate the indication of the presence or absence of disease. The
parameters may be combined in any convenient way. For example a manually
classified training set of images may be processed to generate a set of weights for
the criteria and the generated set of weights applied to values generated from an
image captured from a patient to output a value indicating a confidence that the
patient has neuropathy. The confidence may be used as a measure of the severity of
neuropathy of the patient and used to assess regeneration of the nerve and
improvement of neuropathy in the patient, for example in response to a treatment.

In one embodiment a classifier may be trained on a training set of images to classify
images as indicative of the presence or absence of disease based upon some or all
of the measures indicative of fiber length, fiber density, fiber branch density, fiber
width and fiber tortuosity, determined from a previously unseen image.

The processing of Figure 3 has been described with reference to a single image. It
will be appreciated however that the presence or absence of disease may be
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determined with reference to a plurality of images captured from a patient. For
example an average of each of the measures described above may be calculated
across all valid images captured from a patient. Additionally each of the images may
have an associated weight applied to the values determined from the image. Weights
for images may be determined based upon a quantitative indicator of image validity.

Although specific embodiments of the invention have been described above, it will be
appreciated that various modifications can be made to the déscribed embodiments
without departing from the spirit and scope of the present invention. That is, the
described embodiments are to be considered in all respects exemplary and non-
limiting. In particular, where a particular form has been described for particular
processing, it will be appreciated that such processing may be carried out in any
suitable form arranged to provide suitable output data.
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CLAIMS:

1. A method of generating data providing a quantitative indication of the
presence or absence of disease from a corneal image of a patient, the method
comprising:

processing said image to identify at least one linear structure;

processing said at least one identified linear structure to generate data
indicating properties of said at least one identified linear structure; and

processing said data indicating properties of said at least one identified linear
structure to generate said data providing a quantitative indication of the presence or
absence of disease.

2. A method according to claim 1, wherein said generated data indicating
properties of said at least one identified linear structure comprises a plurality of data
values and processing said data indicating properties of said at least one identified

linear structure comprises combining said data values.

3. A method according to claim 2, wherein each of said data values has an
associated weight, and said data values are combined in accordance with the

respective associated weight.

4 A method according to claim 1, wherein said generated data indicating
properties of said at least one identified linear structure comprises a plurality of data
values and processing said data indicating properties of said at least one identified
linear structure comprises processing said data values with a trained classifier to

generate said quantitative indication of the presence or absence of disease.

5. A method according to any preceding claim, wherein said quantitative
indication is a confidence of the presence or absence of disease.

6. A method according to any preceding claim, wherein said image is a corneal
confocal microscopy image.

35

65623164-2-drobinson



WO 2011/007126 PCT/GB2010/001330

7. A method according to any preceding claim, wherein said disease is a
neuropathy.

8. A method according to claim 7, wherein said neuropathy is a peripheral
neuropathy.

9. A method according to any preceding claim, wherein processing said image
to identify at least one linear structure comprises:

processing said image to generate an enhanced image; and

processing said enhanced image to identify said at least one linear structure.

10. A method according to any preceding claim, wherein processing said image
to generate an enhanced image comprises:

generating a respective first value for each of a plurality of points in said
image; '

generating a respective second value for each of a plurality of points in said
image; and

combining said first values and said second values to generate said
enhanced image.

11. A method according to claim 10, wherein generating a respective first value
for each of a plurality of points in said image comprises applying a first model to said
image and generating a respective second value for each of a plurality of points in
said image comprises applying a second model to said image.

12. A method according to any one of claims 1 to 11, wherein processing said
image to identify at least one linear structure comprises:

processing said image at a plurality of scales to generate a plurality of values
for each of a plurality of image locations; |

for each of said plurality of image locations, processing said plurality of values
to generate an indication of whether the image location represents a linear structure
in said image; and
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processing said generated indications of whether the image location
represents a linear structure in said image to identify at least one linear structure.

13. A method according to any preceding claim, wherein the identified linear
structure represents a nerve fiber.

14, A method according to claim 13, wherein said properties are properties of
said linear structure indicative of properties of said nerve fiber selected from the
group consisting of. fiber length, fiber density, fiber branch density, fiber width and
fiber tortuosity.

15. A computer program comprising computer readable instructions configured to
cause a computer to carry out a method according to any one of claims 1 to 14.

16. A computer readable medium carrying a computer program according to
claim 15.

17. A computer apparatus for generating data providing a quantitative indication
of the presence or absence of disease from an image of a patient comprising:

a memory storing processor readable instructions; and

a processor arranged to read and execute instructions stored in said memory;
wherein said processor readable instructions comprise instructions arranged to

control the computer to carry out a method according to any one of claims 1 to 14.

18. Apparatus for generating data providing a quantitative indication of the
presence or absence of disease from an image of a patient, the apparatus
comprising:

means for processing said image to identify at least one linear structure;

means for processing said at least one identified linear structure to generate
data indicating properties of said at least one identified linear structure; and

means for processing said data indicating properties of said at least one
“identified linear structure to generate said data providing a quantitative indication of

the presence or absence of disease.
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19. A computer implemented method for screening a population for disease, the
method comprising, at the computer:

receiving a plurality of images, each image being taken from a member of
said population; and

processing each of said plurality of images according to any preceding claim
to determine a quantitative indication of the presence or absence of disease from
each member of said population.

20. A method of generating output data providing an indication of the presence or
absence of disease from an image of a patient, the method comprising:

generating a respective first value for each of a plurality of points in said
image;

generating a respective second value for each of a plurality of points in said
image; and

combining said first values and said second values to generate an enhanced
image;

processing said enhanced image to identify at least one linear structure in
said enhanced image;

processing said at least one identified linear structure to generate data
indicating properties of said at least one identified linear structure;

generating said output data providing an indication of the presence or
absence of disease based upon said data indicating properties of said at least one
identified linear structure.

21. A method according to claim 20, wherein generating a respective first value
for each of a plurality of points comprises applying a first model to said image.

22. A method according to claim 20 or 21, wherein generating a respective
second value for each of a plurality of points comprises applying a second model to
said image.
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23. A method according to any one of claims 20, 21 or 22, wherein said image is
a corneal image.

24. A method according to any one of claims 20 to 23, wherein, for a particular
point in said enhanced image, if said first value for the particular point and said
second value for the particular point satisfy a predetermined criterion, said point in
said enhanced image takes a greater value than if said predetermined criterion is not
satisfied.

25. A method according to any one of claims 20 to 24, wherein combining said
first values and said second values to generate said enhanced image comprises, for
each of a plurality of points in the image:

determining whether a first value for a respective point and a second value for
a respective point satisfy a predetermined criterion,

if said first value and said second value satisfy said predetermined criterion,
setting said point to a first output value; and

if said first value and said second value do not satisfy said predetermined
criterion, setting said point to a second output value.

26. A method according to claim 25, wherein said first output value is based upon
said first value and said second value.

27. A method according to claim 25 or 26, wherein said second output value is a
constant value.

28. A method according to any one of claims 20 to 27, wherein for points of said
image representing linear structures, said first value is greater than said second
value.

29. A method according to any one of claims 20 to 28, wherein for points of said
image not representing linear structures, said first value is less than said second
value.
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30. A method according to claim 21 or any claim dependent thereon, wherein
said first model is based upon an estimate of orientation of structures in said image.

31. A method according to claim 30, wherein said first model provides a
respective value for each of a plurality of points in said image, and each value is

based upon an estimate of orientation at that point in said image.

32. A method according to claim 30 or 31, further comprising determining an
estimate of orientation of structures of said image by applying a least-squares
estimation operation to said image to generate a local orientation estimate for each of
a plurality of points in said image.

33. A method according to claim 32, wherein determining said estimate of
orientation of structures of said image further comprises applying a smoothing
operation to said local orientation estimate.

34. A method according to claim 21 or any claim dependent thereon, wherein
said first model is a Gabor model.

35. A method according to any one of claims 20 to 34, wherein processing said
enhanced image to identify at least one linear structure in said enhanced image
comprises:

applying a threshold to said enhanced image to generate a thresholded
image; and

wherein said at least one linear structure is a connected area in said
thresholded image.

36. A method according to any one of claims 20 to 35, wherein processing said
enhanced image to identify at least one linear structure in said enhanced image
comprises:
identifying a plurality of linear structures in said enhanced image; and
processing said identified plurality of linear structures to form a single linear
structure from said identified plurality of linear structures.
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37. A method according to claim 36, wherein processing said identified plurality of
linear structures to form a single linear structure comprises:

selecting a pair of linear structures;

for the selected pair of linear structures, determining a cost associated with a
connection between said pair of linear structures,

processing the cost associated with the selected pair of linear structures with
respect to a predetermined threshold; and

determining whether to form a single linear structure from said pair of linear
structures based upon said processing.

38. A method according to claim 37, wherein selecting a pair of linear structures
comprises:

selecting a plurality of pairs of linear structures from said identified plurality of
linear structures;

for each of said pairs of linear structures, determining a cost associated with a
connection between the pair of linear structures; and

selecting a pair associated with an optimal cost.

39. A method according to claim 38, wherein selecting said plurality of pairs
comprises:

determining a probability associated with each of a plurality of pairs of linear
structures, said probability indicating a probability that said pair represents a single
linear structure; and

selecting said plurality of pairs based upon said determined probabilities.

40. A method according to claim 39, wherein said probability is determined based
upon at least one property of the linear structures said at Ieast one property being
selected from the group consisting of: intensity of the linear structures, size of the
linear structures, distance between the linear structures, orientation of the linear
structures, and orientation of a connection between the linear structures.

41

65622164-2.drobinson



WO 2011/007126 PCT/GB2010/001330

41. A method according to any one of claims 20 to 41, wherein said disease is a

nerve disorder.

42. A method according to claim 41, wherein said nerve disorder is a neuropathy.

43. A method according to claim 42, wherein said neuropathy is a peripheral
neuropathy.

44, A method for processing images to assess the condition of a patient, the
method comprising:

processing a first image obtained from said patient at a first time using a
method according to any one of claims 20 to 43;

processing a second image obtained from said patient at a second time using
a method according to any one of claims 20 to 43;

comparing results of processing said first image and processing said second
image to assess a change in the condition of the patient between said first time and
said second time.

45. A method according to claim 44, wherein said second image is obtained after
said patient has been subjected to therapy.

46. A method according to claim 45, wherein said therapy comprises a

medicament.

47. A computer program comprising computer readable instructions configured to
cause a computer to carry out a method according to any one of claims 20 to 46.

48. A computer readable medium carrying a computer program according to
claim 47.

49. A computer apparatus for generating output data providing an indication of
the presence or absence of disease from a image of a patient comprising:
a memory storing processor readable instructions; and
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a processor arranged to read and execute instructions stored in said memory;
wherein said processor readable instructions comprise instructions arranged to
control the computer to carry out a method according to any one of claims 20 to 46.

50.  Apparatus for generating output data providing an indication of the presence
or absence of disease from a image of a patient, the apparatus comprising:

means for generating a respective first value for each of a plurality of points in
said image;

means for generating a respective second value for each of a plurality of
points in said image;

means for combining said first values and said second values to generate an
enhanced image;

means for processing said enhanced image to identify at least one linear
structure in said enhanced image;

means for processing said at least one identified linear structure to generate
data indicating properties of said at least one identified linear structure;

means for generating said output data providing an indication of the presence
or absence of disease based upon said data indicating properties of said at least one
identified linear structure.

51. A method of enhancing a corneal image, the method comprising:
generating an estimate of orientation of structures of said corneal image; and
enhancing linear structures in said corneal image based upon said estimate

of orientation of structures.

52. A method according to claim 51, wherein enhancing linear structures in said
corneal image comprises:

applying a first model to said corneal image to generate a respective first
value for each of a plurality of points in said corneal image;

applying a second model to said corneal image to generate a respective
second value for each of a plurality of points in said corneal image; and

combining said first values and said second values to generate said
enhanced corneal image.
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53. A method according to claim 51 or 52, wherein generating said estimate of
orientation of structures of said image comprises applying a least-squares estimation
operation to said corneal image to generate a local orientation estimate for each of a
plurality of points in said corneal image.

54. A method according to claim 53, wherein determining said estimate of
orientation of structures of said image further comprises applying a smoothing
operation to said local orientation estimate.

55. A method according to claim 54 as dependent upon claim 52, wherein said
first model is applied to said corneal image based upon said estimate of orientation of

structures.

56. A computer program comprising computer readable instructions configured to
cause a computer to carry out a method according to any one of claims 51 to 55.

57. A computer readable medium carrying a computer program according to
claim 56.

58. A computer apparatus for enhancing a corneal image comprising:

a memory storing processor readable instructions; and

a processor arranged to read and execute instructions stored in said memory;
wherein said processor readable instructions comprise instructions arranged to
control the computer to carry out a method according to any one of claims 51 to 55.

59. Apparatus for enhancing a corneal image, the apparatus comprising:
_ means for generating an estimation of orientation of structures of said corneal
image; and
means for enhancing linear structures in said corneal image based upon said
estimation of orientation of structures.
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60. A method of generating output data providing an indication of the presence or
absence of disease from a corneal image, the method comprising:

identifying an elongate structure representing a nerve fiber in the corneal
image, the elongate structure defining a path;

generating data based upon a part of said elongate structure, said data
indicating a property of said elongate structure in a direction transverse to the path
defined by said part of said elongate structure; and

generating said output data providing an indication of the presence or
absence of disease based upon said generated data.

61. A method according to claim 60, wherein generating data based upon said
part of said elongate structure comprises determining a width of said part of said
elongate structure.

62. A method according to claim 60, wherein generating data based upon said
part of said elongate structure comprises determining an intensity at a plurality of
points of said elongate structure along said direction transverse to the path defined
by said part of said elongate structure.

63. A method according to any one of claims 60 to 62, wherein said direction
transverse to the path defined by said part of said elongate structure is based upon
an estimate of orientation of said part of said elongate structure.

64. A method according to claim 63, wherein said direction transverse to said part
of said path is substantially perpendicular to a direction indicated by said estimate of
orientation of said part of said elongate structure.

65. A method according to any one of claims 60 to 64, further comprising:
generating respective data based upon each of a plurality of parts of said
elongate structure, each of said respective data indicating said property of said
elongate structure in a direction transverse to the path defined by a respective one of
said plurality of parts of said elongate structure,
wherein said output data is based upon an average of said respective data.
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66. A method according to claim 60 or 61 or claim 63, 64 or 65 as dependent
upon claim 60 or 61, wherein generating data based upon a part of said elongate
structure comprises:

determining a length of said part of said elongate structure;

determining an area of said part of said elongate structure;

wherein said data is based upon said determined length and said determined
area.

67. A method according to any one of claims 60 to 66, further comprising:
identifying a plurality of elongate structures, each elongate structure
representing a nerve fibre in the corneal image;
generating respective data based upon a part of each of said elongate
structures, said respective data indicating a property of a respective elongate
structure in a direction transverse to the path of said part of said respective elongate
structure; and

generating said output data based upon said generated respective data.

68. A method according to claim 67, wherein generating said output data
comprises generating data indicative of a distribution of said generated respective
data.

69. A method according to any one of claims 60 to 68, wherein generating said
output data based upon said generated data comprises:

generating further data based upon said part of said elongate structure, said
further data indicating a property of said elongate structure in a direction along the
path of said part of said elongate structure; and

comparing said data indicating a property of said elongate structure and said
further data. 7

70. A method according to any one of claims 60 to 69, wherein identifying said
linear structures comprises enhancing said corneal image using a method according
to any one of claims 31 to 35.
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71. A method according to any one of claims 60 to claim 70, wherein said disease

is a neuropathy.

72. A computer program comprising computer readable instructions configured to
cause a computer to carry out a method according to any one of claims 60 to 71.

73. A computer readable medium carrying a computer program according to
claim 72.

74. A computer apparatus for generating output data providing an indication of
the presence or absence of disease from a corneal image comprising:

a memory storing processor readable instructions; and

a processor arranged to read and execute instructions stored in said memory;
wherein said processor readable instructions comprise instructions arranged to

control the computer to carry out a method according to any one of claims 60 to 71.

75. Apparatus for generating output data providing an indication of the presence
or absence of disease from a corneal image, the apparatus comprising:

means for identifying an elongate structure representing a nerve fibre in the
corneal image, the elongate structure defining a path;

means for generating data based upon a part of said elongate structure, said
data indicating a property of said elongate structure in a direction transverse to the
path of said part of said elongate structure; and

means for generating said output data providing an indication of the presence
or absence of disease based upon said generated data.
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